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INTRODUCTION

1. The concept of precision medicine

Medicine is one of the most wonderful and passionating form of science.

The complexity of the human being, the complexity of diseases and their different possible
treatments, the continuous interaction with technology, and finally, the fact that it is the
only science that has a « subject » - the person - as the unique and final « object » of
investigation, give to medicine a fascinating aura. Life is unique for every one of us, and
what is deeply linked to it is naturally associated with respect and confidence. From the
pre-hippocratic vision of diseases considered as a punishment of gods, medicine made a
long distance, and when diseases started to be considered as an objective entity -
independent from personal conduit, ethics, or faith - the never-ending struggle of human
being to prolong and to improve quality of life entered the modern era. Two thousand years
of observations, reasonments, advances as well as regressions, dogmatisms but also
visionary intuitions, prepared us to the XXI century way to find a cure for every disease, to

take care of every patient, and finally enhance the quality of life respecting dignity.

It is from this complex picture of hundreds and hundreds of years of evolution, that

medicine could synthetize the combination of experience, knowledge, technology, insights



and wealth (but unfortunately only for a part of humankind), that naturally led to the

concept and application of precision medicine.

But what is the meaning of this simple and innocent word? Precision medicine can be
considered a way of reaching the ultimate form of care and cure, to adapt to a specific
patient a tailored medical or surgical treatment, and again, always tailored to that particular

form of disease.

To reach this ambitious goal, the effort is tremendous in every field of human application,
from basic sciences to engineering, including industrial development or communication -

just to cite some of them-, and certainly politics.

After this maybe pindaric flight, let’s go back to the present, and certainly the future!

Hepatocellular carcinoma is a very complex disease. The incidence is rising; manifestations
are proteus; a diversity of molecular pathways determine different natural evolutions when
patients are affected, and today a quite impressive and variegated number of treatment
strategies exist. This is our goal, to give to every single patient the best chances of cure,
enforce a constant and tight collaboration and interaction between scientists, hepatologists,
surgeons, radiologists and oncologists, all working for a transversal and integrated
multidisciplinary combination of clinical practice and research, is the only way to translate

into reality the forementioned concept of precision medicine.

So, dear reader, this is how the story began.



2. Hepatocellular carcinoma

a) General overview

Hepatocellular carcinoma (HCC) is the most frequent primitive liver cancer, accounting for
about 90% of cases and occurring almost exclusively in cirrhotic patients. Its incidence is
growing progressively worldwide (1,2), with an estimation of more than 1 million
individuals that will be affected by liver cancer annually by 2025 (3). Hepatitis B virus
(HBV) infection is the leading risk factor for HCC development, responsible for around
50% of cases (4). Since the introduction of direct antiviral agent treatments, and in patients
with sustained virological response, the risk attributed to hepatitis C virus (HCV) infection
has substantially decreased (5). Currently, non-alcoholic steatohepatitis (NASH),
associated with diabetes or metabolic syndrome, is becoming the fastest growing cause of
HCC, especially in western countries (6). Although our understanding of the
pathophysiology of the disease has improved, this knowledge is still not fully translated
into clinical practice. Understanding the genetic pathways involved in the development of
this disease has improved in recent years, with specific mutations found in around 25% of
HCC, but the most frequent ones detected in <10% of patients (7,8). Diagnosis of HCC is
usually based on non-invasive criteria, with screening programs well established in high-
risk patients, especially cirrhotics, associating liver ultrasound and alphafetoprotein testing
every 6 months. When pathognomonic radiological features are present at CTscan or MRI
-the arterial “wash-in” associated to the venous phases “wash-out”- for diagnosis, no biopsy

is needed; procedure reserved in case of doubts or in tumors arising on non-cirrhotic



parenchyma. As in recent years, tumor molecular characterization is gaining importance;
biopsies from the lesion and from non-tumoral liver are more and more performed (9,10).
Hepatic resection, local ablation and liver transplantation are the three established curative
treatments for HCC and progressive improvement in patients’ selection (tumoral
characteristics, liver function, and patient’s performance status), was associated to better
longterm outcomes and improved quality of life (11). Transarterial chemoembolization
(TACE), transarterial radioembolization (TARE), sterotaxic radiotherapy and systemic
therapies (including immunotherapy), are other established -but usually non-curative-
options to consider in the armamentarium of treatment strategies in patients affected by
HCC (Fig.1) (12).

In this thesis we will focus only on surgical resection.
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Figure 1. Management of HCC

(from Llovet et al, Nature reviews Nat Rev Dis Primers. 2021 Jan 21;7(1):6)

b) Surgical treatment

Surgical treatments include hepatic resection and liver transplantation, the latest associated
with the best 5- year overall survival of 70-80%. Decision between resection and
transplantation is usually based on patient’s age, liver function, degree of portal
hypertension, and tumoral characteristics such as tumor localization, number and size of
nodules, the relationship with vascular and biliary structures, type of resection needed,
future liver remnant, and performance status. Resection is considered the treatment of

choice, especially in patients with HCC without cirrhosis and for those patients whom post-



operative hepatic decompensation is unlikely, or in case of formal contraindication to liver
transplantation (i.e. age, or when resection is considered as a “bridge” to it)(13). Increasing
evidence suggests that anatomical liver resection offers a longer postoperative survival and
disease-free survival as compared to non-anatomical ones (14-18); this particular point is
still today a source of debate, with different attitudes encountered, especially between
western and eastern countries. Anatomical resection is a more demanding procedure,
especially on cirrhotic livers. In fact, even if after selective arterial and portal vein clamping
superficial demarcation between vascularized and ischemic liver segments are easy to
discriminate, intraparenchymal landmarks between segments are more difficult to
determine. This technical difficulty has become even more determinant in recent years as
minimally invasive liver resection has been increasingly performed. Different strategies to
overcome this difficulty have been considered; a detailed description is presented in the

dedicated chapter of intraoperative navigation.

3. Imaging

a) Imaging and surgical strategy

Modern liver surgery is based on precise imaging evaluation. Surgical strategy is in fact
conceived after an accurate analysis of tumoral characteristics and patient’s real anatomy,
information that are derived mainly from CT scan and MRI analysis. Anatomical or non-
anatomical resections are planned according to the relationship between the tumor (or

tumors) and the vascular and biliary structures. It is important to consider that this process



requires high quality images, ideally performed in centers focused on liver surgery. Three
phases CT scan is mandatory, including arterial, venous and late phase, obtained with a 64
detector with bolus tracking techniques, to determine the best delay to start arterial
acquisition. MRI should be performed with a 1.5 Tesla using a six-channel phased-array
body coil for signal detection and an intravenous agent like gadolinium as tracer. As a
complement to MRI and CT-scan, fluorodesoxyglucose (FDG) or choline Positron
Emission Tomography (PET)-scan, can be performed preoperatively to rule out the
presence of extrahepatic disease. Sometimes alternative exams are useful to better clarify

the pre-operative diagnosis to confirm surgical strategy (i.e., contrast ultrasound)

b) Preoperative 3D reconstruction

To enhance the strategic planification capacity and to meet the need of calculating the
future remnant liver volume, 3D reconstruction has been progressively introduced in
clinical practice. Liver anatomy is sometimes complex to determine only on 2D imaging
techniques (i.e. CT-scan and MRI). Since the first anatomical 3D simulator used for
preoperative liver resection planning, proposed in 1998 by Marescaux et al. (19), 3D
technology has developed incredibly. Nevertheless, the real impact of 3D reconstruction
on indications and outcomes after liver resection has not been fully demonstrated yet
(20,21). Especially for the treatment of HCC, with the aformentioned resection difficulties

in presence of cirrhosis, accurate preoperative planning may minimize the risk of



intraoperative variations in the surgical strategy, variations that has been reported to be as
high as 20% in general surgery procedure, and often associated with an increase in
postoperative morbidity (22). Most research on 3D evaluation is focused on its ability to
stereoscopically exhibit anatomy, accurately estimate liver volumes, and precisely
determine surgical resection margins (23-26). Few studies describe long-term survival
outcomes for the benefits obtained 3D evaluation (27, 28). Until now, no study that

analyzed the contribution of 3D reconstruction in the surgical planning for hepatectomy for

HCC has been published.

c¢) Intraoperative imaging

As said, defining the exact planes for resection is often difficult, especially in cirrhotic
patients and for postero-superior segments tumors. Defining the correct intraparenchymal
anatomical line is technically challenging and anatomical landmarks, such as hepatic veins
and portal branches are then used under ultrasound guidance to guide transection (29-32).
Makuuchi et al. associated the ultrasound guidance with methylene blue injection in the
portal branches to delineate on the liver surface the precise limits of a determined segments
or sector. This technique is performed during open surgery; it requires hepatic artery
clamping and the wash out of the dye is relatively rapid. Replacing the blue dye with
indocyanine green (ICG) and associating the use of near-infrared cameras, fluorescence-
based segmentation resections have than been performed (33). This technique allowed in

particular a stable parenchymal dying and avoided elective arterial clamping. In 2008, Aoki



et al. (34) first reported an intraoperative technique for subsegments, and segments ICG
staining during open hepatectomy; the success rate in identifying the anatomical planes was
93%. The technique was considered safe, reproducible and not time consuming. In parallel,
the benefit of laparoscopic liver resection has been established for liver malignancies,
especially HCC, confirmed by consensus meetings and international recommendations (35,
36). However, laparoscopic anatomical liver resection (LALR) techniques have not been
fully standardized because both inflow portal clamping and portal staining, when used, are
difficult to perform in the laparoscopic setting, again especially in cirrhotic livers and for
postero-superior segments. To improve the quality and precision of anatomical resection
and to guide intraparenchymal transection, combined ICG fluorescence imaging in LALR
has been used with direct portal injection of ICG under percutaneous guided laparoscopic
ultrasound, the so-called “positive staining” (37, 38). Ishizawa was the first to perform this
technique in 2012. The same principle, but with the opposite injection, is the “negative
staining”, achieved by the intravenous injection of ICG dye after clamping the segmental

portal pedicle following the glissonean concept of anatomical resection (39-42).

d) In vivo functional imaging

Liver ischemia reperfusion injury (IRI) is a dreaded condition after liver resection and liver
transplantation (43). Oxygen pressure decreases inside the sinusoids reducing ATP
production and increasing reactive oxygen species (ROS), cytokines, and chemokines (44).

Currently, there is no intraoperative and non-invasive tool to evaluate liver perfusion to



predict liver viability during post-operative period. This consideration is particularly
important in situations such as extensive liver resections on damaged parenchyma (fibrosis
or chemotherapy), and especially when future liver remnant volume reaches limit values.
Hyperspectral imaging (HSI) is a non-invasive imaging modality that has recently been
applied to the medical field as a tool for image-guided surgery, more specifically for an
intraoperative quantification of tissue perfusion (45). HSI images are based on the
computational analysis of light-tissue interactions through the detection of relative
reflectance, giving a quantification of organic compounds such as deoxygenated and
oxygenated haemoglobin at different depths (46). Before being applied to the medical field,
this technology had largely been explored by NASA since 1985 (47). The application of
HSI has recently gained importance for its non-invasiveness and for the accuracy of oxygen
quantification. For that reason, HSI is a promising technology that allows to
intraoperatively quantify hepatic perfusion and oxygenation and to discriminate among
different types of liver ischaemia. HSI camera obtain pictures in which each pixel contains
the relative reflectance quantification in a wide range of spectral fields. The data obtained
is a spatial (x, y) picture which also has a third dimension (z) in which the information of
the spectral field is stored. The result is a 3D cube, which is more informative than the RGB
picture. There are different types of HSI cameras, such as whisk broom scanners, single
snapshot, and push-broom scanners. The one used in this study is the push-broom scanner,
which allows for the extraction of highly informative and sensitive hypercubes (250 bands

from 500 to 1000nm) (Fig. 2a). The device was engineered to be used during the surgical
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procedure (Fig. 2b) with a light source composed of 6 lamps (20W Osram Halospot 70
Halogen) (Fig. 2¢). The HSI camera allows for the extraction of the spectral profile from
different tissues and surfaces, proving its ability to distinguish ischaemic from non-

ischaemic tissues (Figs. 2d, e).

Figure 2. Hyperspectral camera (TIVITA, Diaspective Vision). (a) Push-broom camera. (b) Intraoperative

device. (¢) Light source. (d, ) TIVITA software analysis.

4. Ex vivo liver models

An important limitation in preclinical drug development is the absence of an appropriate
cell culture model system. Standard in vitro cell culture models are based on conventional
hepatocarcinoma cell lines and key features such as cell-cell interactions, tumoral three-
dimensional tumor architecture, and cellular heterogeneity are not present. To offer more
specific and less toxic treatments to cure or prevent HCC to patients shortly, the liver

research community developed elaborated ex vivo models able to recapitulate liver fibrosis
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or HCC features (48). New ex vivo and in vitro models have been established and optimized
for three dimensional study of hepatic systems, e.g., primary cell-based spheroids and stem
cell-derived organoids (Fig.3) as well as chip systems, sandwich cultures, and liver
bioprinting (49). Spheroids are three-dimensional (3D) multicellular aggregates obtained
from dissociated resections or, more rarely, thosethat form spontaneously through cell-to-
cell adhesion under culture conditions. Liver spheroids demonstrate important relevant
features such as superior longevity, enhanced hepatocyte-specific function, and increased
cell-to-cell interactions when compared to classical hepatic cell lines. Alternatively, PDX
models based on engraftment of liver resections in mice have also been developed and are
commonly used to analyze the effect of new potential treatments in preclinical studies.
However, PDX models present limits, especially, they are time consuming to establish and
are performed in immunocompromised mice making them difficult or even impossible to
implement in a precision medicine concept dedicated to individual patients.

Although limited access to patient derived liver tissue is still the major bottleneck for
optimal large size experimentations, spheroids have been used for high throughput
screening of small molecule libraries to find new treatments. Alternatively, the use of
spheroids issued form healthy livers specimens (i.e., non HCC) treated with drugs to
modelise liver diseases, such as advanced liver fibrosis, can be combined to state-of-the-
art “omics” studies allowing the indentification of key cellular player that might be new
targets for future treatments. In 2019, our unit, has established the first human liver atlas,

using single cell sorting, and single cell RNA sequencing, becoming the world reference
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for normal liver cell composition (50). In the future, comparing HCC and adjacent tissue
cell gene expression, with the liver atlas data, will allow to decipher cell circuits involved
in the early stages of carcinogenesis and identify cellular targets of potential interest for
new treatment development to chemoprevent HCC development or recurrence.

From the perspective of precision medicine, the use of liver spheroids and HCC
tumorspheres are of utmost importance to improve future patient care. Indeed, patient
derived dissociated HCC tumoral tissues, can be reassembled ex vivo, to form a set of
tumorspheres constituted of hepatocytes and non-parenchymal cells, able to recapitulate
the tumoral microenvironment. These spheroids appear as advanced models to test the
efficacy of various treatment options and help/guide the clinician to choose the most
efficient therapeutic molecule for a specific patient. The generalisation of these kinds of
techniques, when patients undergo first line treatment failure, paves the way of
personalized patient treatments and improvement of patient’s outcome.

In a more global point of view and beside treatment efficacy testing on HCC tumorspheres,
analysis of patient tissue-derived liver spheroids treated to modelise advanced liver fibrosis
or issued from NASH (Non-Alcoholic Steato Hepatitis) patient’s resections, combined to
single cell “omics” studies allow to decipher cell circuits and cellular targets engaged in
carcinogenesis mechanisms of development. They will at term allow to build
chemopreventive strategies to stop fibrosis progression and HCC recurrence.

Implementation of personalized medicine research programs relies primarily on very active

13



and efficient collaborations between surgeons, and translational research teams to obtain

optimal quality of specimens.
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Figure 3. i.c. Organoids from tumoral and non tumoral liver (from Nuciforo et al, Cell Reports, Volume
24, Issue 5, 31 July 2018,1363-1376)
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S. OBJECTIVES

This thesis work aimed to integrate the forementioned concept of precision medicine
applied to the treatment of HCC on a multidisciplinary basis. The “leitmotiv’ was to
implement a transversal approach that let us integrate innovative technologies and new
treatment paradigms in a continuous interaction between clinical needs and expertise
coming from different fields of biology and engineering. The whole project, developed in
three main fields of application, was so conceived to humbly make a further step in the
evolution of precision medicine for the treatment of HCC and to create a homogeneous and
coherent path of integration, innovation, and precision for the best cure and care of our
patients. The first two parts were realized in tight collaboration with the Institut Hospitalo-
Universitaire (IHU), Strasbourg and the Hépato-Digestif Department at the Nouvel Hopital
Civil, University Hospital Strasbourg. The last part was performed more specifically with
the Institute for Viral and Hepatic Diseases (Inserm Unit 1110), Strasbourg.

The first part is focused on preoperative imaging and surgical strategy. The goal was to
evaluate in a French multicentre prospective non-randomized trial the benefit of the 3D
reconstruction over the standard 2D imaging analysis, to see if significant modifications in
preoperative strategy and the real operation performed, were present. In the same study,
secondary objectives aimed to evaluate if 3D reconstruction could better detect tumor
localization, anatomical variations, resection margins, and resected volume. The second
part is focused on intraoperative imaging. The recent advances in optical imaging,

enhanced reality, and artificial intelligence, encouraged our team to find solutions for
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improved patient outcomes by taking advantage of all these novel and promising
technologies. The main objectives of the research were as follow: a) to prove that
hyperspectral imaging (HSI) could discriminate between ischaemic and non-ischaemic
liver; b) to evaluate the correlation between optical and biological properties; c) to
demonstrate that HSI could predict liver viability intraoperatively and to automate the
process with artificial intelligence; d) to provide enhanced reality to guide liver surgery in
a quantitative manner; to establish the principle for HSI molecular imaging in an in vitro
approach. Finally, we aimed to provide a solid scientific base for these technolgies for their
translation into the clinical field.

The third part of our interactive and transversal work conceived to optimize the treatment
of hepatocellular carcinoma -going from new imaging technologies to operating room- is
focused on the tight collaboration with the Institute for Viral and Hepatic Diseases
(INSERM Unit 1110). My objective of this part, was to enrich the LIVMOD biobank
(UMR_S1110) with high quality operative specimens from cirrhotic and non cirrhotic
patients affected by HCC, to contribute 1) to proof-of-concept studies, aiming to find the
best treatment strategies for first line non responder patients, or to confirm efficacy of
newly identified molecules to prevent liver fibrosis and HCC and 2) to very competitive
european and national translational research programs dedicated to better understand

advanced liver disease and HCC at the fundamental level.
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6. RESULTS

Results related to the two first and main aims of this thesis are an integral part of six
manuscripts that are included in the following sections. In addition to project management,
with three of the six manuscripts written as first-author, my individual experimental

contributions are highlighted in the respective summary sections before the article.

6.1a) Preoperative imaging — results summary and own contribution

The latest imaging technologies applied to the preoperative surgical strategy (operation
planning, type of resection, intra-operative navigation, minimally invasive approach, etc)
are currently fundamental for an optimal treatment of HCC. Three-D HAPPI (HePatic
Procedure Plannlng) is a French prospective multicentric non-randomized trial, developed
under the coordination of Pr P. Pessaux (thesis co-director), that had as primary goal to
analyze the benefit and use of preoperative 3D reconstruction in the treatment strategy
planning before HCC resection. The 3D reconstruction used the same VR RENDER®
program, then the images were processed via a plug-in Virtual Surgical Planninc (VSP®,
IRCAD).

This study is the first of its kind, as no other prospectively multicentre trials have ever been
performed before on the subject. The primary goal was to determine if the preoperative 3D
model analysis (named “Plan B”’) modified the surgical strategy initially planned, based on

conventional 2D imaging (“Plan A”). Measurement was based on the modification rate
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analysis between Plan A and Plan B, and from Plan B to the final procedure performed
(named “Plan C”).

The primary goal of the study was reached as 3D reconstruction models analysis
significantly changed the initial preoperative strategy. No differences were present when
considering secondary outcomes, such as tumor localization, anatomical variations,
resection margins, and resected volume. Tridimensional reconstruction has proven to be a
useful tool to improve preoperative analysis and to establish a correct surgical strategy.
Technology has to be implemented and further studies are required to clarify its role in the
treatment of hepatocellular carcinoma. My personal contribution to this study was
participation to the study design, operative procedures, revision of results and writing and

revision of the manuscript.
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Abstract

Background: A preoperative surgical strategy before hepatectomy for hepatocellular
carcinoma is fundamental to minimize postoperative morbidity and mortality and to reach
the best oncologic outcomes. Preoperative 3D reconstruction models may help to better
choose the type of procedure to perform and possibly change the initially established plan
based on conventional 2D imaging. To determine whether the initial surgical strategy based
on the analysis of standard 2D imaging (CT-scan or MR) is modified after 3D
reconstruction model analysis.

Methods:

A non-randomized multicenter prospective trial with 136 patients presenting with a

resectable hepatocellular carcinoma who underwent open or minimally invasive liver
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resection. Measurement was based on the modification rate analysis between conventional
2D imaging based strategy (named “Plan A”) and the 3D model analysis one (‘“Plan B”),

and modification rare from Plan B to the final procedure performed (named “Plan C”).

Results:

The modification rate from Plan B to Plan C (18%) was less frequent than the modification
from Plan A to Plan B (35%) (OR= 0.32 [0.15;0.64]). The modification rate from Plan A
to Plan C (37%) was more frequent than the one from Plan B to Plan C (18%) (OR=4.37
[2;10.7]). Concerning secondary objectives, resection margins were underestimated in Plan
B as compared to Plan C (- 3.10mm [-5.04;-1.15]).

Conclusion:

The present study suggests that preoperative 3D imaging of the liver is associated with a
better prediction of the performed surgical procedure for liver resection in HCC, as
compared to classical 2D imaging.

Introduction:

Liver resection (LR) is one of the main curative options for the treatment of hepatocellular
carcinoma (HCC), and anatomical LR seems to offera longer postoperative survival and
disease-free survival (1-5) as compared to non-anatomical LR. In patients fit for surgery,
oncological principles and future liver remnant are the two main parameters which guide
the surgical strategy. The basis of AR relies on tumor position and liver anatomy. Of note,

liver anatomy is often complex to be determined solely on 2D imaging techniques (i.e. CT-
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scan and MRI). Accurate preoperative planning is essential and may minimize the risk of
intraoperative changes in the surgical strategy (reported as high as 20%) often associated
with an increase in postoperative morbidity (6).

Since the first anatomical 3D simulator used for preoperative LR planning (7), technology
has developed. Nevertheless, the real impact of 3D reconstruction on indications and
outcomes after LR have not been fully demonstrated yet (8-9), especially for the treatment
of HCC.

The aim of this multi-institutional prospective cohort study was to evaluate the impact of
the preoperative 3D model reconstruction analysis on the planned surgical strategy.
Materials and methods:

Number of subjects

The aim of this study was to evaluate the impact of a 3D model analysis on the modification
of the surgical strategy and procedure plan, as compared to analysis of conventional
preoperative 2D images (i.e. CT-scan or MR) among a target population of patients
undergoing LR for HCC. The number of subjects required was obtained on the basis of a
risk o = 5% and a power of 80%, for the comparison of a proportion of 10% of
intraoperative modifications of the planned procedure after completion of the 3D
reconstruction, and a proportion of 20% intraoperative changes in the 2D group, based on
a unilateral proportion comparison test, assuming that 5% of the procedures will be

modified from 2D and 3D planning simultaneously.
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The number of patients required was estimated at 136 subjects. Simulations have been
performed using the R software (R Core Team, 2020). R stands for a language and
environment for statistical computing; R Foundation for Statistical Computing, Vienna,

Austria. URL: https://www.R-project.org/) in its most recent version (4.0 and following)

with all additional packages necessary.

Study design:

This study was a non-randomized multicenter prospective national French trial. Its total
duration was 3 years with a two-year inclusion period, each patient participating during 6
months (from the time of inclusion until the last postoperative follow-up at 3 months). The
trial was approved by the French Committee for the protection of persons on October 11,
2016 and registered under Number 16/53. The trial was also registered on clinicaltrial.gov:
NCT03382327. The reporting of this study was based on the following: Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) Statement (10).
Participants:

All consecutive patients (>18 years old) with resectable HCC from 12 French specialized
HPB centers included from October 2017 to September 2019 were informed for
participation in the present study. A written informed consent was obtained from all
patients included. All eligible participants had to be covered by the French public health
system. Exclusion criteria included concomitant malignancies other than HCC with liver
localization, impossibility to obtain MR images, pregnancy, patients unable to give an

informed consent for inclusion in the study.
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Main outcome: To determine if the preoperative 3D model analysis (named “Plan B”) (Fig.
1) significantly modifies the surgical strategy initially planned, based on conventional 2D
imaging (“Plan A”). Measurement was based on the modification rate analysis between
Plan A and Plan B, and from Plan B to the final procedure performed in the operating room
(named “Plan C”).

Secondary outcomes:

The secondary endpoints were to evaluate preoperatively, before and after 3D
reconstruction analysis, HCC localization according to Couinaud’s anatomy, liver vascular
supply variations from modal anatomy, estimated resection margins, and resected volume.

Participating centers:

Twelve French centers with an expertise in liver surgery took part in the study. Procedures
were performed by senior HPB surgeons according to the center organization using either

an open or a minimally invasive approach.

3D model reconstruction:

Tridimensional models were obtained using the program VR RENDER®. They were then
processed via a plug-in, i.e. Virtual Surgical Planning (VSP®, IRCAD). For each patient,
standard 2D images (i.e. CT-scan and MRI) were sent to a secured online website (Visible
Patient) for 3D reconstruction. Vascular and biliary tridimensional views were then
available for practitioners for comparison to the initially established plan. Each center was

accountable for data collection, and data analysis was then centralized. If CT-scan or MR
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images were obtained >6 weeks before inclusion, new updated images were performed to

enter the study.

Study timetable:

All centers were accountable for their own inclusion of patients. During outpatient clinics,
each patient was informed of the study, data inclusion, primary and secondary outcomes,
and a signed informed consent was obtained. Conventional 2D images were discussed in a
multidisciplinary team meeting according to the modalities established in each center. The
hepatic volumetries were accessible with the software of imaging manufacturers according
to the need of the surgeons. The first surgical strategy based on CT-scan and MR images,
named “Plan A”, was then reported on a common Internet platform, with mention of tumor
localization, anatomical variations, estimated surgical margins and resected liver volume,
type of resection and information about open or minimally invasive operations. Images
were then sent for a centralized 3D reconstruction and a second analysis was performed.
The so-called “Plan B” was then reported with the same features as Plan A. Once the
resection was performed, “Plan C” was recorded, representing the final operation
performed. Information on resection margins, specimen volumes, and postoperative
outcomes were secondarily collected. Morbidity and mortality at 90 days were finally
reported and a statistical analysis was performed. Long-term oncological outcomes were
not considered in the primary or secondary objectives.

Interventions:
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Standard open or minimally invasive hepatectomies

Statistical methods.

Bayesian analyses were an appropriate alternative to Frequentist methods. Generally
speaking, they are even thought to be more appropriate in a certain number of cases, such
as those in which we want to estimate a probability of being greater or smaller than a cut-
off value. We decided to rely on Bayesian methods to estimate posterior distribution for
each coefficient. With those distributions, the probability for a coefficient or an odds ratio
(OR) to be strictly positive (OR greater than 1) or strictly negative (OR smaller than 1) can
be evaluated, contrarily to point estimates which are not informative on the complete
distribution (also known as the p-value and the issue of lack of power). Conclusions are
formulated in terms of probability for the coefficient to be strictly positive (resp OR greater
than 1). If this probability is close to 1, we shall conclude that the probability of the tested
hypothesis is very high, or small if close to 0. If this probability is close to 50%, the
distribution of the OR is half greater than 1, half smaller, and we shall conclude that the
studied OR is not different from 1. Conclusions are then more informative than simple p-
values in such cases. A very high (larger than 0.95 or 0.99) or a very low value (smaller
than 0.05 or 0.01) of this probability (Pr in the text) can be considered statistically
significant. This significance must not be confused with the classical p-value.

Statistical analyses first included a descriptive part of the population and the parameters
studied with an evaluation of the effective frequencies and cumulative frequencies for

categorical variables, as well as an evaluation of mean and standard deviations, or medians
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and interquartiles for quantitative variables. The primary endpoint is defined by the
proportion of changes in the surgical plan with or without the use of the 3D reconstruction
tool. To model this proportion, a logistic generalized linear model (GLM) was used, and
the associated odds ratio was estimated. This OR was compared to 1 by using the posterior
Bayesian distribution of the difference coefficient.

Comparison between quantitative variables such as resection volume were also performed
and fitted by linear models, in order to get a posterior estimation of all differences. Results
are presented in means, or proportions in their 95 credibility intervals, and with the
probability for a coefficient to be greater than a threshold value. Priors for coefficient
effects were uninformative, namely normal with mean 0 and precision 0.001, and a uniform
distribution (0,100) for dispersion parameters. Computations were run JAGS 4.3. For each
analysis, a single MCMC chain with 5,000 iterations as burn-in and 100,000 iterations were
used to generate the posterior distribution. Convergence was checked and present in every
case. Statistical analyses were performed using the R software in its most recent version
provided with all packages necessary for data analysis (R Development Core Team: A
language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria). Statistical analysis was performed in November 2020.
Results:

Population:

Nine of the twelve participating centers enrolled a total of 136 patients (range: 4-39) (Fig.

2). Finally, 124 patients were included (12 were excluded for no available 3D model, 2D
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imaging outside inclusion criteria, wrong patient inclusion, lost at follow-up), the analysis
was performed as an intention to treat. Patient baseline characteristics are shown in Table
1. Mean age was 67.1 years (range: 28-92 years). Men represented 84.7% (n=105) of the
population, and women 15.3% (n=19). The median body mass index (BMI) was 25.7kg/m?
(range: 17.4 - 38.9kg/m?). All patients had solitary tumors, no information was available
regarding a previous or subsequent project of “bridge” or “salvage” liver transplantation as
not concerned with the primary and secondary objectives of the study. ASA score was grade
2 and 3 in 53.2% and 37.9% of patients respectively, and only 1 patient was graded ASA
4. Cirrhosis was diagnosed preoperatively in 50% of patients (n=62), and HBV (Hepatitis
B Virus), HCV (Hepatitis C Virus), Alcohol and NASH (nonalcoholic steatohepatitis) were
diagnosed as main etiologies in 12.9%, 22.6%, 59%, and 30.6% of patients, respectively.
CHILD score had a median of A5 in 91.3% of patients; there was no CHILD C in the study.
Indirect signs of portal hypertension were reported in 19.9% of patients (n=21). Concerning
comorbidities, diabetes, hypertension, and obesity were present in 41.1%, 62%, and 27.4%
of patients, respectively. Previous abdominal surgery was reported in 47.6% of patients.
Planning

Laparoscopic or open resections were indicated in Plan A in 53.2% and 45.2% of patients
respectively (robotic resection was indicated in only 1.6% of patients), and no changes in
the approach (open or laparoscopic) were reported after 3D analysis. Subjective surgeon
confidence in the established plan reported had a median of 7.6 (range: 1-10) for Plan A

and 8.6 (range: 1-10.) for Plan B (p=0.21). In Plan A (2D imaging), the initially indicated
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resection type was bisegmentectomy (n=13, 10.5%), right hepatectomy (n=20, 16.1%), left
hepatectomy (n=8, 6.5%), extended right hepatectomy (n=1, 0.8%), left lobectomy (n=11,
8.9%), tumorectomy (atypical liver resection) (n=24, 19.4%), segmentectomy (n=27,
21.8%), and subsegmentectomy (n=20, 16.1%). In Plan B (3D + 2D imaging), the
operations scheduled were bisegmentectomy (11.3%; n=14), right hepatectomy (14.5%;
n=18), left hepatectomy (4.8%; n=6), extended right hepatectomy (1.6%; n=2), left
lobectomy (11.3%; n=14), tumorectomy (atypical liver resection) (13.7%; n=17),
segmentectomy (21%; n=26), subsegmentectomy (21.8%; n=27). Tridimensional modeling
reduced potential planning errors by 49% with modifications (in the rate of change from
Plan B to Plan C (18%)) significantly less frequent than from Plan A to Plan C (37%) (OR=
4.37[2-10.7]). Plan A=B=C was reported in 55.6% of patients (n=69); Plan A#B and A=C
in 6.4% of patients (n=8); Plan A#B and B=C in 24.1% of patients (n=30) (Fig. 3a, b, ¢, d);
Plan A#C and Plan B#C in 12.1% of patients (n=15). In two of the 124 patients, data were
incomplete. Concerning the 15 patients where Plan C was different both from Plan A and
Plan B, no resection was performed in 3 cases (intraoperative finding of ascites, metastases,
and intraoperative vascular injury); a larger resection than initially planned was performed
in 5 patients; a more limited one in 3 patients (a left hepatectomy as an alternative to an
initially planned central hepatectomy in one patient, a mixed manually assisted
laparoscopic hepatectomy in 1 patient; information unavailable in two patients). In 11.3%
(n=14) of modified Plan A to Plan B cases, there were a more limited scheduled resections,

changing from a major hepatectomy to a minor one, and in 4.5% (n=5) of cases, the
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opposite. The modification rate from Plan B to Plan C (18%)( Fig.1)was less frequent than
the modification from Plan A to Plan B (35%) (OR=0.32 [0.15-0.64]). In 81% (99/122) of
patients, there was a final correlation of the finally performed procedure when compared
to the combined 3D+2D planning versus 63% (77/122) for “standard” 2D alone. The
modification rates from Plan A to Plan C (37%) were higher than those from Plan A to Plan
B (35%) (OR= 1.41 [0.53-3.9]) (Table 2). Concerning secondary objectives, resection
margins were underestimated in Plan B as compared to Plan C (-3.10mm [-5.04-1.15].
Anatomical variations detection was not statistically different between Plan A and Plan B,
reported in 24.2 and 33.1% of patients (p=0.16) respectively. There was no difference in
the two groups concerning resected volume (intraoperatively a water volume test of the
specimen test was performed to compare to the 3D calculated volume) and tumor
localization. Intraoperative findings and postoperative outcomes are shown in Table 3.
Intraoperative transfusions were necessary in 10.7% of patients (n=13), drainage was left
in 45.1% of patients, and the reintervention rate was 4.1% (n=5). The overall morbidity rate
was 52.5%, Dindo-Clavien grade 3 complications occurred globally in 13.2% of
patients.Ninety-day mortality rate was 5.1%. No differences were found in terms of
complications and post-operative mortality in patients with a correctly planned procedure
(C=B) and patients with an unplanned performed procedure in the end (C#B).

Discussion:

Most researches on 3D evaluation focused on its ability to stereoscopically exhibit

anatomy, accurately estimate liver volumes, and precisely determine surgical resection
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margins (11-14). Few studies described long-term survival outcomes which resulted from
the benefits obtained in 3D evaluation (15, 16), and no study analyzed the contribution of
3D reconstruction in the surgical planning for hepatectomy for HCC in practice. In this
prospective multi-institutional non-randomized study, analysis of 3D reconstruction
models significantly modified the initial surgical strategy based on conventional 2D
imaging. 3D modeling reduced potential planning errors by 49% with a change in the
modification rate from Plan B to Plan C (18%) significantly less frequent than from Plan
A to Plan C (37%) (OR= 4.37 [2 -10.7]). The 3D model was especially useful in
approximately 25% of patients where strategy modifications induced by the preoperative
reconstructions were actually followed (Plan A#B and B=C in 24.5% of patients (n=30)).
Preoperative 3D evaluation can accurately measure the distance between tumors and major
intrahepatic vessels, hence providing better planning to the extent of liver resection and the
plane of liver transection. Using 3D, remnant liver volumes can be measured accurately to
quantitatively assess the risk of postoperative liver failure after the planned operations. In
11.3% (n=14) of modified Plan A to Plan B cases, there were a more limited scheduled
resections, changing from a major hepatectomy to a minor one, and in 4.5% (n=5) of cases,
the opposite. The software used has the possibility, beyond 3D reconstruction, to determine
the vascularized areas of each portal pedicle, a precious help to visualize the “ideal”
anatomical resection. Indeed, the majority of changes included a change in tumorectomies
(non-anatomical resections) towards subsegmentectomies (anatomical resections) (17),

following the ideal oncological principles of HCC surgical resection (1-5). No center
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“effect” was noted in the distribution of preoperative modifications from Plan A to Plan B,
and subjective confidence expressed by surgeons in preoperative planning was relatively
high, both for initial Plan A, and with further increase after 3D model analysis, with a
median progression from 7.6 to 8.6 (scale from1 to 10). This increase in confidence denotes
the easey understanding the 3D model, despite the fact that the clinical files were evaluated
according to the habits of expert teams in HBP surgery in multidisciplinary meetings. This
expertise surely explains the fact that 3D modeling did not modify surgical planning in
56.5% of cases. Indeed, it has been reported that 3D models improve the understanding of
surgical liver anatomy for surgical residents (18). Secondary outcomes did not reach any
statistical significance, and more particularly regarding the exact tumor localization,
anatomical variations, resected volume, and surgical margins, with a statistically significant
underestimation of 3D of real margins, knowing that the analysis was performed for such
specific data only in approximately 40% of patients and as consequences considerations
and conclusion on these variables can be done only with caution. Plan A=B=C was reported
in 56.5% of patients (n=69), in other words no evident modification was consequent after
3D reconstruction analysis; Plan A#B and A=C in 6.6% of patients (n=8), the final
operation performed similar to the initial strategy based on 2D analsysis (actual operation
different from the one planned after 3D reconstruction analysis); Plan A#B and B=C in
24.5% of patients (n=30). In this last group the 3D analysis showed to significantly change
surgical strategy and was the primary objective of the study. Finally, concerning 3D

reconstruction, it is mandatory the acquisition of good quality 2D images to obtain
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appropriated 3D rendering. Finally, despite the highest quality 2D or 3D images,
intraoperative findings sometimes modify preoperative planning, situation that occurred
approximately in 12% of patients in our study. The 3D models analysis has so to be
considered an accurate tool to improve the 2D imaging and not in alternative or opposition
to it. In fact, these two modalities have different features that are useful in the preoperative
evaluation. It could be also considered a reverse approach, a general 3D view of patient
anatomy, tumor localization and distances to main structures successively analyzed on a
2D plan especially for some particular details concerning vascular invasion still today
sometimes not so precise with the available 3D computer programs. Another important
point for the use of 3D reconstruction is the greatimportance that today of the patient’s
understanding of his medical condition, treatment information, and satisfaction. Novel
technologies such as 3D models may play a role also in patient education (19,20). It has
been reported that 3D models help patients to preoperatively understand their kidney tumor
and surgery (21). The results of this study are fully in line with the recommendations made
at the expert consensus conference (22), where 3D visualization technology will become a
routine for diagnosis and treatment of liver diseases in a reasonably near future. The experts
recommended to perform a digitalized classification, resectability evaluation, and surgical
planning of blood vessels, as the axis for complicated liver tumors using 3D visualization
technology to achieve anatomical, functional, and radical surgical resection of complex

HCC (A, Strong recommendation).

33



In conclusion, this is the first prospective multi-institutional non-randomized trial
performed to evaluate the impact of 3D reconstruction on the preoperative surgical strategy
for the treatment of hepatocellular carcinoma. Statistical relevance concerning the main
outcome has been reached with substantial modifications realized after 3D reconstruction
analysis (Plan B). Tridimensional reconstruction has proven to be a useful tool to improve
preoperative analysis and to establish a correct surgical strategy. Technology has to be
implemented and further studies are required to clarify its role in the treatment of
hepatocellular carcinoma.
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Table 1. Baseline patients characteristics (n=124)

Age,y 67.1 (28-92)
BMI (Kg/m2) 27.5 (17.4-38.9)
Gender, No.

Female 19 15.3%
Male 105 84.7%
Cirrhosis, No. 62 50%
HBV 8 12.9%
HCV 14 22.6%
Alcohol 37 59%
NASH 19 30.6%
CHILD score, mean 5 91.3%
Portal hypertension, No. 21 19.9%
Ascites, No. 0 0%
Esophageal varices, No. 14 11.3%
Comorbidities:

Diabetes 51 41.1%
Hypertension 77 62%
Obesity 34 27.4%
Chronic kidney disease 10 8.1%
COPD 13 10.5%
Cardiovascular disease 18 14.5%
Previous abdominal surgery 59 47.6%

BMI= body mass index, COPD: chronic obstructive pulmonary disease
HBV= Hepatitis B virus, HCV= Hepeatitis C virus, NASH= nonalcoholic steatohepatitis
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Table 2: Modification of surgical planning

Type of change )

Plan A to Plan B 35

Plan B to Plan C 18

Odds ratio 0.32 [0.15-0.64]
Plan A to Plan C 37

Plan B to Plan C 18

Odds ratio 4.37 [2-10.7]
Plan A to Plan C 37

Plan A to Plan B 35

Odds ratio 1.41[0.53-3.9]
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Table 3. Intraoperative features and postoperative outcomes

Transfusions

Intraoperatively 13 10.7%
Postoperatively 9 74%
Antibiotics 14 11.5%
Drainage 55 45.1%
Interventional radiology 8 6.6%
Reoperation 5 41%
Overall in hospital morbidity 63 52.5%
Surgical in  hospital-related 41 33.6%
morbidity

Postoperative hemorrhage 3 25%
Biliary fistula 9 74%
Ascites 6 31.6%
Portal thrombosis 4 33%
Pulmonary effusions 29 238
Pulmonary atelectasis 16 13.1%
Kidney failure 9 74%
In-hospital mortality 4 33%
90-day mortality 6 5.1%
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Figure 1. Plan A, B, C

Pre-operative strategy based on Pre-operative strategy based on The final performed procedure
standard 2D imaging analysis standard 2D and 3D reconstruction
imaging analysis

=>Plan A @ = PlanB

Modifications analysed in 124 patients

=>Plan C

Plan A different from Plan B 35%

PlanB  difeentfom Plan C 18% -

Plan A different from PlanC 37%
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Figure 2. Number of patients enrolled for each of the 12 participating centers
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Fig. 3a:
Plan A: extended right hepatectomy with resection of middle hepatic vein.
Segment IV resection was considered to prevent venous congestion.

middle hepatic vein

R

Fig. 3b:
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Plan B: 3D reconstruction showed a scissural vein in liver segment IV.
Resection was limited to the middle hepatic vein, and no venous congestion
was observed intraoperatively.

Fig. 3c:
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Plan A: left hepatectomy with resection of the middle hepatic vein in a
cirrhotic patient.

middle hepatic vein

Fig. 3d:
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Plan B: 3D reconstruction showed a clear margin on the middle hepatic vein,
finally preserved with no venous congestion and no postoperative liver

failure.

middle hepatic vein
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6.1c) Conclusions on the first part

The reported non-randomized prospective trial showed very interesting results. In fact,
analysis of 3D reconstruction models significantly modified the initial surgical strategy
based on conventional 2D imaging. Three-D modeling reduced potential planning errors
by 49%. The 3D model was especially useful in approximately 25% of patients where
strategy modifications induced by the reconstructions were actually realized (Plan A#B and
B=C in 24.5% of patients (n=30)). Preoperative 3D evaluation could accurately measure
the distance between tumors and major intrahepatic vessels, providing better planning to
the extent of liver resection and the plane of liver transection. Remnant liver volumes could
be also measured accurately to quantitatively assess the risk of postoperative liver failure
for the planned operations. In about 15% of patients there was a consistent change, either
from major to minor resections, either the opposite. This is one of the most important points
to consider because changing type of resections may have consequences on post-operative
morbidity and mortality. Nevertheless, it has to be considered that the majority of changes
included relatively less important modifications such astumorectomies (non-anatomical
resections) towards subsegmentectomies (anatomical resections, but with no possibility to
really demonstrate if a true anatomical resection has been performed). Secondary outcomes
did not reach any statistical significance, and more particularly regarding the exact tumor
localization, anatomical variations, resected volume, and surgical margins, with only a
statistically significant underestimation by 3D of real margins. These informations were

reported only in 40% of patients. Finally, despite the highest quality 2D or 3D images,
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intraoperative findings sometimes modify preoperative planning, situation that occurred
approximately in 12% of patients in our study.
As a conclusion, tridimensional models analysis has so to be considered as an accurate tool

to improve 2D imaging and not in opposition to it.

6.2a) In vivo functional imaging — results summary and own contribution

1) Ischemic-non ischemic tissue assessement

We performed a differential intraoperative analysis of the optical properties of the liver to
understand if the relative reflectance was a parameter which could discriminate between
different levels of blood perfusion. We found that liver HSI could discriminate between
total vascular inflow occlusion and hepatic artery occlusion. These results were confirmed
via cross-validation of HSI which detected and quantified intestinal congestion in vascular
inflow occlusion. A significant correlation between the near-infrared spectra and capillary
lactate was found (r = — 0.8645, p = 0.0003 VIO, r=—0.7113, p = 0.0120 HAO). Finally,
a statistically significant negative correlation was found between the histology score and
the near-infrared parameter index (NIR) (r = —0.88, p = 0.004). We infer that HSI, by
predicting capillary lactates and the histopathological score, would be a suitable non-
invasive tool for intraoperative liver perfusion assessment. My personal contribution to this
study was participation to the study design, operative procedures on animal models,

revision of results and writing and revision of the manuscript.
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Liver ischaemia reperfusion injury (IRI) is a dreaded pathophysiological
complication which may lead to an impaired liver function. The level of oxygen

hypoperfusion affects the level of cellular damage during the reperfusion phase.
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Consequently, intraoperative localisation and quantification of oxygen impairment
would help in the early detection of liver ischaemia. To date, there is no real-time,
non-invasive, and intraoperative tool which can compute an organ oxygenation map,
quantify, and discriminate different types of vascular occlusions intraoperatively.
Hyperspectral imaging (HSI) is a non-invasive optical methodology which can
quantify tissue oxygenation, and which has recently been applied to the medical field.
A hyperspectral camera detects the relative reflectance of a tissue in the range of 500
to 1000 nm, allowing the quantification of organic compounds such as oxygenated and
deoxygenated haemoglobin at different depths. Here, we show the first comparative
study of liver oxygenation by means of HSI quantification in a model of total vascular
inflow occlusion (VIO) vs. hepatic artery occlusion (HAOQO), correlating optical
properties with capillary lactate and histopathological evaluation. We found that liver
HSI could discriminate between VIO and HAO. Theseresults were confirmed via
cross-validation of HSI which detected and quantified intestinal congestion in VIO. A
significant correlation between the near-infrared spectra and capillary lactate was
found (r = — 0.8645, p = 0.0003 VIO, r = — 0.7113, p = 0.0120 HAQO). Finally, a
statistically significant negative correlation was found between the histology score and
the near-infrared parameter index (NIR) (r = — 0.88, p = 0.004). We infer that HSI,
by predicting capillary lactates and the histopathological score, would be a suitable

non-invasive tool for intraoperative liver perfusion assessment.
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Liver ischaemia and reperfusion injury (IRI) is a dreaded vascular complication
characterized by the disruption of parenchymal and microvascular architecture which leads
to hepatic functional impairment1. IRI has practical relevance in liver transplantation and
during liver surgery performed with intermittent vascular inflow occlusion. Liver
oxygenation impairment and ischaemia can be challenging to detect intraoperatively, which
is partly due to multiple hepatic vascular inflowsl-3. Parenchymal disruption in the
reperfusion phase mainly depends on ischaemic time duration. Consequently,
intraoperative localisation and quantification of oxygen impairment may be helpful in
quickly detecting future reperfusion injury sites. To date, there is no tool which can
spatially visualize and quantify liver oxygenation intraoperatively.Currently, hepatic
circulation can be evaluated intraoperatively using ultrasound (US). However, US may be
time-consuming, especially during laparoscopic surgical procedures, and has a long
learning curve4. Additionally, US evaluation might be difficult in obese patients and the
interpretation is strongly operator-dependent5. Besides, US aims to analyse and quantify
blood circulation in a specific area of interest and does not provide an immediate
localisation and quantification of oxygenation of the whole liver surface. Hyperspectral
imaging (HSI) is a non-invasive technique which has been recently applied to the medical
field as a tool for image-guided surgery and specifically for an intraoperative quantification
of tissue perfusion6-7-8. HSI detects the relative reflectance of light with a wavelength

comprised between 500 and 1000 nm, allowing the quantification of organic compounds,

such as oxygenated and deoxygenated haemoglobin9. The application of HSI has recently
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gained importance for its non-invasiveness and the accuracy of oxygen quantification at
different depths10. For that reason, HSI is a promising technology as it allows for the
intraoperative quantification and spatial visualisation of hepatic oxygenation and to
discriminate among different types of liver ischaemia.

We present a comparative preclinical study of HSI-based liver oxygenation quantification
of porcine liver in an experimental model of total vascular inflow occlusion (VIO) versus
hepatic artery occlusion (HAO). Optical properties extracted with HSI have been correlated
with biological markers to predict the level of ischaemia. The HSI system used in this study
provides presets for the quantification of the relative oxygen saturation (StO»%) at a depth
up to ~ 1 mm and of the near-infrared (NIR) spectrum at a depth of up to 3—-5Smm10. Water
distribution was assessed with the tissue water index (TWI), which quantifies tissue water
content]10.

Results

Spectral profile extraction

Hyperspectral images were collected during and before the ischaemic phase, following the
selection of ten regions of interest (ROIs) in the intestine and in the liver, which allowed
for the extraction of spectral profiles (hypercubes). Images and spectral profiles were
extracted from the hypercubes of the ROIs (Fig. 1a). RGB images showed a slight colour

difference during the ischaemic phase when compared to the control (Fig. 1b). The overall
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spectra of VIO showed a lower relative absorbance during the ischaemic phase when

compared to the control and to all HAO timepoints (Fig. 1c,d).
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Experimental workflow. (a) Hyperspectral imaging was performed 3 times in 30-min intervals for a total
period of 90 min in both VIO and HAO models. The images and spectra of 10 ROIs were extracted from the
hypercubes and analysed. (b) RGB images of liver before ligation and during the ischemic phase, where no
major differences were found. (¢) Spectral profiles of both ischaemia types at different times showed that
VIO control was overall higher as compared to the ischaemic phase. This was not the case for the HAO
spectra. (d) Profiles comparison at each timepoint of VIO and HAO. Spectra extraction was performed with
the TIVITA hyperspectral camera (Diaspective Vision GmbH, Germany) from 500 to 1000 nm with a

resolution of 5 nm obtaining 250 bands per each image.
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Figure 2. Liver hyperspectral imaging. (a—c) St02%, NIR and TWI imaging and quantification. From left to

right are displayed hyperspectral images of the two ischaemic models, the quantitative analysis of each model,

and the comparison between VIO and HAO. All preset parameter indexes could distinguish different types

of ischaemia at each timepoint. The images were quantified and finally compared with one-way and two-way

ANOVA. Data are presented as mean + s.d. and compared to the control, ns p > 0.05, *p < 0.05, **p <0.01,
**kp < 0.001, ****p <0.0001. N =60 (ROIs in 6 pigs).

Liver hyperspectral imaging

The StO»% index showed a significant decrease during the ischaemic phase in both models

(p<0.001 for 30, 60 and 90 min in VIO and HAO) (Fig. 2a). When VIO and HAO were

compared, St0>% in HAO was significantly lower (p <0.0001, for 30, 60, and 90 min).

The NIR index showed a visible change in VIO and HAO, similar to StO>%. However, it

could detect a small difference also in the controls (p=10.0335, p<0.0001, p<0.0001,

p=0.0286, for 0, 30, 60, and 90 min respectively). Additionally, NIR in HAO showed a

localised area of ischaemia which increased in surface area over time (Fig. 2b). TWI did

not show any significant difference in VIO ischaemia when compared to the control but
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showed a significant difference in HAO (p < 0.0001 for 30, 60, and 90 min). The HAO TW
index was significantly lower when compared to VIO (p < 0.0001 for 30, 60 and 90 min)

(Fig. 2¢).

Blood gas analysis. Partial oxygen pressure (pO2) decreased significantly over the
ischaemic phase in VIO when compared to HAO after 60 min (p = 0.232), reaching a
maximum spread after 90 min (p = 0.0019) (Fig. 3a). Partial carbon dioxide ( pCO2)
showed an overall non-significant increase in both VIO and HAO (Fig. 3b). There was a
significant decrease in cHCO3-% after 60 min in VIO as compared to HAO (p = 0.0209)
(Fig. 3c). The pH remained constant in HAO presenting a non-significant decrease after 30
min of ischaemia, which decreased significantly in VIO after 90 min (p = 0.0143) (Fig. 3d).
Creatinine showed a slight increase, which was not statistically significant in VIO and HAO
(Fig. 3e). Systemic lactate levels showed a dramatic increase in VIO, which was significant
after 60 min, reaching a maximum spread at 90 min as compared to HAO (p <0.0001) (Fig.
3f). The correlation matrix of VIO vital parameters showed that the pH was negatively
correlated with pCO2 (r = —0.97, p = 0.034) and positively with cHCO3- (r = 0.96, p =
0.041). In addition, it showed that pO2 was positively correlated with cHCO3- (r =0.97, p
= 0.034) and the pH (r = 0.98, p = 0.019). Systemic lactate was also found positively
correlated with pCO2 (r = 0.96, p = 0.042) and negatively correlated with cHCO3-(r = -

0.96, p = 0.035), the pH (r =—1.00, p = 0.001), and pO2 (r =—0.99, p = 0.011) (Fig. 3g).
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Finally, a positive correlation was found in systemic lactate levels with pCO2 in HAO (r =
0.95, p = 0.049) (Fig. 3h).

Liver damage assessment. Capillary lactate sampled on the liver surface showed a
significant increase in VIO after 30 min (p < 0.0001) followed by a decrease, while HAO
showed no significant change (Fig. 4a,b). In addition, the difference between the two
techniques was statistically different (p < 0.0001) for 30, 60, and 90 min (Fig. 4c). In VIO,
the overall damage was represented by steatosis with hepatocyte atrophy and sinusoidal
congestion. Similarly to HAO, necrosis was not the main parameter as compared to
microvesicular steatosis or to congestion and atrophy. Pale staining was present in both
ischaemic types from 30 min with an increasing trend up to 90 min. HAO was characterised
by a lobular apoptosis, cholestasis, and neutrophils infiltration. Additionally, after 90 min,
a strong congestion was found with a micro-haemorrhage close to the central vein and a
microvacuolisation of hepatocytes cytoplasm (Fig. 4d). Sirius red staining did not show
any major alteration in the collagen structure which could affect the hyperspectral signal in
the control and the ischaemic phase (Fig. 4e). Overall, a significant gradual increase of
histology score was found in both ischaemic models. Finally, there was no significant

difference between the two histology scores in the two models for all timepoints (Fig. 4f,g).
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Figure 3. Monitoring of vital parameters with blood gas analysis (BGA). (a-c) pOz2, pCO2, and cHCO3-
were normalised with the control. (d) The pH was used to monitor the systemic acidosis. (e) Kidney
function was monitored with the creatinine level. (f) Systemic lactate. (g) VIO correlation matrix of
vital parameters. (h) HAO correlation matrix of vital parameters. Systemic lactates correlated better
with pO2 in both VIO and HAO. Data are presented as mean * s.d. and compared with one-way ANOVA
to the control, ns p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. N = 6 (pigs).

Intestine HSI imaging quantification. Intestinal congestion, if used as a cross-validation
test, is potentially an additional element for an automatic diagnosis. We subsequently
analysed this parameter to confirm the experimental model. The spectral profile of the
intestine showed an increase in relative absorbance in VIO but not in HAO during the
ischaemic phase (Fig. 5a,b). The difference between the two spectra at every timepoint was

maintained during the whole procedure (Fig. 5c¢). The VIO StO2% showed a significant
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decrease in oxygenation when compared to the control, which was not observed for HAO
(Fig. 5d,e). Intestinal comparison of StO2% showed a significant difference between VIO
and HAO (p < 0.0001 for 30, 60, and 90 min) (Fig. 5f). Similar results were observed with
NIR and TWI (Fig. 5g, h, i, I, m, n).

Correlation. StO2% and NIR showed a significant correlation between liver and intestine
in VIO, except for TWI (Fig. 6a). No correlation was found in HAO in any of the HSI
parameter indexes (Fig. 6b). A stronger correlation between NIR and capillary lactate was
found in VIO and HAO when compared to StO2% and TWI (p = 0.0003 and p = 0.0120
respectively) (Figs. 6¢,d). Finally, the histopathological score showed a significant negative
correlation between StO2% and NIR (r = — 0.79, p = 0.018 and r = — 0.88, p = 0.004
respectively). A positive

correlation was also found between StO2% and NIR (r = 0.76, p = 0.029) (Fig. 6e).
Discussion

HSI is a non-invasive and easy-to-use imaging technology recently applied to the medical
field, providing a contrast-free biochemical analysis of tissues based on optical endogenous
properties11. In addition, HSI has been successfully applied as a tool to discriminate
healthy from pathological tissue and for the quantification of organ perfusion level in both
preclinical and clinical settings12—14. The ability of the HSI system to evaluate the liver
oxygenation was already assessed and applied by our group in an intraoperative setting to
create hyperspectral enhanced reality (HYPER) in liver anatomical resectionl5— 17.

However, doubts remained as to whether or not the system could discriminate different
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types of hepatic vascular occlusions. We therefore tested the system to explore this
additional feature that we considered important. This is especially true in liver
transplantation for dreaded vascular complications such as hepatic artery thrombosis which

can lead to up to ~ 60% of retransplantation and a ~ 50% of mortality rates18.
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Figure 4. Liver biological analysis. (a, b) VIO and HAO capillary lactate. (c) Capillary lactate comparison
between VIO and HAO. (d) H&E showed a gradual congestion increase in both ischaemic phases. (e)
Sirius red did not show any change in the collagen structure which could affect HSI. (f) The histology
score showed a significant increase in liver damage although (g) no significant difference was found
between the two types of ischaemic models. Data are presented as mean * s.d. and compared with one-
way and two-way ANOVA to the control, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

N = 6 (pigs).

58



@ VIO intestine b HAOQ intestine d e
2 100 aiﬂw ns
. ) R
]
. . 8 &
© e 3
Sis 31s < £
s s g % T B 50
IR i 2 ! : : 2
S 2 = 4+ i £
i L e ll Mt g
[ “30 [ 30 > T T T T T T
59 625 oo “60 590 6257 07 60 0 30 60 90 30
Wavelength (nm)  ©~ 1000 0 Time (M0} yaveiength (nm)  © 1000 % Time ("""lg Time (min) h Time (min)
c 100 Fookok
. 100-
297 ¢=30min — VIO Intestine ?\; hiiid i il
3 3, -~ HAO Intestine H] FHRRK 5
Chy O o e S
5 3 2., 2 :
- H 50
2 g Balealll ] ;
3o 3 £ ; £ :
o i - [}
W0 e 70 e o0 w0 %0 @0 7o se we tw| > A e F
Wavelength (nm) Wavelength (nm) 0 30 %0 (') 3‘0 e.o
Time (min) Time (min)
2 1007 5 100 ns
207 =60 min 297 =90 min — VIO Intestine. E E
e Er — HAO Intestine
e < H H
1o 1o 7 5 3 s |7
< F < \J\ % %
Eﬁ.! §0.5 . Zf,f 6 6
—————————— o S g
500 600 700 800 900 1000 500 600 700 800 900 1000 T T T T
Wavelength (nm) Wavelength (nm) o 30 60

Time (min) Time (min)

Intestine NIR% Intestine St0,%

Intestine TWI%

Time (min)

Figure 5. Intestine HSI imaging quantification. (a, b) Intestine spectra profile at different timepoints. (c)
Intestine spectra comparison at every timepoint between VIO and HAO. (d—f) VIO and HAO StO2%
quantitative comparison. (g—i) VIO and HAO NIR quantitative comparison (I-n) VIO and HAO TWI

quantitative comparison. Data are presented as mean + s.d. and compared with one-way and two-way
ANOVA to the control, ns p > 0.05, *p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001. N = 60 (ROIs in

g 100 St0,% r=-0.6689 (*)
[ . NIR% r = -0.8645 (***)
g . TWI% r = -0.1202 (ns)
£ \

£ 509\

2 > . )

‘£ . NG » -

o G & .

S o >~ SO

0 5 10 15 20 25
capillary lactate (mmol/L)

6 pigs).
a VIO
r=0.7397 r=0.8965
p <0.001 ~ p<0.001
= 100 T _. 80 =
2] ., g
[] ['4
& 60 Z a0 E
2 .l £
.E g0t g 20 ‘g
2 o g o ]
£ 2l E ) £
60 | 100
: % %
o )
(S5 30 W)
o?“/,} ary Tme e
r=0.2979 r=0.0541
p =0.1687 p =0.5567
—~ 100 100 k
B = 3
S ; 80 S
%]
% " z 60 E
404 o
e @ @
E ol € .ol %
50 £ 100 £

Ve, T30 a0)
1 - e (v
Wy ,,/”/ 0 1\“‘9\
100
St0,% r = - 0.6549 (*)
NIR% r =-0.7113 (*)
L TWI% r = - 0.5282 (ns)

St0,%

HAO HSI parameters (%)
w0
o

o

capillary lactate (mmol/L) NIR %)

59




Figure 6. Correlation analysis. (a) VIO HSI parameter correlation of liver and intestine over time (b) HAO
HIS parameter correlation of liver and intestine over time. (¢, d) Capillary lactate and HSI parameters
correlation in VIO. N = 120 (6 pigs, 10 ROIs). (e¢) Comparison between histology score, St02%, and NIR.
Data are correlated with Pearson’s and Spearman’s analysis, ns p > 0.05, *p <0.05, **p <0.01, ***p <0.001,
*A*%p < 0.0001. Visualisations of the correlation between TWI, StO2%, and NIR over time. At each
timepoint, a scatter plot is visualised, with a best-fitting ellipse at the 95% confidence interval using Principal

Component Analysis. N = 24 (6 pigs).

However, US requires specific training and its interpretation may vary among the authors.
Additionally, US does not provide a global map of liver oxygenation intraoperatively, while
HSI provides a spatial resolution which can help the operator to localize the ischemia. To
the best of our knowledge we found some experimental methods to monitor liver ischemia.
All of these promising techniques such as CO2 sensor, indocyanine green (ICG) and near
infrared spectroscope, presented drawbacks such as invasiveness, the lack of spatial and
informative quantification of ischaemia, the non-intraoperative applicability19— 23. These
major drawbacks make it difficult to transfer these methodologies to the clinical practice.
For instance, ICG recently gained importance as intraoperative imaging assessment for
liver perfusion21,24. Although this technique showed positive results, it is still an invasive
methodology due to the need for an injection of an exogenous molecule, which requires
time for the clearance. Additionally, some patients are allergic to the iodine and its
application for imaging purposes has not been approved. The HSI technology overcomes
these problems intraoperatively thanks to its non-invasiveness and its standardised
perfusion assessment which is not operator dependent. Additionally, HSI provide for an
optical quantification of endogenous molecules for which a labelled dye injection is not

needed. In this study, we tested the potential of HSI ability to detect possible complications
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in liver surgery associated with oxygen impairment intraoperatively. HSI could precisely
predict the level of capillary lactate concentration from changes in optical properties. These
results are useful to create an automatic diagnostic system based on optical imaging, which
may predict liver graft dysfunction. In our experiments, the camera facilitated the automatic
quantification of three parameters which can otherwise be extracted from the hypercube
manually10. Bile has a spectral profile which could interfere with the StO2% and NIR
parameters25. For that reason, the bile duct was left out of the Pringle’s manoeuvre to
prevent any bile obstruction which could gradually impair the HSI signal. NIR images
showed the ability to localise and quantify

the level of ischaemia in the HAO manoeuvre (Fig. 2b). This is probably because NIR
wavelengths have deeper tissue penetration as compared to StO2% 10. This aspect, together
with the need to implement the bile signal, may make StO2% images less informative.
However, the lack of a corrective algorithm of the bile spectra profile, limits the
applicability of such technology in scenarios on which the bile duct is occluded for long
time. Nonetheless, we consider this limit possible to overtake by the creation of an ad hoc
plug-in of the proprietary software. TWI did not reveal any changes in VIO, probably due
to the full clamp of the vascular inflow which blocked the circulation, as confirmed by the
sinusoidal congestion (Fig. 3d). For VIO, TWI did not detect any statistical difference.
Given the total inflow occlusion, the blood flow was almost completely stopped and the
watercontained in tissues and blood stayed inside the organ. The overall significant

difference detected by TWI in the HAO ischaemic phase was then likely due to a relative
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reduction in blood flow. When the hepatic artery was occluded in HAO, the portal blood
flow did not buffer the arterial flow. Indeed, differently from the occlusion of the portal
vein, there is no such compensatory mechanism as the HABR effect26. Additionally, the
post-sinusoidal pressure was maintained via systemic circulation throughout the inferior
vena cava27. Consequently, TWI in the liver may be mainly influenced by blood circulation
in the liver. Vital parameters confirmed that the experimental workflow was coherent with
the pathophysiology of both ischaemia types. Lactate was the blood marker which
correlated with pCO2% in VIO and HAO. It has been previously used as the main marker
to assess correlation between optical and biological properties28. Capillary lactates in VIO
increased dramatically after 30 min and started to decrease gradually over time. This was
likely due to their distribution into the systemic circulation via the inferior vena cava. The
ischemic process could have been non-homogeneous, impairing histology assessment.
Bigger biopsies could partially solve this problem but would affect microcirculation,
creating a bias in the study. We quantified the following 4 parameters: coagulative necrosis,
micro-vacuolisation of the cytoplasm, pale staining, and sinusoidal congestion. A damage
increase was characterised by micro-vacuolisation and congestions which appear
statistically significant. These alterations appeared more significant after 60 min.
Sinusoidal congestion was the most interesting histopathological parameter. This is
fundamental in liver vascular thrombosis due to the slowdown in the hematic flow with a
dramatic reduction of the sinusoidal pressure which reduces the chance of the blood to wash

out into the central vein. Due to its ability to quantify the light scattering, the HSI signal

62



also depends on the tissue texture. This property has been exploited for diagnostic
purposes29. In order to rule out any possible bias given by any potential alteration in liver
microarchitecture, Sirius red staining was performed, showing no difference in collagen
structure in the control and ischaemic phases. In VIO, the blood flow from the portal vein
was interrupted creating a congestion in the intestine, while the blood flowed through the
liver in HAO. This was coherently differentiated in HSI as shown in Fig. 5. This was also
shown in Fig. 6, where there was no correlation in HAO between the liver and the intestine.
However, there was a high correlation in VIO. The overall correlation between the HSI
parameters and capillary lactates showed that NIR is a better parameter to detect changes
in liver oxygenation and, as a result, in liver hypoxia (Fig. 6¢,d). This is due to the similar
depth between NIR imaging and blood sampling (~ 3—5 mm) while the StO2% is more
superficial at ~ 1 mm. At that depth, the blood is mainly characterised by arterial
circulation. Consequently, the overall evaluation of liver hypoperfusion would be impaired
in HAO30. Therefore, StO2% would be influenced by a higher sensitivity with a dramatic
loss of signal as compared to VIO (Fig. 2a,b). Finally, the histopathological score showed
a high correlation between StO2% and NIR, confirming together with the capillary lactate
that HSI parameters can predict the overall level of ischaemia. It is still unclear if HSI can
distinguish different times of liver ischaemia within the same ischaemic model. To achieve
this goal, a possible next step would be to apply an artificial intelligence-based analysis of
the whole spectra associated with the automatic recognition of liver tissue to distinguish

VIO, HAO, portal vein occlusion (PVO), and bile duct occlusion (BDO) at different
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timepoints. The overall correlation with biological data confirmed that HSI is a suitable
tool for intraoperative diagnosis and as a result, it merits further investigation for future
preclinical and clinical studies using the abovementioned models. Although HSI could
discriminate and quantify two different models of hepatic ischaemia, its preset parameters
could not discriminate ischaemic time points. In fact, both in liver and intestine, there was
no statistical difference among the ischemic time points regarding all parameters. The
additional study of time is crucial for an early intervention to prevent the reperfusion
damage. Consequently, a future study on the discrimination of the ischemic time points is

more than necessary.

Methods

Study design. The primary aim of this study was to evaluate the accuracy of intraoperative
HSI in the quantification of liver oxygenation in two models of hepatic ischaemia (VIO
and HAO). In order to achieve this goal, HSI was used to extract a relative absorbance
between 500 and 1000 nm from hyperspectral images and to quantify the relative
absorbancel0. The optical data were compared to capillary lactates to measure the
correlation between optical and biological properties. Histopathological characterisation
and quantification were performed to confirm the experimental workflow and evaluation.
The data were collected before ligation and every 30 min after ligation for a total duration

of 90 min.
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Animals. This study is part of the ELIOS project (Endoscopic Luminescent Imaging for
Oncology Surgery). It was approved by the local Ethical Committee on Animal
Experimentation (ICOMETH No. 38.2016.01.085), as well as by the French Ministry of
Superior Education and Research (MESR) (APAFIS#8721- 2017013010316298-v2). All
animals were managed according to French laws for animal use and care and the directives
of the European Community Council (2010/63/EU) and ARRIVE guidelines31. Six adult
male swine (Sus scrofa ssp. domesticus, mean weight: 29.4 + 4.8 kg) were housed and
acclimatised for 48 h in an enriched environment, with constant humidity and temperature
conditions. A fasting period was held for 24 h before surgery, with ad libitum access to
water. Stress was reduced by means of sedation (zolazepam + tiletamine 10 mg/ kg IM) 30
min before the procedure and respecting circadian cycles of light-darkness. Propofol (3
mg/kg) was injected intravenously (18 gauge IV catheter in ear vein) and maintained with
rocuronium 0.8 mg/kg along with inhaled isoflurane 2%. Animals were euthanised with a

lethal dose of pentobarbital (40 mg/kg) at the end of the procedure.

Sample size calculation. Correlation between capillary lactate and StO2% HSI preset
parameters was used as a primary outcome to compute sample size. The calculation was
based on previous publications on bowel ischaemia, which showed a p correlation
coefficient of — 0.716,32. The required paired values were 4, considering o = 0.05 with a
power (1 — B) = 0.9. In the present study, 120 paired StO2% lactate values were obtained

in six pigs.
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Surgical procedure. After a midline laparotomy and hepatic pedicle dissection, two
different vascular inflow occlusions were performed: (1) total occlusion of the vascular
inflow (VIO), and (2) hepatic artery isolation and occlusion (HAO). Both manoeuvres were
performed for 90 min, which has been shown to be sufficient to induce liver damage in pig
models33. The bile duct was isolated to prevent its ligation.

Hyperspectral imaging. Hyperspectral camera can acquire the spatial 2D image with a
third dimension represented by spectroscopic information in a determined wavelength
field. In this experimental study, we used a CMOS pushbroom scanning hyperspectral
camera (TIVITA, Diaspective Vision GmbH, Germany) to generate hyperspectral images.
The distance between the camera and the organ was 40 cm. The distance was monitored by
a distance sensor (Bluefruit Feather nRF52832 with Adafruit VL53LOx device) during the
whole procedure. The images were acquired using 20 W Osram Halospot 70 Halogen lamp
(6 x) allowing a range of spectra of 500 to 1000 nm. The HSI system took ~ 6 s to perform
the imaging. The cube data was transferred to a PC where it was processed creating pseudo-
colour images. Data of the cube has dimension of 640 x 480 x 100 (px x px % wavelength).
Relative reflectance was extracted within the wavelength range with a gap of 5 nm for a
total number of 250 spectral samples. The 3D cube extracted contained the spatial data with
the relative reflectance ( I 10 ) for each pixel that was converted in relative absorbance via
the system through the equation: A=—In_110 . Quantitative analysis of StO2%, NIR, and
TWI were performed intraoperatively using the TIVITA software34. HSI was performed

before ligation (t = 0 min), and every 30 min for a period of 90 min (t = 30, 60, 90 min) of
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ischaemia. Quantitative analysis was performed obtaining the HSI parameters by selecting
10 ROIs in the liver and in the intestine at each timepoint. Average NIR, StO2%, and TWI
preset parameters were computed within each ROI using the TIVITA software.
Biological analysis and quantification. Creatinine, pO2, pCO2, cHCO3-, pH, and
systemic lactate levels were analysed to monitor global kidney injury, overall acidosis, and
lactate production. Blood was sampled through a catheter placed inside the jugular vein (18
gauge [V catheter) under ultrasound guidance and analysed with the epoc Blood Analysis
System (Siemens Healthineers). Capillary lactate levels were measured using a strip-based
portable lactate analyser (EDGE, ApexBio, Taipei, Taiwan; error margin 0.35 mmol/L),
from blood samples obtained from the liver surface by puncturing Glisson’s capsule. The
order of sampling from liver segments was randomised. HSI preset parameters and
capillary lactates were correlated to assess the relationship between optical properties and
the actual hypoxic metabolism.

Histology. Liver biopsies were taken randomly from posterior segments. Formalin-fixed
paraffin-embedded (FFPE) sections of 5 um were stained using Harris Hematoxylin
formula (Leica Biosystems) and Picro Sirius Red Stain (Sigma Aldrich) according to the
manufacturers’ instructions. The histopathological score was assigned by a pathologist who
was blinded to the experimental conditions, creating a scoring chart similar to Suzuki’s35.
The score was based on the following variables: (1) cell necrosis, (2) vacuolisation, (3) pale
staining, (4) congestion.The score was evaluated using the following scale: (0) none, (1)

mild, (2) moderate, and (3) severe.
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Statistical analysis. Statistics were performed with GraphPad 8.3 (Prism, GraphPad
Software, San Diego, CA, USA). Pearson’s and Spearman’s rho were calculated to
correlate local lactates with HSI parameters. Oneway mixed-effect model ANOVA with
Dunnett’s multiple comparisons, Kruskal-Wallis with Dunnett’s multiple comparison test
and Brown Forsythe and Welch ANOVA test with Dunnett’s multiple comparison test were
performed accordingly with the assumption of the data distribution. Two-way ANOVA
with Sidak’s multiple comparisons were performed to calculate differences in continuous
variables for parametric tests. Pearson’s and Spearman’s correlations were applied
depending on the assumptions of data distribution. A two-tailed analysis with p value <
0.05 was considered statistically significant. Three-dimensional scatter plots were

performed with MATLAB 2014a. Received: 30 July 2020; Accepted: 8 September 2020
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i1) Ischemia-reperfusion injury assessement

We evaluated hte liver viability in a hepatic artery occlusion model with an artificial
intelligence-based analysis of HSI. We have combined the potential of HSI to extract
quantitative optical tissue properties with a deep learning-based model using convolutional
neural networks. The artificial intelligence (Al) score of liver viability showed a significant
correlation with capillary lactate from the liver surface (r =—0.78, p=0.0320) and Suzuki’s
score (r=—0.96, p=0.0012). CD31 immunostaining confirmed the microvascular damage
accordingly with the Al score. Our results ultimately showed the potential of an HSI-AI-
based analysis to predict liver viability, thereby prompting for intraoperative tool
development to explore its application in a clinical setting. My personal contribution to this
study was participation to the study design, operative procedures on animal models,

revision of results and writing and revision of the manuscript.
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Abstract:

Hyperspectral imaging (HSI) is a non-invasive imaging modality already applied to
evaluate hepatic oxygenation and to discriminate different models of hepatic ischemia.
Nevertheless, the ability of HSI to detect and predict the reperfusion damage
intraoperatively was not yet assessed. Hypoxia caused by hepatic artery occlusion (HAO)
in the liver brings about dreadful vascular complications known as ischemia-reperfusion
injury (IRI). Here, we show the evaluation of liver viability in an HAO model with an
artificial intelligence-based analysis of HSI.We have combined the potential of HSI to
extract quantitative optical tissue properties with a deep learning-based model using
convolutional neural networks. The artificial intelligence (AI) score of liver viability
showed a significant correlation with capillary lactate from the liver surface (r = [10.78, p
= 0.0320) and Suzuki’s score (r = [10.96, p = 0.0012). CD31 immunostaining confirmed
the microvascular damage accordingly with the Al score. Our results ultimately show the
potential of an HSI-Al-based analysis to predict liver viability, thereby prompting for

intraoperative tool development to explore its application in a clinical setting.

Keywords: liver viability; artificial intelligence; deep learning; convolutional networks;

CNNss; hyperspectral imaging; hepatic artery occlusionl. Introduction
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During the last decade, hyperspectral imaging (HSI) has gained importance in the
biomedical field [1-3]. HSI systems aim to build images based on the computational
analysis of light-tissue interactions through the detection of relative reflectance. This allows
for the quantification of organic compounds such as oxygenated and deoxygenated
hemoglobin at different depths in a wide large field of view [4]. Recently applied for the
quantitative analysis of liver perfusion assessment [1,5], HSI was also used for the study
of arterial perfusion [6—11]. Hypoxia produced by the occlusion of arterial flow causes
severe time-dependent complications. For instance, hepatic artery occlusion (HAO) is a
dreadful vascular event, which can occur in different clinical scenarios such as hepatic
artery thrombosis, hepatic artery ligation during liver surgery, emboli, arterial
abnormalities, eclampsia, and sickle cell crisis. Oxygen deprivation is the starting event
that induces parenchymal damage, which is further aggravated once blood circulation has
been re-established by the ischemia-reperfusion injury mechanism (IRI) [12,13]. IRI is
associated with a massive injury to hepatocytes even when diagnosed in the early phase
(within 2 h) [14-16]. When the occlusion of the hepatic artery occurs, despite its dual
vascular inflows, the liver goes under global hypoxia since the hepatic artery contributes
~50% of the oxygen supply. The portal flow alone is insufficient to prevent the occurrence
of anaerobic metabolism, which can be rapidly evaluated with the analysis of capillary and
systemic lactate concentration [17,18]. Consequently, warm ischemia like cold ischemia

disrupts the microcirculation downregulating the sinusoidal protective phenotype [19-21].
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As a result, liver perfusion assessment is an essential target for the diagnosis of hepatic
hypoxia in both ischemic types.

Intraoperative Doppler ultrasonography (US) is the standard tool for an immediate
evaluation of the HAO, followed by a daily US in combination with transaminase control
until postoperative day 5 or 7. If hepatic artery thrombosis (HAT) is suspected, a
contrastenhanced

CT scan or less often a magnetic resonance scan is performed to confirm the diagnosis. If
US and CT or magnetic resonance do not detect HAT, angiography may be helpful [22].
However, all these techniques have some drawbacks. As a matter of fact, they are time-
consuming, they require a long-term learning curve, and their interpretation may vary.
Additionally, in the case of arterial revascularization, it is not possible to predict the future
graft function and the potential consequences of IRI damage. Early detection or, ideally,
intraoperative prediction of graft dysfunction or failure would be crucial for timely
treatment.

The ongoing research to predict IRI has considered various solutions. They include
indocyanine green (ICG) fluorescence imaging, near-infrared spectroscopy (NIRS),
microdialysis, and carbon dioxide sensors [23—-28]. However, such methods are limited by
the need for the administration of an exogenous dye, and/or by some degree of
invasiveness. In addition, these approaches do not provide a direct oxygenation map of the
organ, which could allow for an immediate localization of liver ischemic damage. Recently,

our group has demonstrated the potential usefulness of HSI as an intraoperative tool during
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image-guided liver surgery [29]. In particular, HSI could intraoperatively quantify,
discriminate, and visualize different types of liver ischemia, including HAO and total
vascular inflow occlusion [30]. We are currently working on exploring the potential of HSI
coupled with deep learning-based analysis of HS images to intraoperatively predict the
ischemia-reperfusion damage. As a first step and a proof of concept, we focused on the
ability of HSI to predict damage given by liver hypoxia ligating only the hepatic artery
[31].

This allowed us to exclude only the oxygen variable without the more complex composition
of blood supply from the portal vein. Machine learning has recently been used for the
automatic analysis of hyperspectral image data [32], mainly driven from the remote sensing
community [33,34], but now extending to a range of medical applications [1] such as
automatic tumor detection [35,36] and histopathological analysis [37]. However, there have
not been prior studies reporting on the use of machine learning models to automatically
characterize liver reperfusion damage intraoperatively in a large field of view. Our
hypothesis is that machine learning models can be trained to automatically recognize the
optical properties associated with the reperfusion damage given by HAO in HSI images
using supervised learning. Consequently, a predictive Al analysis can be built to provide
an automatic convenient and non-invasive tool for intraoperative ischemic liver disease

detection.
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2. Materials and Methods

2.1. Study Design

Sample size calculation was performed using the correlation between optical and biological
data. The calculation was based on previous publications on bowel ischemia which showed
a correlation coefficient of [10.7 [38,39]. The required sample size in terms of paired values
was 4, considering = 0.05 with a power (1 [J ) = 0.9. In the present study, 42 paired
values StO2% and lactates values were obtained in 5 pigs in total. The Al model used a
pixel by pixel (640 _ 480) analysis per each of the 42 images providing a large dataset
elaboration. The aim of the study was to predict liver viability through the analysis of
hyperspectral images using artificial intelligence based on convolutional neural networks
(CNNs) to (1) discriminate the liver from the rest of the tissues, (ii) recognize perfused from
the non-perfused liver, (iii) predict the level of liver perfusion during the reperfusion phase,
and (iv) predict biological data (Figure 1a—c). The control group isrepresented by the same
treated pigs before hepatic artery ligation. The ischemic phase was held for 90 min,
collecting optical and biological data every 30 min (Figure 1a,b). The following reperfusion
phase was monitored for 5 h, collecting data every hour. The hypercube extracted from
hyperspectral images was used to train two CNNs (Figure 1c). Finally, the generated Al
score for the reperfusion phase was generated and the quantitative analysis of hyperspectral
images was correlated with biological data. Histopathological evaluation and scoring were
performed in a blinded fashion. Capillary lactate was sampled randomly through the liver

surface.
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Figure 1. Experimental workflow. (a) Hepatic artery occlusion (HAO) was performed for 90 min
followed by a reperfusion phase of 5 h. (b) During ischemia and reperfusion time, biological data
and hyperspectral imaging (HSI) were sampled. (¢) Hyperspectral imaging was acquired providing
the hypercube with a wavelength range from 500 to 1000 nm. Two artificial intelligence-based
convolutional neural networks (CNNs) were trained to perform a segmentation that could identify
the liver surface and analyze the same surface to predict perfused and not perfused livers during the
ischemia phase. Finally, the tissue classification produced by the CNNs was used to create a score
of liver viability during the reperfusion phase. While StO2% and NIR% are calculated with the
preset algorithm of the HSI (TIVITA software), the Al score is calculated over the whole spectra
using the hypercube.

2.2. Animals

The present study, which is part of the ELIOS project (Endoscopic Luminescent Imaging
for Oncology Surgery), was approved by the local Ethical Committee on Animal
Experimentation (ICOMETH No. 38.2016.01.085), as well as by the French Ministry of
Superior Education and Research (MESR) (APAFIS#8721-2017013010316298-v2). The

experimental procedure followed the general indications already published in the protocol
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exchange [40]. All animals used in the experiment were managed according to French laws
for animal use and care, and according to the directives of the European Community
Council (2010/63/EU) and ARRIVE guidelines [41]. Five adult male swine (Sus scrofa ssp.
domesticus, mean weight: 32.4 4.4 kg) were housed and acclimatized for 48 h in an
enriched environment, respecting circadian cycles of light-darkness, with constant
humidity and temperature conditions. They were fasted 24 h before surgery, with ad libitum
access to water, and finally sedated (zolazepam + tiletamine 10 mg/kg IM) 30 min before
the procedure to decrease stress. Anesthesia was performed intravenously (18-gauge IV
catheter in-ear vein) with Propofol 3 mg/kg and maintained with rocuronium 0.8 mg/kg
along with inhaled isoflurane 2% via the automatic standard respiratory system. Vital
parameters were monitored through a mechanic ventilator machine. Heartbeat was
monitored with a pulse oximeter (Mindray PM-60). At the end of the protocol, animals

were euthanized with a lethal dose of pentobarbital (40 mg/kg).

2.3. Surgical Procedure

Midline laparotomy and hepatic pedicle dissection were performed to isolate the hepatic
artery. The artery was then ligated with a 3/0 braided suture for 90 min to obtain a model
of warm ischemia [42]. The ligature was removed for 5 h in order to observe the reperfusion

injury between the early and the beginning of the late stage [43].

80



2.4. Hyperspectral Imaging

A CMOS push-broom scanning hyperspectral camera (TIVITA, Diaspective Vision
GmbH, Am Salzhaff Germany) was used to generate HS images which were performed
with a camera-specific software module from the same company. The three-dimensional
hypercube is composed of a spatial resolution (x,y) plus a third dimension with the relative
reflectance of each pixel (z). The range of the wavelength detected is 500—1000 nm with a
5 nm interval, totaling 100 wavelengths for every pixel. The scanning method is allowed
through a slit-shaped aperture motorized with an internal stepper motor [44]. The resolution
of the hypercube is 640 480 pixels _ 100 wavelengths. The acquisition is performed at
~40 cm of distance from the sample and monitored by a distance sensor Bluefruit Feather
nRF52832 with Adafruit VL53LOx device (Adafruit, New York, NY, USA) orthogonal to
the liver surface. The light source is composed of 6 halogen lamps of 20 W (OSRAM
Halospot 70, OSRAM GmbH, Munich, Germany). The HS camera takes ~6 s to perform
the acquisition of the hypercube which is transferred to a PC where it is processed creating
pseudo-color images. The device used in this experiment provides different algorithms
(preset), that quantify the relative oxygen saturation (StO2%) of the microcirculation at a
depth of 1 mm, and at deeper layers with the near-infrared (NIR) spectrum (3—5 mm) [4].
Quantitative analysis of the StO2% and NIR index was performed intraoperatively using
the TIVITA Suite software module over the whole liver surface. The methods and
algorithms of the TIVITA system were explained in more detail by Holmer et al., in 2018

[4]. Briefly, StO2% is calculated with an algorithm based on the second derivative of the
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absorption spectra (570-590 nm and 740-780 nm). The NIR perfusion index is calculated

with the absorbance spectra in a spectral range of 655—735 nm and 825-925 nm.

2.5. Artificial Intelligence-Based Analysis

2.5.1. Overview

Two CNNs were created to perform an automatic HS image analysis (Figure S3). The first
CNN was trained to automatically recognize liver tissue in any HS image. We refer to this
as the organ segmentation CNN. The second CNN was trained to automatically characterize
liver tissue which has been recognized by the organ segmentation CNN into two classes,
namely perfused and ischemic liver. We refer to this as the tissue characterization CNN
(Figure 1c).

2.5.2. Organ Segmentation CNN and Post-Segmentation Filtering

The organ segmentation CNN operated as follows. For each spatial coordinate (x,y) in the
HS image, an HS subvolume centered at (x,y) with a spatial window of 5 5 pixels was
extracted. The subvolume had the following dimensions: 5 5 100, with two spatial
dimensions and one wavelength dimension of 100 bands. The subvolume was then passed
to the organ segmentation CNN, which outputted a binary classification value. Either a
value of +1 (positive) or [11 (negative) was outputted, corresponding to a prediction of a
liver or non-liver structure occurring at a spatial location (x,y) respectively. Predictions
were made for all spatial locations, generating a spatial map (also known as a segmentation

mask). Finally, post-segmentation filtering was performed to eliminate spurious regions in
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the segmentation masks (typically produced by specular reflections). This was achieved
with a connected component analysis to identify the largest region in the segmentation
mask, and all positive pixels which did not belong to this largest region were then removed.
This filtration stage eliminated small positive ‘islands’ in the segmentation mask which are
morphologically unlikely to be liver tissue. Secondly, any small holes that were present in
the segmentation mask were automatically filled using the image morphological operations
with OpenCV (https://opencv.org/, accessed on 1 March 2021). An example of a
segmentation mask before and after the filtering stages is shown in Figure S2a.

2.5.3. Tissue Characterization CNN

All positive spatial locations within the segmentation mask were then processed by the
tissue characterization CNN. This computed a binary classification where +1 indicated
ischemic and -1 indicated healthy liver respectively at each spatial location. Analogous to
the organ segmentation CNN, its input is a sub-volume extracted from the HS image of 5
x5 x100 in size, centered at a given spatial location. Classification was performed for all
spatial locations, generating a tissue characterization mask. Finally, a single ischemic score
for each image was computed by taking the proportion of pixels with positive detections

divided by the total number of pixels in the segmentation mask.

2.5.4. CNN Design and Implementation
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The two CNNs have identical architecture and they are based on a state-of-the-art 3D CNN
[45]. Architecture version 6 from reference 60 was selected because it is a relatively small
CNN, so it can be trained with small datasets, yet it can also learn effective multiscale
spatio-spectral segmentation features in HSI data. This was demonstrated by its good
performance for segmenting remote sensing HSIs with limited data, The CNN is organized
such that in early layers, 3D spatio-spectral feature maps are produced, which are then
reduced tolD feature vectors, and then finally processed by a fully connected layer.
Network parameters are significantly reduced wusing ideas from SqueezeNet
(https://arxiv.org/abs/1602.07360, accessed on 1 March 2021) [46], using a small number
of filters combined with 1D convolutions along the spectral dimension in the pooling phase.
We illustrate the architecture in Supplementary Figure S3. Layer 1 is a 3D convolution with
20 output channels. Layer 2 is a 1D convolution along the spectral dimension with pooling

using a stride of 2. Layers 3 and 4 replicate layers 1 and 2 with 35 output channels.

Layers 5 and 6 are 1D convolutions with pooling to further reduce the spectral dimension.
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Figure 2. Ischemic phase evaluation. (a) RGB, HSI, and H&E images of the liver during the ischemic phase.
Hyperspectral images of St02% and NIR% showed an oxygenation decrease during the ischemic phase. H&E
images show the gradual congestion increase. (b,¢) Capillary lactate (n =5) and AST (n = 4) levels indicated
a gradual liver impairment. (d,e) Both preset software parameter indexes of the oxygenation showed a
significant decrease in oxygen levels. (f) The histopathological score of congestion was significant during the
ischemic phase. Data are compared to the control, ns p > 0.05, * p _ 0.05, **p _0.01, ***p _0.001, **** p
~0.0001 (n = 5). Histology photos were taken with a Leica DM2000 LED microscope, magnification 40 ,
scale bar 100 _m.

The training was performed and implemented in Pytorch using as follows. The HSI images
used for training were first concatenated vertically to form a single HSI image, denoted by
the HSI image . The training label images were similarly concatenated to form a single
training label image L. The values in L were either +1 (indicating liver), -1 (indicating non-
liver), or 0 (indicating a spatial location that was close so close to the border of the liver
that its label could not be determined by the annotator thanks to optical blurring around the
liver border. Only pixels labeled +1 or -1 were used for training. Class-balanced binary

cross-entropy was used as the loss function, implemented by inverse median weighting.
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Specifically, the loss of each class i 2 [-1,+1] was weighted by the value mfi where fi
denotes the proportion of pixels labeled as class i in L and m = 12 ( {-1 + f+1). The CNN
weights were initialized with Kaiming initialization [47] and biases were initialized to zero.
At each training epoch, a batch of 5x5x100 subvolumes were randomly selected without
replacement from I. Each subvolume was positioned in I such that its center was at a
random spatial location in I and whose label in L was either -1 or +1. A batch size of 8192
was used. The CNN parameters were updated from each batch with stochastic gradient
descent (SGD) using the implementation from Pytorch’s “torch.optim” package with a
learning rate of 0.01 and a weight decay (L2 regularization) of 0.0005. The training was
terminated after 2000 epochs. The time to train was approximately 13 h using a server
(DGX 1 equivalent, Nvidia cooperation). The time to train all 5 CNNs for each cross-
validation was approximately 65 h.

The tissue characterization CNN was trained in practically the same manner as the organ
segmentation CNN. Specifically, all training parameters and processes were identical, and
the sole difference was the construction of the training data. LOPOCYV was also used where
for each animal, one tissue characterization CNN was trained using HSI data from all other
animals (4 images per animal corresponding to times 0 min, 30 min, 60 min, and 90 min).
Its predictive performance was then evaluated on the 4 images from the held-out animal.
The histology score (congestion score) together with the surgical procedure was used as
the ground truth. The HSI images used for training were concatenated vertically to form a

single HSI image 10 with a corresponding label image LO. A value of LO(x,y) = +1 was
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used if the pixel at spatial location (x,y) was annotated as liver and the liver was determined
as ischemic from the histology score. A value of LO(x,y) = [J1 corresponded with an
annotated liver pixel that was determined to be healthy from the histology score. A value
of LO(x,y) = 0 corresponded to all other pixels, and those pixels were not used during
training. The training was then performed exactly as described for training the organ

segmentation CNN. *

2.6. Blood Analysis

Blood for systemic lactate and liver function was sampled through a central catheter placed
in the jugular vein (6 French IV catheter). Capillary lactate was analyzed by puncturing
Glisson’s capsule with a randomized selection of liver segments. Capillary and systemic
lactates were measured using a strip-based portable lactate analyzer, which presents a
margin error of 0.35 mmol/L (EDGE, ApexBio, Taipei, Taiwan). The correlation analysis
of the data was performed between HSI parameters and capillary lactate concentration. The
surgical intervention was monitored to rule out any bias in the hepatic ischemic phase by
means of systemic blood gas analysis (BGA) with the epoc Blood Analysis System
(Siemens Healthineers, Henkestr, Germany) to measure pO2, pCO2, pH, glucose,
creatinine, urea, and BUN. Liver functionality was assessed by means of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), prothrombin time (PT), gamma
glutamyl-transferase (GGT), alkaline phosphatase (ALP), total protein (TP), and albumin

analysis. Liver injury after the reperfusion phase was assessed also via AST and ALT.
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2.7. Histology

Liver biopsies were randomly taken with a 16 G biopsy gun (Temno Biopsy System,
Galway, Ireland) from the posterior segments at each timepoint. Sections of 5 m were
taken from formalin-fixed paraffin-embedded blocks and were dewaxed and rehydrated
prior to staining at room temperature. A treatment with hematoxylin Harris’ formula (Leica
Biosystems, Muttenz, Switzerland) for 10 min and then a wash in acid alcohol for 2 s and
in tap water for 2 min were performed. Eosin staining with Eosin 0.5% (Leica Biosystems,
Muttenz, Switzerland) for 3 min was performed before washing in tap water for 30 s.
Finally, the sections were dehydrated with ethanol 100% and placed in xylene until their
mounting with coverslips. A semi-quantitative blinded analysis was performed by a

pathologist using Suzuki’s criteria [48].

2.8. Immunohistochemistry Staining

Sections were fixed in 10% neutral buffered formalin (NBF) and processed for histological
examination, which included paraffin embedding, sectioning, and staining with
hematoxylin and eosin. Sections from selected paraffin blocks for each specimen were used
for immunohistochemical analysis. Slides of 4 m-thick tissue sections were incubated at
room temperature in an antigen retrieval process (EDTA citrate buffer, pH 8.3, CC1 buffer),

revealed with ‘Ultra View’ Universal DAB Detection Kit and counterstained with a
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hematoxylin solution (Ventana Roche Systems, Miinchen, Germany). They were treated
on

automated VENTANA-Benchmark-XT with CD31 (rabbit monoclonal, EP78 clone,
Microm,;

pre-treatment: CC1 36 min; dilution: 1/200 during 32 min).

2.9. Confocal Endomicroscopy

Confocal endomicroscopy was performed on the anterior surface (the same analysed via
HSI) of Glisson’s capsule at the end of the procedure. This test evaluated blood
microcirculation and arterial supply in randomly selected segments with Cellvizio pCLE
system (Mauna Kea Technologies, Paris, France). Confocal images were obtained by

intravenously injecting 2 mL of sodium fluorescein (Fluocyne, Serb, Paris, France).

2.10. Statistical Analysis

Statistics were performed using GraphPad 8.3 (GraphPad Software, San Diego, CA, USA).
A Spearman’s and Person’s rho were analyzed to perform the correlation between optical
and biological data. All data were expressed as means _ s.d. One-way ANOVA with
Dunnett’s multiple comparisons was performed for parametric tests to calculate differences
in continuous paired variables. The Friedman test with Dunn’s multiple comparison test
was applied for paired non-parametric tests. A two-tailed p-value < 0.05 was considered

statistically significant. One-tailed significant p-value < 0.05 was applied to the confusion
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matrix in the correlation between the Al score and biological data, considering that the

correlation among these values was physiologically possible only in one direction.

2. Results

3.1. Ischemic Phase

The surgical intervention was performed under general anesthesia with continuous
monitoring of vital parameters (Figure S1). No significant impairments of vital parameters
were found during the ischemic phase. However, a significant change in urea and blood
urea nitrogen (BUN) was found, although the creatinine level showed no significant
changes (Figure Sla—o). HSI images showed an oxygenation decrease in both indexes
(StO2% and NIR%) during the ischemic phase, in congruence with the histological
assessment (Figure 2a). Before ligation, the perivenular region presented a regular
hepatocellular muralium without any ischemic morphological alteration. After 90 min of
ischemia, the parenchyma was characterized by weaker staining in some of the hepatocytes’
cytoplasm, which appeared pale with a reduced volume and hyperchromatic nuclei.
Capillary lactate and AST showed a significant increase after 90 min of ischemia (4.1 +/-
2.23 mmol/L, p = 0.0102 and 67.50 +/- 29.89 U/L, p = 0.0061 respectively) (Figure 2b,c).
The quantitative analysis of StO2% and NIR% showed a significant decrease with a
minimum at 90 min (15.57 +/- 3.98%, p < 0.0001 and 10.90 +/- 11.00%, p < 0.001
respectively) (Figure 2d,e). The ischemic phase was confirmed by the congestion score,

which was significantly higher with a plateau phase and a maximum at 60 min (2.5 +/-
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0.577 a.u., p = 0.0015) (Figure 2f). A convolutional neural network (CNN) was trained to
automatically classify each pixel of HS images into two classes: liver tissue and non-liver
tissue/other structures (called liver segmentation CNN) (Figures 3a—c and S2a). The
performance of liver segmentation CNN was measured with HSI images from the control
and ischemic phases using leave-one patient-out cross-validation (LOPOCV). Class
predictions (labels) were made for each pixel in each HS image, and predictions from all
images and all pixels were combined to produce a normalized confusion matrix (Figure
3d). A sensitivity of 0.993 and a specificity of 0.997 were achieved (top left and bottom
right entries in the confusion matrix respectively), showing that the CNN could very

accurately discriminate liver tissue from other organs in all images.
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Figure 3. Al-based training and evaluation in the ischemic phase. (a) Liver and non-liver spectral
distributions showing mean (central curve) and 1 s.d. (region). (b) Visualization of automatic tissue
segmentation of liver and non-liver classes with and without post-segmentation filtration. (¢) Receiver

operator characteristic (ROC) curves corresponding to liver and non-liver classes, showing the trend
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relationship between false positive and true positive rates. (d) Confusion matrix showing specificity and
sensitivity of tissue segmentation CNN. (e) Spectral distributions of perfused and ischemic classes. (f)
Visualization of tissue automatic tissue characterization results with two classes (perfused and ischemic). (g)
ROC curves of tissue characterization CNN showing the relationship between false positive and true positive

rates. (h) Confusion matrix showing specificity and sensitivity of tissue characterization. (n = 5).

by the tissue characterization CNN to automatically predict if the liver was perfused or
ischemic (Figure 3e—g). Predictions were accumulated for all pixels and all HS images, and
performance was evaluated with a normalized confusion matrix (Figure 3h). This shows a
strong potential of the tissue characterization CNN to discriminate between perfused and
ischemic liver during the surgical procedure with high sensitivity (0.870) and specificity
(0.900). CNN predictions (Al score) were coherent with the experimental workflow.
Indeed, the ischemic phase was significantly lower after 30 min of occlusion when
compared to the control, and this difference was maintained after 60 and 90 min (p <0.0001
for all timepoints) (Figure S2b,c).

3.2. Reperfusion Phase

CNNs were evaluated on each reperfusion HS image using LOPOCV. The workflow was
identical to the processing of the HS images in the control and ischemic phases. First, the
liver recognition CNNs detected pixels belonging to the liver, and these were then
processed by the tissue characterization CNN to assess perfused or ischemic liver pixels.
For each HS image in control and reperfusion phases, a global perfusion Al score was
computed as the proportion of detected perfused pixels as compared to the total number of
detected liver pixels. A prediction score of 0 indicated total ischemia and 1 indicated total

perfusion. The scores for all pigs and timepoints are visualized in Figure 4a,b. The
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prediction score showed a common outcome for pigs 1, 2, and 3 (Figure 4a). The score
decreased gradually with a minimum value at 5 h of reperfusion (0.246, 0.222, 0.009 a.u.
respectively for pig 1,2,3) (Figure 4b). Pig 4 died after 2 h of reperfusion with a score of
0.003; pig 5 had the highest score of 0.959 at the end of the procedure, similar to the control
(0.940). Pigs 3 and 5 showed an opposite outcome after 5 h of reperfusion. StO2% and
NIR% parameters were lower in pig 3 and higher in pig 5 (8.14 0.97,38.32 _ 6.59 St02%
and 0.04 0.86,47.20 _ 6.90 NIR%) (Figure 4c,d). Suzuki’s score presented a maximum

in pig 3 and a minimum in pig 5 (4.0 and 1.3 a.u. respectively) similarly to the Al score

(Figure 4e).
a b = C = d = pig 1
1 § pig 2
0.8 3o E‘u ;n pig 3
24 - pig 4
% 0.6 pig 5
o 34 ool 1 3 3 4 8 Comel 1 2 3 4 % Comrsl 1 2 M
o 0.4 5 Tieme (h) ~ Time (h) - Time (h)
4 5 e 3 f § g
§ 0.2 H 1 s
5 2 P § 1 2
S H ]
T T T T T 5 3 i
Control 1 2 3 4 5
Time (h) SRS RE - T w13 S
i Pig 2 Pig 4

Control 1h 2h 3h 4h 5h 2h

crl1 2 3 4 5

Time (h) Time (h) Time (h)

93



Figure 4. Reperfusion phase. (a) Automatic Al score of liver viability for each pig for control and reperfusion
times. (b) Visualization of Al scores for each pig as a function of time (y-axis was flipped to provide a better
visual comparison with Suzuki’s score (¢,d) StO2% and NIR indexes (n = 5). (e) Suzuki’s score (n = 5). (f)
Capillary lactate (n = 5). (g) AST (n=4). (h) ALT (n=4). (i) HSI images and H&E images. Pig 2 showed a
gradual parenchymal disruption; pig 4 died after 2 h, HSI and H&E showed tissue ischemia and parenchymal
disruption respectively. Pig 5 was healthy at the end of the procedure; here, HSI showed a perfused liver and
H&E confirmed normal parenchyma. Pigs 1, 2, 3 were grouped (n = 3). (j,k) Indexes of StO2% and NIR
showed a significant decrease together with (I) the Al score. (m) Suzuki’s score and (n) capillary lactates
showed an opposite significant trend. Data are compared to the control, ns p > 0.05, * p _ 0.05, **p _ 0.01,
*%* p 0.001, (n=15). Histology photos were taken with a Leica DM2000 LED microscope, magnification
40 and 10 _, scale

bars 100 _m and 200 _m respectively.

Save from pig 5, all pigs showed a gradual damage increase. Capillary lactate was higher
in pig 3 and lower in pig 5 (10.60 and 0.70 mmol/L respectively) (Figure 4f). Similarly,
AST and ALT were high in pig 3 (879.00 U/L, AST, 62.00 U/L, ALT) and low in pig 5
(46.00 U/L, AST, 45.00 U/L, ALT) (Figure 4gh). In RGB images, which closely
correspond to the human eye evaluation, global color changes were slightly visible after 4
h of reperfusion (Figure 41). The imaging of hyperspectral parameters (StO2%, NIR%)
appeared similar at time 0 (before ligation) and after 1 h of reperfusion. Considering that
the apparent red color corresponds to the maximum perfusion and the blue color to the
minimum one, after the second hour of reperfusion, all parameters gradually decreased,
reaching a minimum after 5 h similarly to the level showed after 90 min of ischemia

(Figure 4a). StO2% presented a higher level of ischemia as compared to NIR% (more
diffused and darker blue). Setting NIR% against StO2% images, NIR% presented sharper
limits of the ischemic area, and a higher signal after the first hour of reperfusion was found.

The HS data showed more visible and well-defined changes as compared to the RGB
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camera. Oxygenation measured with StO2% and NIR% significantly decreased in both
ischemic and reperfusion phases. The last HS image of pig 4 that died after 2 h of
reperfusion showed that the liver was not perfused, and H&E confirmed parenchymal and
microvascular disruption. Overall, after 5 h of reperfusion, the perivenular region appeared
necrotic, probably due to the ischemic damage with a detachment of hepatocytes from the
adjacent sinusoidal reticular support. Hepatocytes were reduced in volume with acidophilic
cytoplasm and pyknotic nuclei. A mix of inflammatory cells such as lymphocytes and
polymorphonuclear elements were visible in the parenchyma (Figure 41). Grouping pigs 1,
2, and 3, following the AI score, the statistical analysis showed that the HS image
quantification of StO2% and NIR% presented a significant decrease as compared to the
control (p=0.0014 StO2%, p =0.0003 NIR%) (Figure 4j,k). The Al score showed a gradual
decrease with a minimum after 5 h (0.160 +/- 0.130 a.u., p < 0.0001) where Suzuki’s score
and capillary lactate concentration were significantly high (3.667 +/- 0.3512 mmol/L, p <
0.0001 and 6.1 +/- 3.9 mmol/L, p = 0.0228 respectively) (Figure 4l-n). Immunostaining for
CD31 revealed stronger staining after 5 h of reperfusion as compared to the control. HSI,
H&E, and IHC were displayed together for better visualization of the difference between
the control and the damaged liver from different perspectives (Figure 5). Pig 4 showed
strong CD31 staining at 2 h and in the control (Figure S2d). Pig 5 showed a similar
expression in the control and after the reperfusion phase (Figure S2e¢). Endomicroscopy
confirmed the presence of blood circulation at the end of the reperfusion phase as shown in

pigs 3 and 5 (Video S1,2 respectively for pigs 3,5). The liver parenchyma appeared
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perfused in both pigs. However, pig 3 presented areas characterized by a slower to absent
blood flow on which the microcirculation system appears compromised. Both pigs showed
a correct vascular flow in the larger arterial and portal branches of the randomly selected

lobes.
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Figure 5. HSI, H&E, and ITHC of CD31 expression comparison. The staining for CD31 did not show

sinusoidal staining in the control group; this group corresponded to a high level of oxygenation in the HSI

96



image and a normal microarchitecture of the lobe in H&E. After 5 h of reperfusion, a higher expression of
CD31 was observed close to the central vein, which corresponded to a low level of oxygenation in the HS
image, a deeply congested microvasculature, and an overall parenchymal disruption in H&E. Histology
photos were taken with a Leica DM2000 LED microscope, magnification 40 , scale bar 100 m (H&E),
160 _, scale bar 25 m (CD31).

3.3. Correlation of HSI with Capillary Lactate

The correlation of HSI indexes with capillary lactate was significant and higher for StO2%
as compared to NIR% (Figure 6a). When the images were split into ischemic and
reperfusion phases, StO2% and NIR% showed different degrees of correlation. StO2%
correlated better with the reperfusion phase and NIR% showed a higher correlation for the
ischemic phase (Figure 6b,c). Finally, the Al score of the reperfusion phase was negatively
correlated with capillary lactates and Suzuki’s score (r =-0.78, p = 0.0320 and r = -0.96, p
=0.0012). Additionally, Suzuki’s score and capillary lactates were positively correlated (r

=0.86, p = 0.0135) (Figure 6d).
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5 pigs). Data are expressed as mean _ s.d. Spearman’s and Pearson’s correlation significance: * p _ 0.05, **
p_0.01.

4. Discussion

4.1. Ischemic Phase

In this study, we explored the potential of the AI-HSI analysis to predict liver viability
following a period of 5 h of reperfusion phase after 90 min of hypoxia performed through
the occlusion of the hepatic artery [49]. The warm ischemic period was found to be enough
to obtain parenchymal damage worsened by the reperfusion phase [42]. Hemodynamic

parameters, pH, and systemic oxygenation remained stable during ischemia. A small
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increase in pCO2 was found. However, it was not statistically significant probably due to
its continuous delivery into the systemic circulation (Figure S1a—d) [28]. The glucose level
was constant during the ischemic phase, in congruence with the literature (Figure Sle) [27].
Liver ischemia-reperfusion injury is known to be the leading cause of acute kidney failure
[50]. Although the creatinine increase was not significant, the BUN and urea increase was
statistically significant, suggestive of an early kidney dysfunction according to a previ ous
study (Figure S1f~h) [51]. No significant changes were found in liver functionality and

systemic lactate levels (Figure Sli—0). HS images could identify the ischemic areas
showing the potentiality to exceed the capabilities of human vision which can distinguish
only three main ranges corresponding to cone visual pigments (from ~424 to ~563 nm)
[52,53]. In our study, HS image Al analysis used 100 bands from 500 to 1000 nm. The
following interpretation and translation of relative reflectance quantification at different
bands into RGB visible changes via the algorithms enhance the ability of the human eye to
evaluate physiological changes (Figure 41). The image capture took only ~6 s to be ready
for its interpretation, which is significantly much faster than any other type of clinically
available intraoperative assessment tool. In addition, its simple application reduces the
variable of the operator’s experience to a marginal value, providing a fast and standardized
data extraction. Processing time for each HS image was approximately 1 s, indicating a
minimal and acceptable delay to the surgeon for a potential intraoperative tool. The overall
analysis of the ischemic phase confirmed the HAO model (Figures 2 and S1). StO2% and

NIR% indexes showed that ischemia was visible during HAO as compared to the control
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(Figure 2a). StO2% showed a larger ischemic area, probably due to the higher arterial blood
flow which characterizes the hepatic tissue immediately beneath Glisson’s capsule, which
corresponds to the depth of StO2% analysis (~1 mm) [54,55]. NIR% images showed
sharper limits of the ischemic area, probably because at a depth of 3 to 5 mm, the lobe is
characterized by an increased arterial and portal branch, which almost equally contributes
to the oxygen supply [4]. This dual-depth analysis allows HSI to show the differences in
oxygenation and may help for a more comprehensive evaluation of the hepatic
microvascular circulation. The gross estimation of the mean reduction of StO2% and NIR%
was ~50%, which is close to the theoretical hepatic artery oxygen supply to the liver [56].
The plateau phase highlighted by the congestion score was probably due to the small flow
maintained by the portal tract into the inferior vena cava (IVC) (Figure 2f). Although the
occlusion of the hepatic artery in the pig 5 was confirmed, as shown by the observation
made by the surgeon to check any anatomical variance, by the increase in AST and local
lactate (from 26.00 to 43.00 U/I, from 2.10 to 4.10 mmol/L respectively), the Al-score
assigned a high value like the control. This anomaly was confirmed by histopathological
analysis, CD31, confocal endomicroscopy, and blood tests which showed the absence of
microvascular failure. The reason why Pig 5 had a positive response to the ischemic insult
is not clear, but it was an interesting case that showed the ability of the Al-score to predict

a good outcome that could be considered as a positive control.
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4.2. Reperfusion Phase

Five hours of reperfusion phase were considered sufficient for the observation of possible
hepatic damage (IRI early phase) and more than the intraoperative time necessary for
hepatic surgery [43]. Except for pig 5, systemic lactate levels showed an overall increase,
probably due to the flushing out of the presinusoidal capillary lactate into the IVC after the
re-establishment of arterial circulation (Figure S2f). Capillary lactate levels supported the
findings of hypoxia and the occurrence of the anaerobic metabolism during the ischemia
and reperfusion phases. The rapid decrease after the first hour of reperfusion was probably
due to the washout of the arterial blood flow. AST and ALT values were higher after the
first hour of reperfusion due to the inflammatory response and the hepatic vascular damage
observed in HSI images. The acute experimental design may have contributed to the lack
of a massive damage spread, which is likely to continue to develop during a longer
observation period (late IRI). Oxygenation in both indexes appeared similar before ligation
and after the first hour of reperfusion, showing no statistically significant difference. This
confirmed the re-establishment of arterial blood perfusion. After 2 h of reperfusion, a
visible decrease of oxygenation was detected, indicating the beginning of vascular
dysfunction. The gradual reduction in oxygenation reached the same level of the ischemic
phase at the end of reperfusion in both oxygen indexes (Figure 41). This indicates that, after
5 h of reperfusion, the vascular system was heavily compromised. The portion of the small
intestine analysed in HSI images did not show any congestion, confirming that the portal

branch was not occluded [57]. When the sinusoids are damaged, the capillarization effect
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occurs highlighted by the expression of CD31 [58]. Capillarization impedes the normal
perfusion of molecules of blood circulation from the lumen of sinusoids. The pericentral
zone of the lobe is usually the first one to be positive to CD31 given its distance from the
portal triad, which increases the sensitivity to low oxygenation [59,60]. In this study,
LSECs appeared to express a higher level of CD31 after 5 h of reperfusion when compared
to the control (Figure 5). Pigs 5 and 4 showed low to absent and high levels of CD31
staining in the control and after the reperfusion phase respectively. This highlights the
absence of capillarization in pig 5 and a capillarization effect in pig 4. The capillarization
of pig 4, confirmed by the necrosis and microvascular disruption found in H&E in the
control may contextualize the early liver failure (Figure S2d,e). These results confirm the
Al viability score and corroborate the fact that when the AI-HSI score assigned a low score
in the reperfusion phase, this was associated with microvasculature damage. Future studies
could be based on the histopathological analysis damage of the whole organ, and this would
help for the quantification of the amount of necrotic parenchyma over the healthy tissue. In
our study, small biopsies were taken to prevent any damage to large vascular branches
which could introduce a bias in the HSI analysis. Bile presents a spectra profile, which may
interfere with the preset parameters of the

HSI camera which, to the best of our knowledge, are not compensated in order to obtain
absolute values of oxygenation close to the real ones [31]. Nevertheless, the correlation of
NIR% and StO2% with capillary lactates, which resulted in a significantly negative

correlation confirming the adequacy of the spectra sampling (Figure 6a—c). Consequently,
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it may be possible to measure these two indexes as major indicators and predictors of
capillary lactates even though their absolute values may be influenced by bile flow
fluctuation. We also consider that the “bile effect” is probably of limited relevance in our
study, considering that the bile duct was left open. The Al score, which analyses the relative
reflectance of the full spectra (500—1000 nm) and is not based on proprietary preset, showed
a significant negative correlation with capillary lactates and Suzuki’s score (Figure 6d).
This correlation suggests that the analysis of the optical properties of the liver can infer
organ viability in this scenario. The possibility to discriminate between the ischemic phase
and the reperfusion damage would be the next appropriate step. Dataset size is a very
important factor when applying a deep learning approach. This relatively small dataset
prohibits end-to-end training of large CNNs with a large number of trainable parameters.
However, the test performances give strong empirical evidence that a deep learning
approach works well with this dataset despite its small size using the proposed CNNs. We
emphasize that using LOPOCYV, data from the held-out animal was never used for training.
The strong results, particularly liver classification with a sensitivity of 0.993 and a
specificity of 0.997, show that the CNNs have learned well because they generalize to data
from animals not present in the training set. This has been possible because the CNNs have
been trained with mild regularization (weight decay), but more importantly, the CNNs have
a relatively small number of trainable parameters (32,444). This greatly reduces the
potential to overfit and it is much smaller compared to larger CNNs typically used for image

classification with RGB images such as ResNet50 [61] with over 23 million trainable
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parameters. Recall that with RGB data, spatial context is extremely important for good
classification, which requires filters acting over relatively large spatial distances. In
contrast, in HSI, the rich reflectance information reduces the need for spatial context. As a
future work, we aim to study the benefit of enlarging the capacity of the CNNs with a larger
dataset. This can be both in terms of spatial window (to add more spatial context
information) and in terms of network depth (to add more abstract spatio-spectral feature
representations into the CNNs). Concerning the CNN model, we believe that a simpler
classifier could also be used to perform well on the segmentation task. However, our work
shows that the exact same machine learning model (CNN) can be used to effectively solve
both tasks without any modification to the model’s design or training process, which adds
simplicity with a unified approach. As a follow-up study, we aim to compare performance
from the CNNs with several other machine learning models such as Support Vector
Machines (SVMs) or logistic regression, to investigate how performance is affected by the
specific choice of machine learning model. In clinical routine, HAO is evaluated with US
and CT in combination with blood analysis. US is still the best clinical tool for
postoperative HAO detection. A recent comparison found that US was more accurate with
a significantly higher specificity [62,63]. Despite its advantages, for patients with no visible
hepatic artery flow, angiography or a contrasted CT scan is performed to obtain a clear
diagnosis. Overall, these techniques present their own drawbacks and limitations. CT scan
has contraindications such as nephrotoxicity because of iodine contrast medium injection

and allergic reactions. When arterial revascularization is performed, there is a “grey zone”
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where it is not possible to predict the future graft function and the potential consequences
of biliary ischemia. In contrast, US is operator-dependent and requires intensive training to
be mastered. The evaluation may be difficult due to a poor penetrance in case of distended
bowel loops or obesity, and due to anatomical variations. US cannot provide a precise
global map of liver oxygenation intraoperatively. The need for an objective and convenient
HAO analysis tool has driven researchers to find alternative solutions. Pischke et al.
reported a useful methodology for HAO assessment by using an IscAlert PCO2 sensor for
carbon dioxide [28]. They were able to provide a real-time monitoring system, which could
discriminate arterial from portal occlusion. Although this approach was accurate and
promising, it required the insertion of a catheter, making this application slightly invasive.
Additionally, the analysis of the level of carbon dioxide can provide the level and type of
hypoxia only, but not its localization. The development of imaging methods such as
fluorescence-based perfusion assessment via the injection of indocyanine green (ICG) and
near-infrared spectroscopy (NIRS) showed promising results [23-26]. ICG clearance is
achieved by the hepatocytes in the parenchyma and excreted mostly in the bile through the
enterohepatic circulation. For that

reason, its application in HAO assessment is theoretically more than appropriate.
Additionally, ICG was already successfully applied in the study of bowel perfusion [64].
In 2011, Levesque et al., in a study on 14 patients, showed that the ICG disappearance rate
(PDRICG) was significantly lower in patients with early and late HAO than in patients

without HAO in a HAT context [23]. Although the ICG PDR-based assessment showed
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positive results, it has drawbacks such as the need for an injection, the time required for
clearance, the contraindications in iodine allergic patients, or those affected by
thyrotoxicosis, and its application in the clinical setting is not allowed in many countries.
The application of NIRS was the first approach for a non-invasive analysis of hemoglobin
without the need for the injection of an exogenous compound for the early diagnosis of
HAO. In 2016, Skowno et al. studied transcutaneous hepatic StO2% monitoring with the
NIRS system and they reported that it was not a reliable method for the detection of hepatic
ischemia. However, it was potentially useful in small pigs. Liver micro-dialysis was also
tested with positive results although this technique is still invasive and can change the
surgical workflow, which is not always possible [51]. Our Al HSI-based evaluation may
help to predict the extent of ischemia-reperfusion injury, indicating that arterial
revascularization is not sufficient to prevent liver failure or massive damage. This study
could be the basis for a future prediction model of patient outcomes in a clinical context.
Although the HIS system showed the ability to correlate optical and biological properties
intraoperatively that ultimately made possible the prediction of liver viability, it presents
several limitations. Currently, HSI can be employed exclusively as an intraoperative tool.
One possible application would be the detection of perfusion deficits after completion of
the vascular anastomoses during liver transplantation. Additionally, spectroscopic probes,
acting within the same range of wavelengths and with a similar algorithm, could be inserted
percutaneously. US could be applied to guide the probes onto the liver’s surface providing

reliable perfusion information in selected clinical cases. These cases could be the ones that
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are not suitable for US (poorly visible artery) or CT scan (iodine allergy or kidney failure).
The oxygenation map and the optical analysis represent only the first 3—5 mm of the tissue;
hence it is not possible to detect a specific problem of the vasculature in-depth directly.
Additionally, HSI cannot perform video. Our team partially overcame this problem by
developing hyperspectral enhanced reality (HYPER) to guide the demarcation line
assessment during the hepatectomy [29,38,39]. Finally, its ability to discriminate between
ischemia and congestion is not clear as well as the ability to distinguish different ischemic
timepoints. Although with its limitations, we consider that HSI-AI is a noninvasive tool
that can furnish additional information on liver viability intraoperatively offering an
automatic and standardized system.

5. Conclusions

The artificial-intelligence and hyperspectral imaging-based score could predict liver
viability during the ischemic and reperfusion phases with a significant correlation with
histopathological analysis, capillary lactate concentration, and CD31 staining. Further
analysis with different types of vascular occlusion and with an increased number of pigs is
necessary to confirm this data. HSI is a valuable non-invasive tool that can predict

biological properties of the reperfusion damage produced by HAO intraoperatively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10

.3390/diagnostics11091527/s1, Figure S1: Ischemic phase monitoring. Figure S2: Additional
information. Figure S3: CNN architecture. Video S1: endomicroscopy of pig 3. Video S2:

endomicroscopy of pig 5.
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ii1) Hyperspectral enhanced reality (HYPER) for anatomical liver resection

We aimed to explore the potential of hyperspectral imaging in an intraoperative setting, to
predict liver viability and to enhance the ability of the surgeon to perform anatomical
resection. Our group developed a software to overlay HSI images onto the operative field,
obtaining HSI-based enhanced reality (HYPER) to identify the demarcation line in an
experimental animal model and after a left vascular inflow occlusion during an anatomical
resection. After ligation, HSI demonstrated a significantly lower oxygenation (NIR index)
in the left medial lobe (LML) (0.27% + 0.21) when compared to the right medial lobe
(RML) (58.60% =+ 12.08; p = 0.0015). Capillary lactates were significantly higher (3.07
mmol/L +0.84 vs. 1.33 £ 0.71 mmol/L; p = 0.0356) in the LML versus RML, respectively.
Concordantly, confocal videos demonstrated the absence of blood flow in the LML and
normal perfusion in the RML. HYPER correctly identified the demarcation line and
quantified surface liver oxygenation, and it could be an intraoperative tool to guide

perfusion-based demarcation line assessment and segmentation. My personal contribution
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Abstract
Background Clinical evaluation of the demarcation line separating ischemic from non-
ischemic liver parenchyma may be challenging. Hyperspectral imaging (HSI) is a

noninvasive imaging modality, which combines a camera with a spectroscope and allows
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quantitative imaging of tissue oxygenation. Our group developed a software to overlay HSI
images onto the operative field, obtaining HSI-based enhanced reality (HYPER). The aim
of the present study was to evaluate the accuracy of HYPER to identify the demarcation
line after a left vascular inflow occlusion during an anatomical left hepatectomy.
Materials and methods In the porcine model (n = 3), the left branches of the hepatic
pedicle were ligated. Before and after vascular occlusion, HSI images based on tissue
oxygenation ( StO2), obtained through the Near-Infrared index (NIR index), were regularly
acquired and superimposed onto RGB video. The demarcation line was marked on the liver
surface with electrocautery according to HYPER. Local lactates were measured on blood
samples from the liver surface in both ischemic and perfused segments using a strip-based
device. At the same areas, confocal endomicroscopy was performed.

Results After ligation, HSI demonstrated a significantly lower oxygenation (NIR index) in
the left medial lobe (LML) (0.27% + 0.21) when compared to the right medial lobe (RML)
(58.60% = 12.08; p = 0.0015). Capillary lactates were significantly higher (3.07 mmol/L +
0.84 vs. 1.33 £ 0.71 mmol/L; p = 0.0356) in the LML versus RML, respectively.
Concordantly, confocal videos demonstrated the absence of blood flow in the LML and
normal perfusion in the RML.

Conclusions HYPER has made it possible to correctly identify the demarcation line and
quantify surface liver oxygenation. HYPER could be an intraoperative tool to guide

perfusion-based demarcation line assessment and segmentation.
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Introduction

Anatomical liver resections (ALRs) are performed by removing a section of the liver
visually identified via surface color changes due to selective blood inflow occlusion or
staining of the portal tract [1-3]. The resulting demarcation line discriminates the
boundaries between ischemic and non-ischemic tissue. This eye-based evaluation suffers
from being operatordependent and from the inability to quantify local oxygenation,
particularly beneath the liver surface. Moreover, the inhomogeneity in surface perfusion
appreciation in pathologic

conditions, including cirrhosis, steatosis, fibrosis, has been the driver for the development
of intraoperative imaging methods such as fluorescence-based segmentation, by means of
administration of a fluorophore, mostly Indocyanine Green (ICG) [4]. There are two
staining methods to identify anatomical hepatic regions with ICG. Positive staining method
is performed to detect anatomical hepatic regions by injection of ICG into the portal
branches under IOUS guidance [4—6], and negative staining method is performed to detect
anatomical hepatic regions, as the non-fluorescing ones, by the intravenous injection of
ICG after clamping the portal branches [5, 7-10]. However, those methods are limited by
the need of injecting an exogenous fluorescent molecule to the patient. Hyperspectral
imaging (HSI) is a contrast-free optical imaging modality which combines a photo camera
and a spectroscope [11]. HSI performs spectral analysis of tissues and allows tumor
identification [12, 13], organ perfusion assessment [14, 15], and identification of key

anatomical structures intraoperatively [16]. HSI systems build images based on the
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computation of light-tissue interactions phenomena, which depend on the tissue
concentration of various compounds, up to a certain depth. In the present experiment, we
have used a CMOS push-broom scanning hyperspectral

camera (TIVITA®, Diaspective Vision GmbH, Germany). The TIVITA® has preset
algorithms, which allow to quantify the relative oxygen saturation ( StO2%) of the
superficial

microcirculation at a depth up to ~ I mm, whereas it is possible to quantify the relative
oxygen saturation in deeper layers, within the near-infrared (NIR) spectrum, with a
penetration depth up to 4-6 mm. The tissue water index (TWI) can be used to quantify and
image the distribution of water in the observed region of interest (ROI) [17]. The majority
of the commercially available HSI systems do not provide an effective video rate and the
HSI information is provided as a static side-by-side image. In an attempt to overcome this
limitation and improve the use of HSI as a surgical navigation tool, our group has
introduced

the concept of HYPerspectral Enhanced Reality (HYPER) [18]. HYPER is based on the
superimposing of static HIS images onto an intraoperative video, using augmented reality
technologies. Through the mixed reality, informationrich images are overlaid directly on
the screen, providing an effective surgical navigation tool. In analogy to our previous
experience in bowel ischemia detection and quantification, we hypothesized that HYPER

could precisely identify the future liver demarcation line. The aim of this experimental
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study was to evaluate the feasibility of HYPER-guided ALR and to assess the accuracy in

discriminating ischemic from non-ischemic liver tissue.

Materials and methods Animals

The present study, which is part of the ELIOS project (Endoscopic Luminescent Imaging
for Oncology Surgery), was approved by the local Ethical Committee on Animal
Experimentation (ICOMETH No. 38.2016.01.085), and by the French Ministry of Superior
Education and Research (MESR) (APAFIS#8721-2017013010316298-v2). All animals
used in the experimental laboratory were managed according to French laws for animal use
and care, and according to the directives of the European Community Council
(2010/63/EU) and ARRIVE guidelines [19]. Three adult male swine (Sus scrofa ssp.
domesticus, mean weight: 24.7 = 0.5 kg) were housed and acclimatized for 48 h in an
enriched environment, respecting circadian cycles of lightdarkness, and with constant
humidity and temperature conditions. They were fasted 24 h before surgery, with ad libitum
access to water, and finally sedated (zolazepam + tiletamine 10 mg/kg IM) 30 min before
the procedure to decrease stress. Anesthesia induction was achieved by means of
intravenous (18 G IV catheter in ear vein) propofol 3 mg/kg and maintained with
rocuronium 0.8 mg/kg along with inhaled isoflurane 2%. At the end of the protocol, animals

were euthanized with a lethal dose of pentobarbital (40 mg/kg).
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Surgical procedure

The abdominal cavity was accessed via a midline laparotomy. The round ligament, the thin
transparent membranes around the liver, and the hepato-gastric ligament were cut to
prevent any unexpected traction injuries. During hepatic pedicle dissection, the left hepatic
artery and the left portal vein were ligated with 3/0 and 2/0 braided threads, respectively.
The demarcation line produced between the right medial (RML) and left medial lobe
(LML) was marked on the liver surface with electrocautery following our proprietary
software HSI-based enhanced reality (HYPER). The schematic of the set-up in Fig. 1 shows
the position of the

screen, which allowed the surgeon to follow HYPER and to guide the demarcation line
incision. Parenchymal transection was performed to verify if the intraparenchymal
perfusion

boundaries were matching with the demarcation line suggested by HSI. A clamp crushing
method was applied with a special clamp for liver parenchymal transection (Takayama’s
forceps for liver transection, Yufu Itonaga Co., Ltd., Tokyo, Japan) and a bipolar vessel-
sealing device (LigaSure ™ Maryland, Covidien, Mansfield, MA, USA). During
transection, an intermittent Pringle’s maneuver was also performed with a cycle of 15-min
clamping with 5 min of perfusion. Finally, hepatic veins were divided with staplers (Endo
GIA™, Covidien, Mansfield, MA, USA) and the left median and left lateral lobes were

removed.
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HSI and HYPER
A commercially available hyperspectral camera (TIVITA®, Diaspective Vision GmbH,
Germany) was used to provide intraoperative imaging and quantification of StO2,

NIR perfusion index, and TWI. The TIVITA® was customized

. y : / [ Monitor 2

» Work station PC
— for HYPER

Fig. 1 Schematic of the hyperspectral imaging (HSI)-based enhanced reality (HYPER) system set-up. The
workstation PC for HYPER is equipped with TIVITA® software and original software for enhanced reality.
The static HSI image is displayed on monitor 1, and the superimposed HSI image on the running video is

displayed on monitor 2

integrating an HD video camera (C920 1080p HD Pro Webcam, Logitech, Switzerland).
Intrinsic parameters of the hyperspectral camera and of the additional webcam were
computed independently, before the procedure. To compute the registration transformation
(extrinsic calibration), several poses of a checkerboard are detected simultaneously in both

cameras. Checkerboard corners are used to estimate the transformation and to estimate the
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error. The HSI system requires 6 s to acquire the tissue spectrum analysis and convert into
images depending on the preset algorithms ( StO2%, TWI, NIR). Those images are
simultaneously displayed side-by-side. For surgical guidance, the HSI-NIR perfusion index
was selected to highlight the resulting demarcation line, following vascular ligature,
because of the deeper tissue penetration, when compared to the StO2 index. The accuracy
of perfusion evaluation between NIR% and StO2 was compared post hoc. A NIR perfusion
map (low perfusion (blue)/high perfusion (red) colormap) was superimposed on each live
video and was displayed on the screen to guide the resection line in enhanced reality. Four
electro-cauterized dots on the liver surface, visible in the RGB and NIR images, were used
as landmarks to test the accuracy of the registration and to enable an updated registration
in case of a novel HSI image acquisition. Ventilation was stopped during HSI images
acquisition. The mean value of the HIS parameters ( StO2%, NIR and TWI) was computed
on the whole surface of the liver, for each region of interest, before and after ligation.
Probe-based confocal laser endomicroscopy (pCLE)

A Cellvizio® pCLE system (Mauna Kea Technologies, France) was used for
endomicroscopic analysis to assess microcirculation, at the same time points of lactate
sampling and HSI imaging. Endomicroscopy was performed by applying the tip of the CLE
probe directly on the liver surface before vascular ligation (T0), randomly on Glisson’s
capsule. After vascular ligation, pCLE was repeated during resection on both sides

(ischemic and perfused) of the demarcation line (T1). To obtain confocal images, 2 mL of
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sodium fluorescein (Fluocyne®, Serb, Paris, France) was injected intravenously. The probe
was hold manually and the videos were recorded for 1 min.

Local liver lactates

At the same time points, lactates were measured on blood samples obtained by puncturing
the liver surface, using a strip-based portable lactate analyzer (EDGE®, ApexBio, Taipei,
Taiwan) on the two sides of the demarcation line (which margin error is ~ 0.35 mmol/L
[20]). The correlation between HSI parameters and the local capillary lactates was used as
primary outcome to establish the sample size. The calculation was based on our previous
experiences with bowel ischemia [18, 21], in which the rho correlation coefficient between
HSIStO2 and lactates was — 0.7. Applying an alpha at 0.05 with a power of 0.9, the required
sample size in terms of paired values is 4. In the present study, 12 paired values StO2
lactates were obtained in total in three pigs.

Statistical analysis

Statistics were performed using GraphPad 8.3 (GraphPad Software ®, San Diego, CA,
USA). A Pearson’s rho was calculated to correlate local lactates with HSI parameters.
Student’s ¢ test, one-way and two-way ANOV A with Dunnett’s multiple comparisons were
performed to calculate differences in continuous variables. A p value <0.05 was considered
statistically significant.

Results

The extra time required to register the NIR-derived images was only few seconds. The

accuracy of the HYPER registration was subpixel and was around 0.35 pixels. The
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demarcation line was marked under HYPER guidance during the procedure (Videoclip).
The software elaboration of the HSI hypercube is displayed in Fig. 2A. Under white light
observation, the demarcation line was not always sharp, especially in one of the three
animals. The HSINIR picture provided a sharper limit of the ischemic area when compared
to St02%

and TWI% parameters. In the first animal, the demarcation line based on clinical evaluation
underestimated the ischemic area, when compared to the HYPER-based one (Fig. 2B).
Table 1, the intraoperative data is reported. Briefly, the StO2% index measured at RML
and at the control area of the liver were statistically significantly higher when compared to
the LML

(»p=0.0117 and p = 0.0130, respectively). No difference was detected between the control
and the RML confirming that the ligation was correctly performed. The NIR% and the TWI
index of the LML were both significantly lower when compared to the ones measured at
the RML and at the control area. There was no difference between the RML and the control
for both indexes. Local lactate was coherently higher in the LML; the difference between
the RML and the control when compared to the LML was statistically significant (p =
0.0356 and p = 0.0091, respectively), where the difference between the RML and the
control was not significant. StO2% and NIR% were statistically significantly different in
the control and in the RML. The superficial analysis given by StO2% was less accurate

than the NIR% as shown by the difference between the RML and the LML (Fig. 3).
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Fig. 2 A Hyperspectral liver pictures of the
branch. B Enhanced reality (HYPER) provided by the superimposition of the RGB camera with the
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Fig. 3 StO2% and NIR% comparison. A The difference between the two parameters was statistically
significantly in the control and in the RML (p < 0.0001 and p = 0.0011, respectively). B The superficial
analysis given by StO2% was less accurate than the NIR% as shown by the difference between the RML and
the LML (p = 0.0326). Data are expressed as mean + sd. p value <0.05 was considered statistically significant
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In addition, the correlation between the local lactate and HSI parameters was statistically
significant for (i) local lactate and StO2% (»=—0.7805, 95%CI —0.95/—0.24, R2 =0.6092,
p=0.0131); (i1) local lactate and NIR% (» = — 0.7947, 95%CI — 0.95/ — 0.27, R2 = 0.6316,
p =0.0105); (iii) local lactate and TW1% (r =—0.7989, 95%CI — 0.95/ — 0.28, R2 = 0.6383,
p = 0.0098). Confocal endomicroscopy (Videoclip) performed 1 cm away from the
demarcation line in both sides, showed that the perfused region indicated by

HSI, i.e., the RML, was characterized by a normal blood circulation, whereas circulation
in the LML was absent. Upon injection of fluorescein, the typical emission peak of the
fluorophore was noticed as an alteration of the whole HSI spectrum (at around 540 nm).
However, this was not interfering with the StO2% and NIR perfusion indexes that are
formed at higher wavelengths (around 800 nm). Finally, a preliminary test for the
transection plane was performed. NIR parameter showed low perfusion level in the
intraparenchymal plane (Fig. 4).

Discussion

The present acute experiment allowed to demonstrate the, feasibility of the HYPER method
to intraoperatively identify the demarcation line. The potential clinical relevance of
HYPER lies in the accurate discrimination between ischemic and non-ischemic hepatic
regions. HSI allowed to clearly identify the demarcation line which could be followed by
HSI image superimposition. However, in our setting, the clinically based demarcation line

matched with the HYPERDbased one in 2 out of 3 cases. The discordant case (Fig. 2B)
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Fig. 4 RGB (left) and NIR perfusion index (right) images of the transection plane. The intraparenchymal HSI
analysis of the perfused lobe (RML) shows low level of oxygen perfusion similar to the ischemic lobe (LML)

after the resection

provides an example of unclear demarcation, which could be corrected with the HYPER
method. The main advantage of HYPER is the possibility to easily acquire new quantitative
images during the procedure, representing the actual perfusion status. The oxygen perfusion
difference between RML and LML calculated by StO2% on the surface (depth~lmm) was
significantly lower when compared to the NIR% which measures in deeper layers (depth
4-6 mm), suggesting that a deeper evaluation of oxygen perfusion could be more accurate.
Thus, NIR evaluation through HSI improves the evaluation of the demarcation line
compared with the evaluation of the StO2% and human eye both by being visually sharper
and by being quantitatively more discriminating between ischemic and perfused. The high
correlation between StO2%, NIR% and TWI with local lactates confirms the consistency
of HSI in discriminating ischemic and non-ischemic areas, with NIR% achieving the

highest correlation. In this study, we also performed a preliminary evaluation of the
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transection plane. This first attempt showed that HSI detected low level of oxygen
perfusion in the transection plane of the perfused lobe (RML) (Fig. 4), most likely due to
the action of the electrocautery that altered the hyperspectral signal. This aspect will be
separately studied in the next experimental steps, in which different HSI set-up and surgical
approaches will be tested to avoid the loss of the signal. To the best of our knowledge, HSI
has been applied to anatomical left liver resection in a recently published case report [22].
The future transection line, which was marked according to the Cantlie line and the middle
hepatic vein, matched the demarcation line, as identified by the same HSI device used in
our experimental study. However, the authors did not superimpose the HSI images, which
makes difficult to assess the correspondence between the HSI perfusion images and the
actual liver surface demarcation line. Additionally, no ground truth tests were performed
to assess the accuracy of HSI parameters. The strong point of our study was the use of
superimposition of HSI images onto the RGB video validated by robust metabolic metrics
to measure organ perfusion, such as capillary lactates [23—26] and advanced intraoperative
microcirculation imaging, such as confocal endomicroscopy [27] which were all
concordant with HSI parameters. This supports HYPER as a potential surgical guidance
tool despite the multiple limitations of this study, including the low sample size, the acute
design, and the focus on the demarcation line rather than on the transection planes.
Additionally, the experiments were performed on healthy livers while the real advantages
of HSI technology could probably be better defined in clinical conditions (e.g., cirrhosis,

steatosis, postchemotherapy liver injury) that alter the liver surface signal. Zuzak et al. [16,
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28] developed a near-infrared laparoscopic HSI system to help guide laparoscopic surgeons
to visualize biliary anatomy. However, there is currently no commercially available HSI-
equipped laparoscope. The availability of an integrated laparoscopic HSI system with video
rate would obviate for the need of enhanced reality superimposition methods such as
HYPER. Clinically, we are planning to evaluate the method in a prospective observational
study to establish the accuracy and evaluate the surgical workflow.

Conclusions

In the experimental setting, HSI was accurate in discriminating ischemic from non-
ischemic hepatic areas. HYPER could be a suitable intraoperative tool to guide

perfusionbased demarcation line assessment and segmentation.
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iiii) Real-time ICG guided anatomical liver resection with the positive and negative staining

technique.

A comprehensive review of the literature on the published series on this technique was

performed and published in the peer-reviewed journal HPB (33). Eighty-six articles were
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initially found and 11 articles were finally included in the analysis, with 83 patients treated.
Sixty-two patients (74.6%) underwent mono-segmentectomies. Thirty-five patients
(42.1%) underwent the positive staining technique, and forty-eight patients (57.8%)
underwent the negative staining technique. The positive or negative indocyanine green
staining technique with real-time fluorescence guidance is an emerging and promising
approach. However, the technique has to be standardized and advantages regarding
oncologic results still need validation in further studies. My personal contribution to this
review was to search and revise the published articles on this subject in English language,

and writing and revision of the manuscript.
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Abstract

Background: Indications for a minimally invasive resections are increasing worldwide,
but respecting anatomical planes during intraparenchymal transection is demanding.
Intraoperative ICG fluorescence staining of liver parenchyma has been introduced as a tool
for real-time intraoperative guidance. The aim of this study is to make a systematic review
of the current relevant literature on indications, techniques, and results of laparoscopic
anatomical liver resection (LALR) using intraoperative indocyanine green (ICG)
fluorescence for positive and negative staining of liver segments in patients affected by
liver malignancies. Methods: Electronic bibliographical databases (MEDLINE and
PubMed) were searched according to the PRISMA criteria. English language articles
meeting the selection criteria and published until June 2020 were retrieved and reviewed.
Results: a total of 86 articles were initially found and 11 articles were finally included in

the analysis with a total of 83 patients treated. Sixty-two patients (74.6%) underwent
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monosegmentectomies. Thirty-five patients (42.1%) underwent the positive staining
technique, and forty-eight patients (57.8%) the negative staining technique.

Conclusions: The positive or negative indocyanine green staining technique with real-time
fluorescence guidance is an emerging and promising approach. However, the technique has
to be standardized and advantages in terms of oncologic results still need validation in

further studies.

Introduction

Hepatocellular carcinoma (HCC), cholangiocarcinoma, and colorectal liver metastases are
the most common liver malignancies for which liver resection is indicated. Anatomical
liver resection (ALR) is the current standard for HCC resection as it allows a better
postoperative survival and disease-free survivall-4. Concerning colorectal liver metastases,
there is still no strong evidence to support ALR. However, some authors have recently
reported a high rate of positive margins in RAS-mutated lesions and worse cancer-specific
survival secondary to remnant liver ischemia5, 6, suggesting that anatomical resection
could improve results. For intrahepatic cholangiocarcinoma, a better oncological outcome
as compared to nonanatomical resection has been reported in patients with stage IB or 11
tumors without vascular invasion7 . The concept of anatomical resection has subsequently
become an oncological necessity, which also has to be related to the progressive diffusion
of minimally invasive liver resections. The different classifications of liver anatomy

currently accepted provide an important, yet idealized, representation of anatomical planes
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and structures8. Defining the exact planes for resection is often difficult, especially in
cirrhotic patients and for posterosuperior segment tumors. In fact, find the correct
intraparenchymal anatomical line is technically challenging and anatomical landmarks,
such as hepatic veins and portal branches are then used under ultrasound guidance to guide
transection9-12 . MakuuchilO associated the ultrasound guidance to methylene blue
injection in portal branches to delineate the precise limits of a determined segment or sector
on the liver surface, the technique performed during open surgery. It necessitates as well
the hepatic artery clamping, and the dye washout is relatively rapid. Replacing the blue dye
with indocyanine green (ICG), and associating the use of near-infrared cameras,
fluorescence-based segmentation to guide liver resections have been then introduced13. In
2008, Aoki et al. first reported an intraoperative technique for subsegments and segments
staining during open hepatectomy, with a success rate of 93% in 4 identifying anatomical
planes. The technique was considered safe, reproducible, and not timeconsumingl4 . In
parallel to this, the role of laparoscopic liver resection (LLR) has been established for liver
malignancies, especially HCC, confirmed by consensus meetings and international
recommendations15, 16 . However, laparoscopic anatomical liver resection (LALR)
techniques have not been fully standardized because both selective inflow portal clamping
and portal staining, when used, are difficult to perform in the minimally invasive setting,
especially in cirrhotic livers and for posterosuperior segments. To improve the quality and
precision of anatomical resection, and to guide intraparenchymal transection, combined

ICG fluorescence imaging in LALR has been used with direct portal ICG injection under
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percutaneous-guided laparoscopic ultrasound, the so-called “positive staining”
techniquel7-19 (Figures la, 2). Ishizawa was the first to perform this technique in 2012.
Similarly, but with the opposite principle, is the “negative staining” technique (Figures 1b,
3a, 3b), achieved by the intravenous ICG dye injection after clamping the segmental portal
pedicle, following the Glissonian concept of anatomical liver resection19-23. We aimed to
perform a systematic review of the current relevant literature concerning the different
techniques and results of minimally invasive liver malignancies resections guided by means
of ICG real-time fluorescence, using positive or negative staining.

Materials and methods

Study design

This review included different phases for the methodological algorithm, namely definition
of search strategies, selection criteria, assessment of study quality, and analysis of relevant
data. The preferred reporting items for systematic reviews and meta-analysis (PRISMA)
statements checklist to report a systematic review were used (Fig. 4). Studies were then
included in the IDEAL framework to contextualize this emerging technique in the field of
surgical innovation.

Study inclusion criteria

At first, selection criteria to identify studies eligible for this review were stated. Prospective
and retrospective studies, patient series, and patient reports were included and used for
quantitative and qualitative synthesis of data.

Literature search strategy
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Electronic bibliographical databases (i.e., MEDLINE, PubMed, EMBASE, and Scopus)
were searched. The following terms were used for the search: laparoscopic hepatectomy,
and indocyanine green fluorescence. English language articles meeting the selection
criteria and published until June 2020 were retrieved and reviewed.

Study selection and quality assessment

The abstracts of the selected studies were blindly and independently screened for relevance
by two reviewers (EF and ZC). In order to achieve the highest sensitivity and specificity,
records were selected for further analysis only if none of the reviewers rejected it. The
selected studies were analyzed and data extraction was performed independently by both
reviewers. Any disagreement, if present, between the two reviewers in the selection and
analysis was resolved via discussion between two other reviewers (CS and PP).

Data extraction and analysis

Qualitative and quantitative analysis were performed with data from the included studies.

Results

A total of 86 articles were initially found, 75 excluded because of preoperative IGC
injection for liver tumors detection or simple IGC injection applications description.
Experimental studies were also excluded. Ten articles were finally included in the
analysis17-20, 22-27 . Three articles were case reports, the others reported single center
series with a total of 83 patients treated with this technique (Table 1). Among these ten

articles, seven were published in the last two years; sixty-six patients (79.5%) were reported
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in 2018-2020 articles. Sixty-two (74.6%) underwent mono-segmentectomies, 5 patients
(6%) right anterior sectionectomies, 4 patients (4.8%) right posterior sectionectomies, 4
patients (4.8%) left hepatectomies, 3 patients (3.5%) trisegmentectomy IV-V-VIII, 2
patients (2.4%) right hepatectomies, 2 patient (2.4%) left lateral sectionectomy, 1 patient
(1.2%) bisegmentectomy V-VI. Thirty-five patients (42.1%) underwent the positive
staining technique, and forty-eight patients (57.8%) the negative staining technique. In the
positive staining group, Aoki27 reported 14 patients treated with an intraoperative, yet
transcutaneous ultrasound-guided, ICG injection In two patients, this technique did not
succeed because of a small segmental portal branch diameter (<2mm). The other authors
reported intraoperative IGC injection under laparoscopic ultrasound guidance through a
BK laparoscopic transducer model (BK Medical, 8666) probe characterized by the presence
of'a needle hole to guide injection. The injection technique was different in terms of needle
size and IGC volume and concentration. When reported, needles had a variable size ranging
from 18G to 22G. For positive staining, ICG concentration varied from 0.025mg/10mL to
0.025mg/mL. For negative staining, a direct intravenous ICG injection was performed after
the use of a Glissonian approach and the clamping of portal pedicles, with a reported ICG
dose comprised between 1.5mg to 2.5mg. Fluorescence was reported to appear after a
minimum interval of 3 minutes from injection. No vanishing of ICG fluorescence due to
ICG diffusion or increased background fluorescence was reported. Fusion 7 real-time
imaging was used with a PINPOINT camera in 55 patients (85.9%). The principle of this

type of cameras is that near-infrared light source excites the fluorophore and the
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fluorescence signal is detected from it. The PINPOINT system is the most frequently used
as it allows the possibility of a real time fusion of images; the system is composed by a 0°,
30° or 45° laparoscope, a complementary metal-oxide semiconductor camera head, and a
nearinfrared laser diode for ICG excitation at a wavelength of 805 nm. Different types of
images are possible to obtain, color images under white-light illumination, a
monochromatic fluorescence images under near-infrared light illumination, and finally the
fusion images with a green pseudocolor that shows the fluorescent parts of the liver. The
vision mode can be changed during the operation, as the different types are simultaneously
displayed in subscreens. Concerning the injection time, Aoki reported an average of 15
minutes (9-20 min). ICG injection in the positive staining technique is recommended to be
slow to prevent any excessive pressure which could result in a retrograde flow into a portal
branch supplying a neighboring segment, with consequent undesired staining. The average
operation time in the same series (without initial injection time) was 243 min, and blood
loss had an average of 185mL. Considering the resected liver volume, there was no
statistically significant difference (p=0.539) between the preoperatively estimated average
(149mL +/- 42mL), and the average specimen weight (158g +/- 44g). No intraoperative
complications were reported, no conversion to laparotomy and no positive margins on the
specimen neither. Indication to resection was hepatocellular carcinoma in 33 patients
(51.6%), colorectal liver metastases in 12 patients (18.8%), breast cancer liver metastasis
in one patient (1.5%), and no information was available in 18 patients (28.1%). Ueno 28

reported an hybrid approach with interventional radiology assistance using a preoperative
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intra-arterial infusion of ICG for positive staining in an hybrid operating room. In the
preoperative work-up, 3D portal vein branches reconstruction were always performed to
identify anatomical variations, first to easily 8 recognize small segmental portal branches,
and then to determine the precise injection point and the estimated volume to be resected.
In the most recent monocentric retrospective series reported by Xu34 , a total of 19 patients
underwent positive (n=5) and negative (n=14) staining respectively. The median operative
time was 260 with (150-360 min), median intraoperative blood loss was 300cc (50-800ml).
No conversion to laparotomy was reported. There were also information on failure rate in
both positive (n=4) (wrong portal segment injection, venous branch injection) and negative
(n=13) (arterial collaterals staining the excluded segmentsector, wrong glissonean pedicle
clamping, multiple single segments branches not entirely clamped) staining. According to
IDEAL framework35 this innovative technique is corresponding at present to Stage la
(stage 0 to 4), where the development of the technique is still limited to single centre/single
intervention and case series, or prospective cohort The purpose at this stage is the
development of the procedure to a stable version, the number of treated patients still limited
and performed by few innovators and early adopters surgeons. No clear standardization of
indications, technique and results exist, with necessity of further research to design
appropriated prospective studies.

Discussion ICG was approved by the U.S. Food and Drug Administration in 1954 and was
widely used in many different clinical settings. The first clinical applications were to

evaluate liver function and cardiac output. In the 1970s, a protein-bound ICG was found to
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emit fluorescence with a peak at about 840nm under near-infrared light illumination with
(750-810nm)28. Intraoperative ICG use has been also described in visceral surgery
(colorectal, upperGlI, etc), with an increasing use especially for detection and estimation of
stumps vascular perfusion and lymphnodes visualization. Indocyanine green applications
in liver surgery have progressively gained attention over recent years and with different
applications such as intraoperative guidance for anatomical liver resections, to localize
subcapsular and 9 intraparenchymal tumors, or to recognize biliary anatomy29-31. For
anatomical resection, three main techniques are used: positive staining (intraoperative
direct intraportal injection in the segment/section to be resected), negative staining
(intraoperative intravenous injection of ICG to visualize the remnant perfused liver), and a
hybrid combined percutaneous approach (with intra-arterial segmental injection of ICG)
25. Concerning intraoperative image visualization, both classic ICG camera and real-time
fusion images vision are reported. Advantages of fluorescence imaging over the blue dye
technique include the long-lasting identification of the anatomical part to resect, a clearer
visualization of hepatic segments on hepatic surfaces (especially in patients with cirrhosis
and/or previous liver resections), and the possibility to identify segmental boundaries not
only from the liver surface but also from the raw surfaces during parenchymal dissection32,
33. In contrast, a major disadvantage is the difficulty in the re-evaluation of segmental
boundaries once ICG has been injected. The lack of tactile sensation, the physiological
organ deformation according to patient position and liver exposure, the lack of'a 3D vision,

and the difficulty of precisely conduct an intraoperative laparoscopic ultrasound are some
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of the intrinsic difficulties of minimally invasive surgery, enhanced when performing a real
anatomical liver resection. In addition, liver anatomy is complex and anatomical planes are
difficult to visualize during intraparenchymal transection, especially in cirrhotic patients
and for posterosuperior segments. It is well-established that for HCC, anatomical resection
1s associated with a better overall survival and a lower recurrence rate, and recent evidence
suggests its role in the treatment of intrahepatic cholangiocarcinoma and potentially for
colorectal liver metastases. It must be stressed that anatomical resection is an oncological
necessity and a parameter of the quality of surgical resection. The worldwide progressive
diffusion of minimally invasive liver surgery put this technical and oncological challenge
as one of the priorities in HPB surgery. In 2008, Aoki reported direct IGC injection during
laparotomy 14 modifying the original Makuuchi technique, which consisted in blue dye 10
injection. In 2012, Ishizawa was the first to report positive and negative staining during a
laparoscopic resectionl7. The positive and negative staining techniques require advanced
laparoscopic skills and are technically demanding, though no additional operative time is
reported by the different authors, with a mean of 18 minutes necessary for injection in the
positive staining group. To overcome some of these difficulties, Aoki proposed a
percutaneous preoperative direct ICG injection under trans-abdominal ultrasound
guidance, immediately before resection. At present, only small single center series have
been published, with a total of 83 patients treated, and no injection protocol standardization,
nor strong specific reasons to choose between positive or negative staining. Considering

positive staining, difficulties are related to the possibility of correctly inject and visualize
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the dye in the segmental portal branch, which can sometimes be multiple according to the
patient’s anatomy, and most of all difficult to perform for branches less than 2mm in
diameter. Reflux to other portal segments and the lesion of biliary or arterial branches are
some of the drawbacks of the technique. In fact, only a very small amount of ICG that could
totally be taken up by hepatocytes in targeting hepatic segments should be administered,
preventing the outflow of ICG from hepatic veins followed by reperfusion into the liver.
Considering negative staining, the Glissonian approach can be hemorrhagic and a cause of
biliary lesions, as well as technically demanding for posterior segments. Ueno25 proposed
a hybrid approach with interventional radiology assistance and intra-arterial ICG injection,
hence avoiding previously mentioned difficulties. This strategy is nonetheless not easier,
more complex from a logistic point of view, and necessitates additional time and costs,
along with the presence of a hybrid operating room and of an experienced and dedicated
radiologist. The recent introduction of fusion image cameras allows fluorescence
visualization and normal vision simultaneously, preventing the surgeon to continuously
switch from one to the other, which is a major advance for this innovating technique. Five
out of eleven articles have been published 11 in the last two years, comprising the vast
majority of patients (79.5%). It has to be observed that all of these reports come from Asia,
where anatomical liver resection for HCC is historically more frequently performed. Very
recently the first multicenter robotic series was reported by Chiow36 , with a total of 52
patients with negative (n=40) and positive (n=12) technique. Robotic liver surgery is at

present still performed in a minority of minimally liver resections, but there is a constant
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increase of its use, along with published surgical series. As for laparoscopic surgery, in
robotic liver resections clear identification of anatomical margins may help during
dissection. It has to be considered that some technical differences exist between
laparoscopy and robotics: robotic ultrasound probe is different to the laparoscopic one, in
particular there are no probes available with an integrated hole to direct the needle in case
of positive staining. A second consideration is that robotic arms usually occupy a large part
of the external operative field, with a more difficult approach when inserting the needle
percutaneously. Finally, inversely to laparoscopy where the liver surgeon usually performs
together ultrasound, percutaneous injection and resection, in a robotic setting the operative
surgeon is far from the surgical field. So in case of the positive staining tehcnique, another
surgeon with the same technical expertise both in intraoperative ultrasound and
percutaneous needle insertion is needed. The advantages in terms of oncological results and
technical feasibility of the positive and negative staining technique will necessitate further
studies, as well as the standardization of the technique. This promising and interesting
technique is a Stage la of the IDEAL framework, with only a few of innovators surgeons
and early adopters, along with a limited number of patients treated. Consequently, it is still
far from standardization, both for indications and technique. The present challenge for the
minimally liver surgeon approaching to the positive or negative staining is complex. First,
it is necessary the perfect use of the intraoperative ultrasound, with a precise detection of
single, often multiples, segmental portal branches, according to the all possible anatomical

variations. 12 Secondly, skills for percutaneous ultrasound guided injection with very thin
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needles are needed, with possible position variations secondary to respiratory movements
and cardiac activity. Finally, the need of a team work, both for ICG dilution and
preparation, as well for synchronization of clamping and intravenous injection for the
negative staining. Concerning indications and results, another consideration that could
possibly be made is in relation to liver transplantation. Bridge or salvage liver
transplantation in patients affected by HCC on cirrhotic livers is still a matter of debate in
terms of indications and results, but frequently performed in Western countries due the
shortage of organs. As precise anatomical laparoscopic liver resection is rarely performed
due to previously mentioned difficulties nowadays, the positive or negative IGC staining
technique could possibly be a “surgeon”- related variable in this setting as the quality of
resection may influence the oncologic results of transplantation 37 .

Conclusions

Minimally invasive precise anatomical liver resection is a major challenge both for
technical difficulties and the oncological implications in case of suboptimal resection,
especially for HCC. The positive or negative indocyanine green staining technique with
real-time fluorescence guidance is an emerging and promising approach, the feasibility of
which has been demonstrated by advanced laparoscopic and liver surgeons. However, the
technique has to be standardized and advantages in terms of oncologic results still need

validation in further studies.
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Table 1
Author Patient Indication Type of resection Fusio NIR
s ini n camera
(n=) image system°®
s
Ishizawa!’ 2012 2 CRLM/ Segmentectomy III 1 no n/a
n/a P,1
N
Sakoda!® 2014 2 HCC Segmentectomy V- P no IRI,
VI Olympus
Segmentectomy V P
Terasawa® 2017 12 HCC, 1 Segmentectomy N  yes PINPOIN
CRLM II/111 T fusion
3 segmentectomy
11
3 segmentectomy
v
3 segmentectomy V
1 segmentectomy
V/VI
1 segmentectomy
VI
Mizuno?? 2017 1 Breast Segmentectomy VI N N/A
cancer
liver
metastasis
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Nomi? 2018 16

Urade?* 2019 3

Ueno?® 2019 10

Berardi?® 2019 1

Aoki?’ 2019 14
Ito?* 2020 3
Xu? 2020 19

NIR: near-infrared

P: positive staining

N: negative staining

HCC: hepatocellular carcinoma

CRLM: colorectal liver metastases

2HCC
ICRLM

THCC
3CRLM

HCC

9HCC
SCRLM
2HCC
ICRLM

HCC
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3 right posterior

sectionectomies

8 segmentectomies

segmentectomy N

segmentectomy P
hy
dbr
id

segmentectomy N

segmentectomy P

1 segmentectomy P
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Figure 1a. Schematic representation of IGC positive staining
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Negative staining
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Figure 1b. Schematic representation of IGC negative staining
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Figure 2. Positive staining: laparoscopic direct intraoperative ICG injection under
ultrasound guidance. The stained segment becomes green with a fusion image camera.
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HOVADAQ

Figure 3a. Negative staining: intravenous ICG injection; fluorescence is present on
the remnant liver.
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HOVARAQ

Figure 3b. Negative staining: during resection, the perfused remnant liver is green on
the surface as well as intraparenchymally.
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6.2b) Publication of the results.

We collected prospectively intraoperative hyperspectral images during major
hepatectomies in 15 patients. The acquisitions were done after laparotomy, before hepatic
pedicle clamping (when needed), during hepatic pedicle clamping, and after declamping.
Correlation to post-operative outcome regarding biological tests (liver function and
coagulation) and clinical data (morbidity and mortality) was then performed. My personal
contribution was the participation to the study design, operative procedures, revision of
results and writing and revision of the manuscript. StO:% values after liver resection were
significantly higher in patients who underwent preoperative biliary drainage for jaundice
(0.772396 vs 0.491312 + 0.1123386, p=0.033) and lower in case of unhealthy (steatotic,
fibrotic or cirrhotic) liver (0.308659 + 0.1180001 vs 0.545178 + 0.1022391, p=0.011).
Tissue water Index (TWI) was the only HSI index to correlate with postoperative
reintervention. Lower haemoglobin index (OHI) final values showed significant correlation
with postoperative sepsis. HSI is a recent and interesting technology still in its experimental
phase. This is the first clinical application in a monocentric major hepatectomy series and
the reported results suggests that TWI and OHI could be associated to short-term
postoperative outcomes. Further experimental and clinical studies are necessary to better

explore and evaluate the potential value of this technology in current practice.
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Simple Summary: major hepatectomy may be associated to major morbidity or mortality.
At present no intraoperative tools exist to predict the post-operative course. Hyperspectral
imaging is a new and promising technology that may potentially help to evaluate real time
liver function during and at the end of the operation. As no clinical dat exist concerning a
major hepatectomies series ou aim was to correlate intraoperative images acquisitions and

findings with the postoperative course.
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Abstract: Major hepatic resections are associated with higher risk of postoperative
complications and post-hepatectomy liver failure. After hepatic pedicle clamping
ischemia-reperfusion injury may sometimes lead to post-hepatectomy liver failure. Early
detection or, ideally, intraoperative prediction of liver dysfunction or failure would be
essential for timely treatment. Fifteen patients who underwent major hepatic resections at
Nouvel Hopital Civil (Strasbourg, France) were retrospectively analyzed. Intraoperative
acquisition with the hyperspectral camera system was performed at the beginning of the
operation, before any liver manipulation, and at the end of hepatic resection after specimen
removal. TWI was the only HSI index to correlate with postoperative reintervention.
Lower OHI final values showed significant correlation with postoperative sepsis
(0.641417 £ 0.0340463 vs 0.704987 + 0.0712082, p=0.045), while AOHI correlated with
PHLF (-0.074822 + 0.0774023 vs 0.022819 + 0.0220585, p= 0.010), also showing
negative correlation with ALT values observed in PODS5 (p = -0.813, p=0.001). This is
the first clinical application in a monocentric major hepatectomy series, and the reported
results suggest that TWI and OHI could be associated to short-term postoperative
outcomes. Further experimental and clinical studies are necessary to better explore and

evaluate the potential value of this technology in current practice.

Keywords: Hyperspectral imaging; Liver; Hepatectomy
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1. Introduction

Indications for liver resections have increased during the last decades due to a more
aggressive and multimodal treatment of primary and secondary liver malignancies[1,2].
Post-operative morbidity and mortality are related to many variables, such as patient
performance status, comorbidities, liver function, and future liver remnant volume. Major
hepatic resections, defined as the removal of three or more segments, are associated with
higher risk of postoperative complications and post-hepatectomy liver failure[3,4].
Morphologic evaluation through magnetic resonance imaging (MRI) and computed
tomography (CT) scan, associating the remnant liver volumetry, as well as functional
assessment using indocyanine green (ICG) clearance test [5] or sequential hepato-biliary
scintigraphy, are useful tools to accurately estimate the volume and function of the future
liver remnant (FLR)Nevertheless, all these approaches provide a poor snapshot of
preoperative conditions. . The vast majority of major hepatectomies require hepatic pedicle
clamping to reduce bleeding during liver transection. The Pringle maneuver results in
oxygen deprivation, which is the starting event that induces parenchymal damage, further
compounded once blood circulation has been reestablished by the ischemia-reperfusion
injury mechanism (IRI). This condition sometimes finally leadsto post-hepatectomy liver
failure[6,7]. During the last decade, several solutions were considered to predict IRI and
related post-operative liver disfunction, like ICG fluorescence imaging, microdialysis,
carbon dioxide sensors, and near-infrared spectroscopy (NIRS)[8-12]. However, such
methods are limited by the need for the administration of an exogenous dye, and/or by some
degree of invasiveness, and their interpretation may vary. As a result, they are inadequate
to estimate the risk of postoperative complications following major hepatectomies.
Nevertheless, early detection or, ideally, intraoperative prediction of liver dysfunction or

failure would be essential for timely treatment. In this complex scenario, a tool able to
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provide a direct oxygenation map of the FLR, could ideally allow for intraoperative
localization of liver ischemic damage, giving a prediction of postoperative outcomes.
Hyperspectral imaging (HSI) is a non-invasive technique recently applied to the medical
field, able to detect the relative reflectance of light at a wavelength comprised between 500
and 1000 nm, allowing the quantification of organic compounds. In a recent study, our
group showed the potential usefulness of HSI as an intraoperative tool during image-guided
surgery[13,14]. HSI was able to guide and improve the surgical resection line performed
via real-time overlay of the hyperspectral image and RGB. Moreover, we demonstrated the
quantification and discrimination of different types of liver ischemia, including arterial or
total vascular inflow occlusion [15,16] providing a liver viability score in a preclinical
model of ischemia-reperfusion injury. In the same way, higher values of water within
hepatic tissue could be related to IRI and inflammation[17,18]. Given the above cited
evidence and preliminary results in a preclinical setting, we translated the imaging system
into a clinical setting. Our aim is to evaluate the HSI potential to predict postoperative

outcomes after major hepatectomies

2. Materials and Methods

Study Design

The present study, which was part of the iEXMachyna3 project (Intraoperative
EXamination Using MAChine-learning-based HYperspectral for diagNosis &
Autonomous Anatomy Assessment), was registered at ClinicalTrials.gov (NCT04589884)
and approved by the local ethics committee of the Faculty of Medicine of the University of
Strasbourg (ID-RCB: 2020-A01896-33). This is a single-institution, one-arm prospective

observational study designed in accordance with the Declaration of Helsinki and the
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STrengthening the Reporting of OBservational studies in Epidemiology statement
(STROBE) guidelines.[19] A dedicated informed consent was obtained from each patient

before surgery.
Study Population

Fifteen patients who underwent major hepatic resections with laparotomic approach
between September 2020 and June 2021 at Nouvel Hopital Civil (Strasbourg, France) for
malignant lesions of the liver, were retrospectively analyzed from a prospectively

maintained database.
Surgical procedure

Laparotomy was performed in all patients with a J-shaped Makuuchi incision,
exposition of the surgical field with Tagasako retractor. A full exploration of the abdominal
cavity was then performed to look for carcinosis or other anomalies. Liver was mobilized
according to the type of hepatectomy. Hepatic pedicle control was made with a tourniquet
to prepare intermittent clamping when needed. Hepatic pedicle clamping was 20 minutes
and 10 minutes rest in healthy livers, and 10minutes and 10 minutes rest in cirrhotic livers.
Intraoperative ultrasound was performed to confirm the surgical strategy and to look for
anatomical landmarks before transection. Portal vein branches and hepatic artery branches
were ligated prior to hepatectomy. Hepatic vein control was not systematic. Transection
line was then traced with electrocautery once devascularization was complete.
Hepatectomy was performed with Cavitronic Ultrasonic Surgical Aspirator (CUSA),
hemostasis and biliostasis with 5-0 or 6-0 polypropylene stitches and Hem-o-lock clips.
Final ultrasound control was performed to check liver inflow and outflow. Transcystic
Escat’s external biliary drainage was left according to the type of hepatectomy. Drainage

was not systematic.
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Hyperspectral Imaging (HSI)

The HSI camera system (TIVITA, Diaspective Vision GmbH, Am Salzhaff, Germany)
acquired hypercubes (640 x 480 x 100 each) and RGB (red, green, blue) images for ten
acquisition steps. The hypercube was acquired in around 6 seconds. The TIVITA camera
was perpendicularly adjusted at a 40 cm distance to avoid external light irradiations on the
measuring area.[20] The system illuminated the area of interest with six halogen spotlights
and the light sources in the surgery room were switched off during the HSI acquisition. The
HSI camera is equipped with a push-broom imaging spectrometer with a slit-shaped
aperture, an internal stepper motor moving the slit of the spectrograph, high quality IR-
enhanced CMOS, and data processing equipment. The acquisition of a single hypercube is
performed with a camera-specific module of the Perception Studio software (Perception
Park GmbH, Graz, Austria). The spectral range of this camera is 500995 nm. The light
source is a 20 W OSRAM Halospot 70 Halogen lamp allowing for intense, broadband,
temperature-stable, homogeneous, and fast pulses of radiation. The calibration of the
wavelength is performed during camera production. Moreover, dark current effects are
corrected after the recording of the data cube by the developed software component. The
camera collects and processes the information from the electromagnetic spectrum
measuring the reflectance spectra generated by the target of study. To convert image data
from radiance to relative reflectance, a white reference object characterized by a high
diffuse reflectance is used to create a reference cube before the measurements start. The
TIVITA has preset algorithms, which allow to quantify the relative oxygen saturation
(StO2%) of the superficial microcirculation at a depth up to~1 mm, whereas it is possible
to quantify the relative oxygen saturation in deeper layers, within the near-infrared (NIR)
spectrum, with a penetration depth up to 4-6 mm. The tissue water index (TWI) and the

organ hemoglobin index (OHI) can be used to quantify and image the distribution of water
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and hemoglobin, respectively, in the observed region of interest (ROI)[21]. Image
acquisition was performed at the beginning of the operation, before any liver manipulation
(baseline, To), and at the end of hepatic resection, after specimen removal (T1). StO2%,
NIR, TWI and OHI values were extracted for the same ROIs at Ty and T and their absolute
values at T1, and the difference between T; and To measurements (A) were calculated and

analyzed. The intraoperative setting of HSI and acquired images are shown in Figure 1.
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Figure 1. Intraoperative setting of HSI and acquired images. During the acquisition of data, all the lights of
the operating room are turned off (A). The acquisition was performed at the beginning of the surgical
procedure (B) and after the liver resection, at the end of surgery (C). The RGB (Red-Green-Blue) images and
St02%, NIR, OHI and TWI indexes are reported.
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Definition of outcomes

Intraoperative findings and short-term surgical outcomes were analyzed.
Intraoperative blood loss was defined as the amount of blood suctioned during the
operation. Post-hepatectomy liver failure (PHLF), post-hepatectomy hemorrhage (PHH)
and bile leakage were defined and graded according to the latest International Study Group
of Liver Surgery (ISGLS) classifications.[22-24]. The same standardized enhanced
recovery perioperative pathway[25] was applied to all patients. Reoperation was defined as
a new operation that occurred within 60 days of surgery. The prothrombin time (PT) <50%
and serum bilirubin >50 umol/L on postoperative day (POD) 5 were analyzed (“50-50

criteria”) as predictors of liver failure and death after hepatectomy.[26]
Data collection

Preoperative, intraoperative, and postoperative data were retrospectively retrieved
from a prospectively maintained electronic database. Preoperative data included: gender,
age, body mass index (BMI), comorbidities such as dyslipidemia, diabetes, hypertension,
preexisting hepatopathy, preoperative procedures (chemoembolization, portal vein
embolization, biliary drainage ), type of neoplasia, neoadjuvant chemotherapy, American
Society of Anesthesiologists physical status classification (ASA)[27]. Bilirubin, aspartate
transaminase (AST), alanine transaminase (ALT), gamma-glutamyltransferase (GGT),
alkaline phosphatase (ALP), albumin, hemoglobin, PT, and international normalized ratio
(INR) were collected preoperatively. Intraoperative data included duration of surgery,
calculated from skin incision to closure of the last surgical wound, intraoperative blood
loss, need for blood transfusions, number of resected segments of the liver, type of Pringle
maneuver, and total duration of liver ischemia. Bilirubin, AST, ALT, GGT, ALP, albumin,

hemoglobin, PT, and INR were routinely measured on POD 1, POD 2 and POD 5.
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Histologic data on steatosis, fibrosis, and cirrhosis of non-tumoral liver were always
reported in the final pathological report and collected.

All procedures were performed by two experienced HPB surgeons.
Statistical analysis

Categorical data were expressed as numbers and percentages. For continuous
variables, median and interquartile range (IQR) were reported. Continuous variables were
compared using the Student’s t-test or the Mann-Whitney U test, as appropriate. Normality
of data distribution was checked by histogram visual inspection. Two-tailed p-values were
considered significant when less than 0.05. Statistical analyses were performed using SPSS
for Windows, Version 25.0.

The Materials and Methods should be described with sufficient details to allow others
to replicate and build on the published results. Please note that the publication of your
manuscript implicates that you must make all materials, data, computer code, and protocols
associated with the publication available to readers. Please disclose at the submission stage
any restrictions on the availability of materials or information. New methods and protocols
should be described in detail while well-established methods can be briefly described and
appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available
database should specify where the data have been deposited and provide the relevant
accession numbers. If the accession numbers have not yet been obtained at the time of
submission, please state that they will be provided during review. They must be provided
prior to publication.

Interventionary studies involving animals or humans, and other studies that require
ethical approval, must list the authority that provided approval and the corresponding

ethical approval code.
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3. Results

Overall, 15 patients submitted to major hepatectomies for liver tumors were included
for experimental hyperspectral analysis. The most frequent preoperative diagnosis was
hepatocellular carcinoma (HCC, 40%), followed by colorectal liver metastasis (CRLM,
33%). Five patients underwent neoadjuvant chemotherapy, while only one patient
presented a biliary drainage for preoperative obstructive jaundice. Descriptive analysis of

patients’ preoperative characteristics and biochemical assessment is reported in Table 1.

Table 1. Descriptive analysis of preoperative variables

Variable Total Cohort
n=15
Gender, male (%) 10 (67)
Age, years” 69 (49; 73)
BMI, Kg/m?** 28.8 (26.6; 30.1)
BMI> 30 (%) 3 (20)
ASA, >3 (%) 9 (60)
Dislypidemia (%) 5(33)
Diabetes (%) 6 (40)
Hypertension (%) 5(33)
HBYV or HCV + (%) 2 (13.5)
Hepatocellular carcinoma (%) 6 (40)
Colorectal metastasis (%) 5(33)
Colangiocarcinoma (%) 2 (13.5)
Other (%) 2 (13.5)
Overall comorbidities (%) 11(73.3)
Neoadjuvant therapy (%) 5(33)
Preoperative chemoembolization (%) 5(@33)
Preoperative portal vein embolization (%) 6 (40)
Preoperative biliary drainage (%) 1(6.7)
Preoperative bilirubin, umol/L* 9.4 (5.7, 10.7)
Preoperative serum AST, U/L* 29 (23; 63)
Preoperative serum ALT, U/L* 46 (21; 60)
Preoperative serum ALP, U/L* 103 (73; 174)
Preoperative serum GGT, U/L* 86 (47;172)
Preoperative serum Hemoglobin, g/dL* 12.8 (11.3; 13.6)
Preoperative serum PT, sec* 87 (75; 100)
Preoperative serum INR* 1.1(1; 1.21)
Preoperative serum Albumin, g/dL* 43 (41; 46)

* Expressed as median [interquartile range]

BMI body mass index, AS4 American Society of Anesthesiologists, AST ASpartate transaminase, ALT ALanine
Trasnaminase, ALP Alkaline Phosphatase, GGT Gamma-Glutamyl Transferase, PT Prothrombin Time, /NR International
Normalized Ratio
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All these operations were performed by laparotomy, with a median duration of 382
minutes; Pringle maneuver was performed in 10 patients (67%). Overall, the median
duration of the vascular intermittent clamping was 53 minutes. Postoperative 90 days
mortality was reported in two patients (13.5%), one after extended left hepatectomy
associated to distal splenopancreasectomy that had aspiration pneumonia at postoperative
day 21 and developed septic shock and multiorgan failure; the second patient had
hemorrhagic shock after hepatic artery rupture after left extended hepatectomy and loco-
regional lyphadenectomy for intrahepatic cholangiocarcinoma. Liver failure was described
in four patients (26.9%), but only one required invasive treatment (grade C PHLF) and was
related to postoperative death. Four other patients presented Dindo-Clavien
complications>3, two developed post-operative bilioma necessitating percutaneous
drainage under general anesthesia, one acute kidney dysfunction requiring temporary
dialysis and one abdominal abscess drained percutaneously. Descriptive analysis of

intraoperative and postoperative variables is reported in Table 2.

Table 2. Descriptive analysis of intraoperative and postoperative variables

Variable Total Cohort
n=15

Number of resected hepatic segments* 4(3;6)

Duration of surgery, minutes” 382 (324; 452)

Vascular clamping (%) 10 (67)

Total time of vascular clamping, minutes* 53 (38; 80)

Intraoperative blood loss, mL" 490 (200; 650)

Intraoperative transfusion (%) 2(13.5)

Postoperative complications, (Dindo-Clavien) >3 (%) 6 (40)

Postoperative 90 days mortality (%) 2(13.5)

Liver failure (%) 4(26.9)

Grade A (%) 1(6.7)

Grade B (%) 2(13.5)

Grade C (%) 1(6.7)

PHH (%) 2(13.5)

Biliary leakage (%) 2(13.5)

Sepsis (%) 5(33)

30-days reoperation (%) 2(13.5)

POD 1 serum Bilirubin, pmol/L* 25.7 (16.4; 52.1)

POD 2 serum Bilirubin, pmol/L* 24.1(11.1;67.1)

POD 5 serum Bilirubin, pmol/L* 25.5(10.4; 61.6)

POD 1 serum AST, U/L’ 788 (438; 1440)

POD 2 serum AST, U/L’ 608 (261; 1228)

POD 5 serum AST, U/L’ 75 (36; 128)

POD 1 serum ALT, U/L’ 541 (380; 1047)

POD 2 serum ALT, U/L’ 531 (352; 1383)
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POD 5 serum ALT, U/L’ 171 (79; 323)

POD 1 serum ALP, U/L" 75 (53; 106)
POD 2 serum ALP, U/L" 87 (57; 117)
POD 5 serum ALP, U/L" 94 (62; 185)
POD 1 serum GGT, U/L’ 97 (57; 126)
POD 2 serum GGT, U/L" 74 (34; 112)
POD 5 serum GGT, U/L" 75 (54; 300)
POD 1 serum PT, sec” 52 (42; 67)
POD 2 serum PT, sec” 49 (32; 64)
POD 5 serum PT, sec” 50 (35; 75)
PODS serum Bilirubin > 50 umol/L (%) 5(33)
PODS serum PT < 50 sec (%) 6 (40)
50-50 criteria (%) 2 (13.5)

"Expressed as median [interquartile range]

POD postoperative day, CD Clavien-Dindo, PHH post-hepatectomy hemorrhage0. AST ASpartate
transaminase, ALT ALanine Trasnaminase, ALP Alkaline Phosphatase, GGT Gamma-Glutamyl Transferase,
PT Prothrombin Time

Correlation between HSI and perioperative outcomes

StO2% values after liver resection were significantly higher in patients who underwent
preoperative biliary drainage for jaundice (0.772396 vs 0.491312 + 0.1123386, p=0.033)
and lower in case of unhealthy (steatotic, fibrotic or cirrhotic) liver (0.308659 = 0.1180001
vs 0.545178 £+ 0.1022391, p=0.011), while this relationship was not maintained when
considering liver steatosis, fibrosis, and cirrhosis separately. Moreover, cirrhotic liver
presented higher negative AStO»% values when compared to healthy liver (-0.223228 vs
0.067624 + 0.1270989, p=0.05). However, preoperative biliary drainage and cirrhosis
happened in only one patient. Moreover, StO2% showed a significant negative correlation
with ALT values of PODS5 (p = -0.602, p=0.030), while AStO,% presented a positive
correlation with ALP measured in PODI (p = 0.594, p=0.032).

NIR measurement at the end of operation presented higher values for unhealthy when
compared to healthy liver (0.248632 + 0.2045839 vs 0.020497 + 0.0068152, p=0.003), and
this relationship was maintained when considering the comparison between fibrotic and
healthy liver (0.438459 + 0.1936464 vs 0.155382 £+ 0.1690520, p=0.028). Preoperative
history of dyslypidemia correlated with lower values of final NIR (0.072035 + 0.1018278

vs 0.296045 + 0.2082360). Final NIR values showed negative correlation with ALT values
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of POD1 (p =-0.666, p=0.013) and PODS5 (p =-0.696; p=0.008), while intraoperative blood
loss negatively correlated with ANIR (p = 0.629, p=0.021).

TWI was the only HSI index to correlate with postoperative reintervention. In fact, the
two patients who presented with biliary leakage, PHH and subsequent reoperations, showed
lower values of final TWI (0.133098 + 0.0615701 vs 0.270123 + 0.0779744, p=0.038).
Preoperative chemoembolization showed significant correlation with higher final values of
TWI and ATWI (p=0.027 and p=0.036, respectively). A negative correlation was found
between ATWI, and PT measured in POD1 (p =-0.567, p=0.043).

Lower OHI final values showed significant correlation with postoperative sepsis
(0.641417 + 0.0340463 vs 0.704987 + 0.0712082, p=0.045), while AOHI correlated with
preoperative hypertension (-0.124543 + 0.0575170 vs -0.019336 + 0.0646324, p=0.013)
and PHLF (-0.074822 + 0.0774023 vs 0.022819 + 0.0220585, p= 0.010), also showing
negative correlation with ALT values observed in PODS5 (p =-0.813, p=0.001).

All the correlations between HSI and perioperative outcomes are reported in Table 3

(a,b) and Table 4 (a,b).
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Table 3a Comparison of final hyperspectral indexes between patients with different perioperative features

TWI final P OHI final P StO: final P NIR final P
- <30 0.239257 £ 0.0863027 5 0.680372 + 0.0707513 20 0.538018 + 0.1359924 ' 0.237461 + 0.2099274 o5
>30 0.291949 = 0.1044797 : 0.710483 + 0.0650543 : 0.413753 + 0.0416339 : 0.137502  0.2066639 :
Preexisting b . No 0.235266 = 0.0854626 s 0.682849 + 0.0661445 P 0.508318 + 0.1397226 010 0.200581 + 0.2175399 240
& fiepatopathy Yes 0.342238 £ 0.0538465 : 0.710671 + 0.1058574 : 0.529816 + 0.0962579 : 0308800 + 0.0950312 :
Preoperative No 0.218855 + 0.0980174 027 0.663419 + 0.0526673 o8 0.513850 + 0.1545281 030 0.276932 + 0.2291223 264
ch boli Yes 0.307595 £ 0.0131076 : 0.728952 + 0.0785237 : 0.506961 + 0.0916789 : 0.106437 = 0.0952051 :
] No 0.263105 = 0.089017 0.668654 + 0.0579772 0.498806 + 0.1574234 0.188805 + 01786111
Neoadjuvant CT Yes 0.227945 + 0.0941956 S0 0.719530 £ 0.0797624 192 0.534039 £ 0.0750950 630 0.265067 + 0.2625633 699
Preoperative portal | No 0.234524 + 0.0905328 50 0.673715 + 0.0489016 0 0.454457 + 0.1205904 057 0.233968 + 0.2491355 000
bolization Yes 0.271914 = 0.0902129 : 0.704302  0.0902349 : 0.587299 + 0.1118087 : 0.192139 + 0.1477763 :
- . No 0.244987 + 0.0900135 0.693930 + 0.0654900 0.491312 + 0.1123386 0.217204 + 0.2139745
Preoperative biliary drainage Yes* 0322846 421 0.594439 169 0772396 .033 0.200022 1.000
Distvoidemi No 0.240269 = 0.1038706 3 0.673571 + 0.0627296 50 0.528450 + 0.1551929 3 0.296045 + 0.2082360 029
isypicemia Yes 0.269050 + 0.0589130 : 0.710679 + 0.0786646 : 0.480681 + 0.0787255 : 0.072035 01018278 :
i No 0.230414 + 0.1056922 0.696561 + 0.0801249 0.517390 + 0.1582457 0.263784 + 0.2182323
Diabetes Yes 0.286790 = 0.0286157 27 0.669298 + 0.0415621 496 0.500588 + 0.0767515 829 0.130104 + 0.1667518 240
Hvnertension No 0.191474 + 0.0745690 050 0.677744 + 0.0503171 7 0.474390 + 0.1650029 s 0.251728 + 0.2747102 297
ypertensi Yes 0.283367 = 0.0817567 : 0.691868 + 0.0789702 : 0.531945 + 0.1147022 : 0.196215 + 0.1724453 :
,,, No 0.195183 = 0.0855704 0.679677 + 0.0578865 0.496135 + 0.1820687 0311862 + 0.2766107
Overall comorbidities Yes 0.272694 + 0.0841467 147 0.689683 + 0.0747739 816 0.517491 + 0.1174043 796 0.177713 £ 0.1727906 304
Intraonerative transfusion No 0.260331 £ 0.0819605 3 0.685257 + 0.0727266 o3 0.503627 + 0.1396737 0o 0.213809 + 0.2036642 000
P Yes 0.191850 = 0.1446589 : 0.696223 + 0.0476637 : 0.557963 + 0.0717409 : 0.229432 + 0.3049240 :
o No 0.270233 + 0.0505753 0.693441 + 0.0800839 0.517888 + 0.0572657 0.224564 + 0.2435888
Overall morbidity Yes 0.235785 £ 0.1108412 493 0.681861 + 0.0633943 767 0.506516 + 0.1723634 880 0.209649 + 0.1898221 852
Liver fait No 0.247172 = 0.0743674 68 0.681053 + 0.0705981 66 0.517901  0.1407749 38 0.198020 + 0.2077715 68
iver tatfure Yes 0.262925 + 0.1532453 : 0.707985 + 0.0674837 : 0.487514 +0.1105711 : 0.282120 £ 0.2250620 :
) No 0.270123 + 0.0779744 0.690250 + 0.0736359 0.513613 + 0.1348084 0.214028 + 0.2034280
Liver hemorrhage Yes 0.133098 + 0.0615701 038 0.666267 + 0.0052990 664 0.498051 + 0.1564696 884 0.228119 + 0.3067808 923
) No 0.270123 £ 0.0779744 0.690250 + 0.0736359 0.513613 + 0.1348084 0.214028 + 0.2034280
Bile leak Yes 0.133098 £ 0.0615701 038 0.666267 + 0.0052990 664 0.498051 + 0.1564696 884 0.228119 + 0.3067808 923
Postoverative Antibiofi No 0.270731 = 0.0820834 100 0.704987 + 0.0712082 ois 0.516573 + 0.0742967 w26 0.235174 + 0.2137565 s
ostoperafive Anfiblotics Yes 0.200091 £ 0.0965435 : 0.641417 + 0.0340463 : 0.498429 + 0.2409589 : 0.168209 + 0.2046367 :
Reoneration No 0.270123 = 0.0779744 038 0.690250 + 0.0736359 o 0.513613 + 0.1348084 o84 0.214028 + 0.2034280 03
P Yes 0.133098 £ 0.0615701 : 0.666267 + 0.0052990 : 0.498051 + 0.1564696 : 0.228119 + 0.3067808 :
Postoperative Bilirubine > 50 No 0.254588 + 0.0756003 056 0.696863 + 0.0750111 53 0.497793 + 0.1263709 T 0.167172 + 0.1705684 P
in POD5 Yes 0.257651 £ 0.1202765 : 0.677681 + 0.0686495 : 0.524469 + 0.1649255 : 0.211694 + 0.1978018 :
) i No 0.243983 £ 0.0835275 0.696613 + 0.077061 1 0.519614 + 0.0878004 0.188439 + 0.1724098
Postoperative PT <50in PODS 17y, ;¢ 0.264589 + 0.1153340 726 0.671418 + 0.0709153 S77 0.492031 + 0.2087494 738 0.212592 + 0.1966719 639
o No 0.239900 + 0.0781888 0.689374 + 0.0742251 0.482815 + 0.1320648 0.166844 + 0.1709078
50-50 eriteria Yes 0.277905 + 0.1286612 533 0.679598 + 0.0791150 837 0.558734 + 0.1686418 409 0.261820 + 0.1881938 28
Helthy vs Healthy 0.265111 + 0.0760691 " 0.657303 + 0.0263142 . 0.545178 + 0.1022391 o 0.020497 + 0.0068152 003
not-healthy Not-healthy 0.248121 £ 0.0937001 : 0.691744 + 0.0725715 : 0308659 + 0.1180001 : 0.248632 + 0.2045839 :
Healthy vs steatost Healthy 0.247828 = 0.1062058 026 0.675116 + 0.0561137 99 0.473400 + 0.1474839 70 0.288728 + 0.2424102 268
ealthy vs steatosic S i 0.252588 £ 0.0814004 : 0.695605 + 0.0788087 : 0.539881 £ 0.1200556 : 0.161526 + 0.1691907 :
, ] Healthy 0.266476 = 0.0816544 0.696815 + 0.0742775 0.490738 + 0.1418744 0.155382 + 0.1690520
Healthy vs fibrosis Fibrosis 0.192145 + 0.1076113 212 0.650188 + 0.0134668 s 0.587111 + 0.0285334 27 0.438459 + 0.1936464 028
,, Healthy 0.240566 = 0.0840258 0.679232 + 0.0646579 0.515208 + 0.1360609 0.203737 + 0.2085892
Healthy vs cirrhosis Cirrhosis* 0380313 133 0.785524 139 0461752 712 0.375997 442
Vascular clamoi No 0.290016 = 0.0727332 %0 0.677431 + 0.0785936 o 0.566543 + 0.1203236 258 0317827 + 0.2284837 17
ascular camping Yes 0.228621 + 0.0932619 : 0.692042 + 0.0663934 : 0.480749 + 0.1338067 : 0.159493 + 0.1803703 :

* only 1 case in the present population

183




Table 3b Comparison of differential values of hyperspectral indexes between patients with different perioperative features

Delta TWI

Delta OHI

P P Delta StO2 P Delta NIR P
<30 20.020530 £ 0.0814836 £0.063338 = 0.0710275 0.053490 + 0.1288035 £0.006279 = 0.2127378
BMI 230 >30 0.033784 = 0.1415086 405 £0.048008 = 0.1236632 785 0.017788 + 0.2275176 727 £0.131020 = 0.1319792 237
No -0.002487 £ 0.1012780 £0.068554 = 0.0812640 0.064900 + 0.1329345 £0.023769 = 0.2055404
Hepatopathy Yes £0.038298 = 0.0432518 642 20.011652 = 0.0708070 37 20.062819 = 0.2268525 27 20.097194 = 0.2155679 769
Preoperative No £0.049869 = 0.0775269 36 20.064570 = 0.0835950 08 0.024749 + 01744489 s £0.001606 = 0.2410196 s
ch boli Yes 0.059001 = 0.0837714 : 20.052168 = 0.0823733 : 0.078055 + 0.0922135 : £0.088600 = 0.1097076 :
] No 0.015610 = 0.0926317 20.055718 = 0.0784012 0.052206 + 0.1710430 £0.052278 = 0.2167942
Neoadjuvant CT Yes £0.045766 = 0.0934857 271 £0.066331 = 0.0910465 827 0.034124 + 01117891 839 £0.007523 = 0.1890109 1.000
Preoperative portal | No £0.019435 = 0.1021835 P £0.053365 = 0.0938970 6 20.015977 = 0.1446752 10a 20.055718 = 0.2478075 o8
bolization Yes 0.005349 = 0.0916297 : £0.067308 = 0.0678286 : 0.116684 + 01211113 : 20.010970 = 0.1436254 :
- . No 20.016463 = 0.0931426 £0.060094 = 0.0834038 0.024105 + 0.1300443 £0.054621 = 0.1950298
Preoperative biliary drainage Yes* 0.093601 280 0.056274 966 0299004 .067 0.199604 368
Distvoidemi No -0.001630 £ 0.1192897 i £0.071535 = 0.0708195 27 0.037493 + 01681291 520 £0.039616 = 0.2502065 a3
isypicemia Yes 20.018183 + 0.0392429 : £0.041025 = 0.0981830 : 0.057664 + 0.1190163 : £0.027783 = 0.0992574 :
Diabetes No 20.016382 £ 0.0852586 03 £0.085738 = 0.0743323 a5 0.051519 + 0.1847046 054 £0.064239 = 0.2413175 o
Yes 0.005421 = 0.1164769 : 20.018299 = 0.0772342 : 0.035223 + 0.0635521 : 0.011614 + 0.1148034 :
Hvnertension No £0.032444 = 0.0924927 a £0.124543 = 0.0575170 o3 0.075383 + 0.1506270 70 £0.052743 = 0.2667009 ou3
ypertensi Yes 0.007284 £ 0.0982253 : 20.019336 = 0.0646324 : 0.026419 + 0.1500725 : 20.024016 = 0.1651862 :
- No 20.034312 £ 0.1066924 £0.108263 = 0.0514208 0.037019 + 0.1429668 20.068718 = 0.3051848
Other comorbidities Yes 0.003700 + 0.0925083 526 £0.038261 = 0.0829375 152 0.048910 £ 0.1557534 899 £0.020108 = 0.1549617 1.000
) . No 20.010133 = 0.0981190 20.066789 = 0.0791499 0.043103 = 0.1522746 vs £0.037926 = 0.2081925
Intraoperative transfusion Yes+ 0.017649 791 0.024067 294 0.071030 863 20.000738 1.00
o No £0.039453 = 0.0502912 £0.038884 = 0.0727085 0.015760 + 0.0636814 0.049863 + 0.1654348
Overall morbidity Yes 0.018967 £ 0.1175734 284 £0.077728 = 0.0868181 405 0.070529 £ 0.1939997 503 20.107860 = 0.2085058 293
Liver fait No £0.020934 £ 0.0773137 6 £0.074822 = 0.0774023 oo 0.069431 + 0.1331408 . 20.004694 = 0.2018893 154
iver tatfure Yes 0.063162 + 0.1867376 : 0.022819 + 0.0220585 : £0.087736 = 0.1916136 : £0.202108 = 0.0671965 :
) No £0.006582 = 0.0983043 £0.048978 = 0.0727775 0.029952 + 0.1411867 £0.038917 = 0.2079657
Liver hemorrhage Yes* 20.024972 8ol 20.189662 090 0.228838 203 0.011158 1.000
) No 20.006582 = 0.0983043 20.048978 = 0.0727775 0.029952 + 0.1411867 20.038917 = 0.2079657
Bile leak Yes* 20.024972 861 20.189662 090 0.228838 203 0.011158 1.000
) . No 20.018829 £ 0.1023436 £0.045226 = 0.0796898 0.019211 + 0.1152786 £0.022478 = 0.1679342
Postoperative Antibiotics Yes 0.028111  0.0602527 474 £0.108382 < 0.0713185 246 0.132053 + 0.2310800 237 £0.077021 = 0.3296813 1.000
) No £0.006582 = 0.0983043 £0.048978 = 0.0727775 0.029952 + 0.1411867 £0.038917 = 0.2079657
Reoperation Yes* 20.024972 8ol 20.189662 090 0.228838 203 0.011158 1.000
Postoperative Bilirubine > 50 No £0.027980 = 0.0786605 o7 20.060981 = 0.0798552 o 0.028645 + 0.1081746 " 20.068636 = 0.1882200 000
in POD5 Yes 0.048738 = 0.1193496 : £0.050075 = 0.1010551 : 0.088092 + 0.2329809 : £0.048364 = 0.1973332 ’
) i No £0.040310 = 0.0798611 20.088909 = 0.0896022 0.074092 + 0.1154917 £0.013624 = 0.1219900
Postoperative PT <50in PODS = 0 0.058907 £ 0.1125126 120 £0.022462 = 0.0546223 216 £0.002038 = 0.2300999 473 20.161609 = 0.2688198 313
050 criteria No -0.033308 £ 0.0765434 ' £0.087697 = 0.0830264 1 0.048370 + 0.1293280 051 £0.067149 = 0.1888789 021
Yes 0.073308 = 0.1332078 : £0.003546 = 0.0482547 : 0.041177 + 0.2611780 : £0.068204 = 0.2367461 :
Helthy vs Healthy 0.065476 + 0.0929143 63 £0.036919 = 0.0359334 70 0.037297  0.2253255 o 20.177665 = 0.1651309 e
not-healthy Not-healthy -0.013591 £ 0.0783757 : £0.030435 = 0.0912430 : 0.022424 + 0.1233306 : £0.032173 = 0.1461388 :
Healthy vs steatost Healthy 0.011850 £ 0.1096453 1 £0.036910 = 0.0564948 38 £0.040565 = 0.1330348 04 £0.100822 = 0.2809984 70
ealthy vs steatosic S i £0.020400 = 0.0889018 : £0.074106 = 0.0922015 : 0.098886 + 0.1337132 : 0.006033 + 0.1347425 :
, ] Healthy 20.001925 £ 0.1008512 £0.056948 = 0.08693 14 0.043994 + 01586012 £0.072525 = 0.1873344
Healthy vs fibrosis Fibrosis £0.041389 = 0.0476232 608 £0.075489 = 0.0194722 m 0.052166 + 0.0642399 946 0.170966 + 0.1636668 A1
,, Healthy 20.002922 £ 0.0965766 £0.067985 = 0.0775073 0.067624 + 0.1270989 ~0.017185 = 0.1972977
Healthy vs cirrhosis Cirrhosis* 20.068882 323 0.038416 214 0.223228 050 £0.249623 282
Vascular clamoi No £0.025682 = 0.0795543 oL £0.042327 = 0.0720511 56 0.036377  0.1860855 o 0.079699 + 0.2115497 02
ascular camping Yes 0.003057 + 0.1060703 : £0.070721 = 0.0872480 : 0.050798 + 0.1290803 : £0.106792 = 0.1656317 :

* only 1 case in the present population
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Table 4a Correlation between final hyperspectral indexes and perioperative continous variables

TWI final OHI final StO2 final NIR final
rho )/ rho )/ rho )/ rho )/
BMI 0.045 0.878 -0.138 0.638 -0.085 0.773 -0.041 0.890
Preoperative bilirubine -0.048 0.869 0.048 0.869 -0.009 0.976 -0.026 0.929
Preoperative AST -0.106 0.719 -0.247 0.395 0.249 0.391 0.456 0.101
Preoperative ALT -0.480 0.082 -0.436 0.119 0.145 0.620 0.430 0.125
Preoperative ALP -0.108 0.714 -0.011 0.970 0.359 0.208 0.130 0.658
Preoperative GGT -0.029 0.923 -0.288 0.318 0.372 0.190 0.513 0.061
Preoperative Hb 0.220 0.450 -0.321 0.263 -0.053 0.858 0.097 0.742
Preoperative PT -0.147 0.616 0.368 0.196 -0.334 0.243 -0.341 0.233
Preoperative INR 0.088 0.760 -0.333 0.244 0.229 0.432 0.284 0.325
Preoperative Albumin -0.406 0.150 -0.326 0.255 -0.151 0.607 -0.035 0.904
n. resected Sg -0.135 0.646 0.042 0.887 0.246 0.396 -0.014 0.962
Total duration of vascular clamping -0.295 0.306 0.104 0.724 -0.228 0.434 -0.237 0.416
Blood loss 0.357 0.211 0.365 0.199 -0.100 0.735 -0.024 0.934
Operative time 0.322 0.262 0.366 0.199 -0.070 0.811 0.196 0.502
AST POD1 -0.123 0.675 -0.075 0.799 -0.299 0.299 -0.374 0.188
AST POD2 -0.341 0.254 -0.132 0.667 -0.325 0.279 -0.380 0.201
AST POD5 0.105 0.734 -0.050 0.872 0.083 0.788 0.085 0.781
ALT POD1 -0.156 0.594 -0.130 0.658 -0.367 0.196 -0.165 0.573
ALT POD2 -0.325 0.279 -0.127 0.680 -0.517 0.070 -0.666 0.013
ALT POD5 -0.191 0.531 -0.004 0.989 -0.602 0.030 -0.696 0.008
Bilirubin POD1 -0.055 0.852 0.231 0.427 0.108 0.714 0.002 0.994
Bilirubin POD2 0.140 0.648 0.124 0.687 0.003 0.993 0.058 0.851
Bilirubin POD5 0.121 0.693 0.135 0.660 -0.019 0.950 0.121 0.693
ALP POD1 -0.200 0.492 0.007 0.982 0.443 0.113 0.137 0.642
ALP POD2 -0.237 0.436 -0.099 0.747 0.350 0.241 0.171 0.577
ALP POD5 -0.193 0.528 -0.019 0.950 0.284 0.347 -0.113 0.713
GGT POD1 -0.104 0.724 -0.335 0.241 0.304 0.290 0.359 0.207
GGT POD2 0.033 0.915 -0.331 0.270 0.190 0.534 0.259 0.393
GGT POD5 -0.083 0.789 -0.138 0.654 0.242 0.426 0.110 0.720
PT POD1 -0.150 0.609 0.253 0.382 -0.026 0.929 0.011 0.970
PT POD2 -0.025 0.936 0.220 0.469 -0.110 0.720 -0.174 0.571
PT POD5 -0.039 0.905 0.326 0.301 -0.298 0.347 -0.424 0.170
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Table 4b Correlation between differential hyperspectral indexes and perioperative continous variables

Delta TWI Delta OHI Delta StO: Delta NIR
rho ¥4 rho ¥4 rho ¥4 rho )4
BMI 0.245 0.420 0.008 0.979 0.305 0.310 0.077 0.802
Preoperative bilirubine 0.467 0.108 0.159 0.603 0.033 0.915 -0.231 0.448
Preoperative AST 0.028 0.929 -0.113 0.714 -0.250 0.409 -0.030 0.922
Preoperative ALT -0.069 0.823 -0.569 0.042 0.014 0.964 0.171 0.577
Preoperative ALP 0.313 0.297 -0.258 0.394 0.533 0.061 0.022 0.943
Preoperative GGT 0.280 0.354 0.022 0.943 -0.022 0.943 0.088 0.775
Preoperative Hb 0.187 0.541 -0.104 734 -0.132 0.668 0.044 0.887
Preoperative PT -0.304 0.312 -0.008 0.978 -0.014 0.964 0.148 0.630
Preoperative INR 0.271 0.371 -0.162 0.597 0.089 0.771 -0.162 0.597
Preoperative Albumine -0.442 0.130 -0.287 0.341 -0.180 0.557 0.135 0.659
n. resected Sg 0.356 0.233 -0.347 0.246 0.603 0.029 -0.073 0.811
Total duration of vascular clamping 0.085 0.783 0.178 0.560 -0.229 0.451 -0.490 0.089
Blood loss 0.222 0.467 0.507 0.077 -0.427 0.146 -0.629 0.021
Operative time 0.360 0.226 0.272 0.368 -0.366 0.219 -0.616 0.025
AST POD1 0.445 0.128 0.363 0.223 0.016 0.957 -0.291 0.334
AST POD2 0.294 0.354 0.238 0.457 0.014 0.966 -0.189 0.557
AST PODS 0.263 0.409 0.231 0.470 -0.546 0.066 -0.249 0.436
ALT POD1 0.407 0.168 -0.016 0.957 0.071 0.817 -0.269 0.374
ALT POD2 0.266 0.404 0.140 0.665 0.049 0.880 -0.154 0.633
ALT PODS5S -0.105 -0.745 -0.813 0.001 -0.091 0.778 -0.312 0.324
Bilirubine POD1 0.516 0.071 -0.148 0.629 0.500 0.082 -0.121 0.694
Bilirubine POD2 0.545 0.067 -0.056 0.863 0.308 0.331 -0.210 0.513
Bilirubine PODS 0.494 0.103 -0.007 0.983 0.249 0.436 -0.221 0.491
ALP POD1 0.146 0.635 -0.239 0.431 0.594 0.032 0.160 0.603
ALP POD2 0.091 0.778 -0.119 0.712 0.543 0.068 0.294 0.353
ALP PODS -0.133 0.680 0.263 0.409 0.228 0.477 0.242 0.449
GGT POD1 0.331 0.270 -0.248 0.414 0.328 0.274 0.292 0.333
GGT POD2 0.396 0.203 -0.095 0.770 0.315 0.318 0.074 0.820
GGT PODS -0.189 0.557 0.462 0.131 -0.210 0.513 0.028 0.931
PT POD1 -0.567 0.043 0.110 0.720 -0.234 0.442 0.267 0.378
PT POD2 -0.508 0.092 0.175 0.586 -0.207 0.519 0.088 0.787
0.790
PT PODS -0.509 0.110 -0.091 -0.091 0.790 0.018 0.958
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4. Discussion

In this study, we explored the potential of the HSI analysis in relation to the
postoperative outcomes following major hepatectomies.

As expected, StO2% showed lower values when considering unhealthy livers, probably
due to the higher arterial blood flow which characterizes the healthy hepatic tissue
immediately beneath Glisson’s capsule, corresponding to the depth of StO2% analysis (~1
mm)[28,29]. Instead, NIR analysis showed higher values for unhealthy liver, especially
regarding fibrosis, probably because NIR measures in deeper layers (depth 4-6 mm), where
the lobe is characterized by increased arterial and portal branches, which almost equally
contributes to the oxygenation[21]. This oxygen perfusion difference between different
depths suggests that a deeper evaluation of oxygen perfusion could be more accurate, as
previously reported[16]TWI and OHI seems to be the only parameters to correlate with
clinical postoperative outcomes. Especially, lower concentration of water inside hepatic
tissue at the end of the operation, could predict postoperative PHH, biliary leakage, and
reintervention. Probably, this could reflect the extensive use of vascular inflow clamping
and goal-directed fluid therapy with the aim to reduce intraoperative bleeding, especially
in patients who underwent major hepatectomies with resection of more than 5 segments.
On the same line, hemoglobin concentration recognized by OHI index is affected by Pringle
maneuver and a negative AOHI% is expected when vascular clamping is performed.
Consequently, higher negative AOHI% reflects major reductions in hemoglobin and
increased liver suffering, explaining its correlation with postoperative liver failure.

Moreover, the negative significant correlation of HSI parameters with higher values of
ALT in POD1 and PODS, gives consistency to our results since ALT remains the most

specific serum indicator of liver injury[30].
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Nowadays, intraoperative evaluation of liver parenchyma that must be preserved or
selectively removed, and the qualitative evaluation of the remnant liver, are mainly relied
on the naked-eye evaluation, or by ultrasound evaluation and experience of the operating
surgeon. This “subjective” evaluation becomes certainly more challenging when
underlying liver diseases are present. Ultrasonography (US) is still the gold standard for
detecting inadequate blood supply, or outflow obstruction, with high specificity[31]. In
contrast, it is operator-dependent, requires intensive training to be mastered and cannot
provide a precise global map of liver oxygenation intraoperatively.

The need for an objective and convenient HAO analysis tool has driven researchers to
find alternative solutions. Recently, ICG-fluorescence imaging was used to identify
segmental boundaries of the liver, enabling more accurate anatomic resections[32,33].
Furthermore, several authors[5,34,35] reported the usefulness of ICG as a predictive factor
of PHLF. However, these studies were biased by the high heterogeneity of the included
population and retrospective design. In addition, ICG excretion rate is affected not only by
the excretion ability of hepatocytes, but also by hepatic blood flow, shunt volume, and bile
flow rate[36]. ICG also has drawbacks such as the need for injection, the time required for
clearance; the contraindications in kidney failure and hypersensitivity or intolerance to
iodine contrast agents, or in patients affected by thyrotoxicosis, and its application in the
clinical setting is not allowed in many countries.

HST has the potential to overcome all these limitations. Our group has previously used
HSI to assess StO2% and intraoperatively localize preselected ROIs during
esophagectomy[37], small bowel ischemia[38], and hepatectomy[13]. In particular, HSI
was successfully used to guide anatomical liver resections[ 13] and to discriminate between

total and arterial liver ischemia during surgery[15].
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The present study is the first monocentric surgical series to apply HSI to major
hepatectomies in humans, and our results suggest that HSI is a feasible and promising tool
able to potentially help in prediction of short postoperative outcomes. Nevertheless, several
limitations must be reported.

First, at present, HSI technology lacks video-rate and time necessary for HSI
acquisition is around 10 seconds per image, still not yet fully “real-time”. Our group already
developed software to overlay HSI images onto the operative field, obtaining HSI-based
enhanced reality (HYPER) on liver[13], but it was not yet applied in clinical setting.

Second, the monocentric and observational design, the small sample size, and the
limited number of postoperative major complications, make these results only the starting
point to develop new clinical multicenter trials with a larger population. Finally, HIS
acquisition is at present feasible only by laparotomy, excluding so all the minimally

invasive procedures.

5. Conclusions

HSI is a recent and interesting technology still in its experimental phase. This is the
first clinical application in a monocentric major hepatectomy series, and the reported results
suggests that TWI and OHI could be associated to short-term postoperative outcomes.
Further experimental and clinical studies are necessary to better explore and evaluate the

potential value of this technology in current practice.
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6.2¢) Conclusions on the second part

HSI properties were applied in many different experimental settings. We exploited the
potential to quantify oxygenation for diagnostic purposes as well as the spatial resolution
to create HYPER to improve image-guided surgery. HSI holds great potential given its non-
invasiveness and the opportunity to standardize the evaluation without the influence of the
operator. The limited penetration of HSI represents the major limitation of this imaging
modality. For the first time, HSI was applied to liver surgery and it was possible to
intraoperatively assess and predict liver viability; to corralate images to ischemic-
reperfusion injury damage, and to enhance the surgeon’s eye intraoperatively with
Hyperspectral-based enhanced reality.

Anatomical liver resection using ICG-positive or negative staining technique is a promising
technique, but it is still performed by a minority of liver surgeons, is technically demanding,
and no standardization of the technique exists. Further studies should evaluate the real

benefit in terms of post-operative morbidity and mortality and oncologic results.

6.3) Ex vivo tumoral models

The programme of this part was focused on the HCC biobank collection of tumoral and
adjacent or non-tumoral parenchyma specimens after surgical resection. The goal was to
create an efficient pipeline to collect tumor and adjacent very high-quality liver specimens
for various purposes, especially, tissue-derived models and “omics” studies. These
specimens are collected and conserved in the LIVMOD biobank at Inserm Unit 1110 and
used to develop ex vivo liver tumor models with spheroids, tumorspheres or PDX models
technology. These models are then used to test the anti-tumoral activity of new or currently

available drugs for the treatment of HCC. The goal was to perform a proof-of-concept study
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to propose to the clinician a personalized “a la carte” chimio sensibility panel, perfectly

integrated into the concept of precision medicine.

Results and own contribution

Since May 2018, at my arrival at the Hépato-Digestive Department (Nouvel Hopital Civil,
CHU Strasbourg) I contributed to collect operative liver specimens from cirrhotic and non
cirrhotic patients with paired tumor and adjacent samples, associated to patient blood
samples in the frame of an active long-lasting collaboration with the researcher of the
Institute for viral and hepatic diseases (Inserm U1110). As an official affiliated member
since early 2019, I took actively part in the improvement of the liver resection specimens
harvesting, by optimizing the specimen conservation, consent documents, and protocols for
transfer to the translational research team at Inserm U1110. Besides, I participated in the
drafting of the official document allowing the Institute for Viral and Hepatic Research to
become by its own a “Centre de Ressources Biologiques™ supervised by the Inserm clinical
research department. After several rounds of revision, the authorization was obtained in
June 2020, and allowed the creation of the LIVMOD (UMR_S1110) biobank.

The collected specimens and blood samples were used to improve liver tumors and liver
disease ex vivo models like tumor spheres or liver spheroids or patient-derived xenografts
(PDX). HCC-derived spheroids have been used to test antitumoral activity of new drugs
compared to routinely used therapies to establish “chemograms”, with the objective of a
medical treatment “a la carte”. This part needed coordination for specimens transport and
logistic considerations to guarantee the perfect timing from resection to ex vivo culture, to
minimize cellular necrosis. This continuous, efficient and dynamic teamwork lead us to
collect in these three years a great amount (near to 100) of operative specimens allowing
high quality cultures that were used for many studies, especially to that one that

demonstrated the role of the anti-Claudine 1 antibody, developed at the Institute for Viral
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and Hepatic Diseases for the prevention of liver fibrosis and HCC development. Beside
this main research program, other projects addressed hepatic virus host interactions,
especially for HBV and HDV projects, the role of epigenetic modifications in HCC risk
after HCV cure, the impact of liver disease on circadian clock and metabolism
perturbations, as well as proof-of-concept studies for new molecules identify at the Inserm
unit as new therapeutic agents for fibrosis and or HCC development and new cellular

targets for chemoprevention of HCC development (for a summary see Fig. 4a,b).

Patient derived tissues as tools for liver disease research
Unité INSERM 1110

Spheroids
Liver on a chip T HCC Tumorspheres
BioBank LIVMOD

State-of-the-art humanised < o S ) Single Cell RNA sequencing
mice models for liver disease ' 4
' \ :\'

Liver resection

|
Primary human l Labelling and
hepatocytes culture PDX models Immunohistochemistry

Figure 4a: Patient derived tissues as tools for liver disease research
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Patient derived tissues in main research programs
Unité INSERM 1110
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Figure 4b: Patient derived tissues in main research programs
Not every project in this third part has been fully developed, but preliminary results have

been published in indexed journals, citing references here reported.
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Abstract

Chronic liver disease and hepatocellular carcinoma (HCC) are life-threatening diseases
with limited treatment options. The lack of clinically relevant/tractable experimental
models hampers therapeutic discovery. Here, we develop a simple and robust human liver
cell-based system modeling a clinical prognostic liver signature (PLS) predicting long-term
liver disease progression toward HCC. Using the PLS as a readout, followed by validation
in nonalcoholic steatohepatitis/fibrosis/HCC animal models and patient-derived liver
spheroids, we identify nizatidine, a histamine receptor H2 (HRH2) blocker, for treatment
of advanced liver disease and HCC chemoprevention. Moreover, perturbation studies
combined with single cell RNA-Seq analyses of patient liver tissues uncover hepatocytes
and HRH2+, CLEC5Ahigh, MARCOIlow liver macrophages as potential nizatidine targets.
The PLS model combined with single cell RNA-Seq of patient tissues enables discovery of
urgently needed targets and therapeutics for treatment of advanced liver disease and cancer
prevention.
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Abstract

Chronic hepatitis B virus (HBV) infection is a major cause of hepatocellular carcinoma
(HCC) world-wide. The molecular mechanisms of viral hepatocarcinogenesis are still
partially understood. Here, we applied two complementary single-cell RNA-sequencing
protocols to investigate HBV-HCC host cell interactions at the single cell level of patient-
derived HCC. Computational analyses revealed a marked HCC heterogeneity with a robust
and significant correlation between HBV reads and cancer cell differentiation. Viral reads
significantly correlated with the expression of HBV-dependency factors such as HLF in
different tumor compartments. Analyses of virus-induced host responses identified
previously undiscovered pathways mediating viral carcinogenesis, such as E2F- and MYC
targets as well as adipogenesis. Mapping of fused HBV-host cell transcripts allowed the
characterization of integration sites in individual cancer cells. Collectively, single-cell
RNA-Seq unravels heterogeneity and compartmentalization of both, virus and cancer
identifying new candidate pathways for viral hepatocarcinogenesis. The perturbation of
pro-carcinogenic gene expression even at low HBV levels highlights the need of HBV cure
to eliminate HCC risk.
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Abstract

Chronic HBV infection is a major cause of liver disease and cancer worldwide. Approaches
for cure are lacking, and the knowledge of virus-host interactions is still limited. Here, we
perform a genome-wide gain-of-function screen using a poorly permissive hepatoma cell
line to uncover host factors enhancing HBV infection. Validation studies in primary human
hepatocytes identified CDKN2C as an important host factor for HBV replication. CDKN2C
is overexpressed in highly permissive cells and HBV-infected patients. Mechanistic studies
show a role for CDKN2C in inducing cell cycle G1 arrest through inhibition of CDK4/6
associated with the upregulation of HBV transcription enhancers. A correlation between
CDKN2C expression and disease progression in HBV-infected patients suggests a role in
HBV-induced liver disease. Taken together, we identify a previously undiscovered
clinically relevant HBV host factor, allowing the development of improved infectious
model systems for drug discovery and the study of the HBV life cycle.
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7. CONCLUSIONS

This fascinating research on some specific aspects of HCC treatment is an example of how
interactions between different disciplines, “know how” and cutting-edge technologies can
be synthesized to provide the highest quality of clinical care.

The word “precision” is the cornerstone of the 21% century paradigm of personalized
medicine, the ultimate form of cure and care. The patient as a whole is once again the center
of medical science, between modern macroeconomic healthcare necessities (and limits),
and continuous need of the best treatment for every specific form of the disease.

We initially focused on preoperative strategy to see if the most recent technologies applied
to tridimensional reconstruction significantly improved surgical strategy. The multicentric
prospective trial showed that in tertiary referral HPB centers substantial modifications were
reported after 3D images analysis. These results suggest that 3D models are a complement
and not an opposition to standard imaging. Educational and teaching purposes are also to
be considered as 3D reconstruction allows an easier comprehension of the real anatomy of
the patient. Details quality is improving and probably soon it will be an integrated and
routine part of the surgical process.

We then moved to the intraoperative time exploring the cutting-edge technology of
hyperspectral imaging. Experiments showed very interesting, though not fundamental
results, but as this new technology is still not explored nor clinically routinely applied, the
presented articles are among the first on that kind in this really innovative field. Further
research should also be focused on liver transplantation to look for correlations between
HIS imaging and liver reperfusion, and postoperative outcome. The review associated with
the intraoperative phase focused on an innovative approach, the positive and negative
staining with ICG for real time intraoperative guidance during minimally invasive

anatomical liver resection. This promising technique is still very rarely used, and future
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standardization of the technique may overcome some technical limits. The use of the fusion
camera is undoubtedly a great advance to help diffusion in the everyday practice. Finally,
the transversal work with the INSERM Unit 1110 was an example of a multidisciplinary
approach to clinical and translational research from the bedside to the bench and vice et
versa.

Nevertheless, words of caution are necessary. All the mentioned and different forms of
innovative approaches need reflexion, planification, and intelligent, constant and humble
application to better clarify the real impact in the every day clinical practice.

In conclusion, precision medicine applied to the treatment of HCC is complex and
ambitious, and most of all related to different medical specialties, basic science, and
engineering. Cutting edge technologies are entering today’s clinical practice, and

innovation is playing a key role in the decision-making process. Don’t miss the boat!
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INTRODUCTION

1. Le concept de médecine de précision

La médecine est I'une des formes les plus merveilleuses et passionnantes de la science.

Depuis la vision pré-hippocratique des maladies considérées comme un chatiment des dieux, la
médecine a fait un long chemin. Lorsque les maladies ont commencé a étre considérées comme une
entité objective, indépendante de la conduite personnelle, de I'éthique ou de la foi, la lutte sans fin de
I'étre humain pour prolonger et améliorer la qualité de vie est entrée dans I'ere moderne. Deux mille
ans d'observations, de raisonnements, d'avancées ainsi que de régressions, de dogmatismes mais aussi
d'intuitions visionnaires, nous ont préparés au XXle siecle a trouver un remeéde a chaque maladie, a

prendre soin de chaque patient, et enfin a améliorer la qualité de vie en respectant la dignité.

C'est a partir de ce tableau complexe de centaines et de centaines d'années d'évolution que la médecine
a pu combiner I'expérience, les connaissances, la technologie, les idées novatrices et la richesse
(malheureusement seulement pour une partie de I'numanité), ce qui a naturellement conduit au concept

et a I'application de la médecine de précision.

Le carcinome hépatocellulaire ou CHC est une maladie tres complexe. L'incidence est en constante
augmentation, les manifestations  cliniques variables, une diversité de voies moléculaires détermine
des évolutions naturelles différentes, et il existe aujourd'hui un nombre impressionnant et varié de
stratégies de traitement. En tant que praticien, 1’objectif, est d’offrir a chaque patient les meilleures
chances de guérison, en établissant collaboration et interaction constante et étroite entre scientifiques,
hépatologues, chirurgiens, radiologues et oncologues, travaillant de concert pour une approche

multidisciplinaire, transversale et intégrée de la pratique clinique et de la recherche. L’application de
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ce concept interdisciplinaire est indispensable pour traduire dans la réalité le concept de médecine de

précision mentionné ci-dessus.

2. Carcinome hépatocellulaire

a) Présentation générale

Le carcinome hépatocellulaire (CHC) est le plus fréquent des cancers primitifs du foie. Il représente
environ 90 % des cas et survient presque exclusivement chez les patients cirrhotiques. Son incidence
augmente régulierement dans le monde (1,2), avec une estimation de plus d'un million de personnes
qui seront touchées par le CHC chaque année d'ici 2025 (3). L'infection par le virus de I'hépatite B
(VHB) est le principal facteur de risque de développement du CHC, responsable d'environ 50 % des
cas (4). Depuis l'introduction des traitements antiviraux directs et chez les patients ayant une réponse
virologique soutenue, le risque attribué a l'infection par le virus de I'hépatite C (VHC) a
considérablement diminué (5). Actuellement, et ceci en particulier dans les pays occidentaux, la
stéatohépatite non alcoolique, est responsable de I’augmentation de I’incidence du CHC (6). Bien que
notre compréhension de la physiopathologie de la maladie se soit améliorée, ces connaissances ne sont
pas encore totalement transposées dans la pratique clinique. La compréhension des voies génétiques
impliquées dans le développement du CHC a permis d’identifier des mutations spécifiques trouvées
dans environ 25 % des CHC, les plus fréquentes n’étant toutefois détectées que chez <10 % des
patients (7,8). De ce fait, les biopsies de la Iésion cancéreuse et du foie non tumoral sont de plus en
plus réalisées afin de procéder a la caractérisation moléculaire des tumeurs (9,10). La résection
hépatique, I'ablation locale et la transplantation hépatique sont les trois traitements curatifs établis pour
le CHC. L'amélioration progressive de la sélection des patients (caractéristiques tumorales, fonction
hépatique et performance status) a été associée a de meilleurs résultats a long terme et a une meilleure
qualité de vie (11). La chimioembolisation transartérielle (TACE), la radioembolisation transartérielle

(TARE), la radiothérapie stérotaxique et les thérapies systémiques (y compris I'immunothérapie) sont
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des options alternatives établies — mais généralement non curatives — a considérer également dans

I'arsenal des stratégies de traitement des patients atteints de CHC (Fig. 1) (12).

Dans cette thése, nous nous concentrerons uniquement sur la résection chirurgicale.

a) Traitement chirurgical

Les traitements chirurgicaux comprennent la résection hépatique et la transplantation hépatique, ces
derniers associés a une survie globale a 5 ans de 70 a 80 %. La décision entre la résection et la
transplantation est généralement basée sur I'dge du patient, la fonction hépatique, le degré
d'hypertension portale et les caractéristiques tumorales telles que la localisation tumorale, le nombre
et la taille des nodules, la relation avec les structures vasculaires et biliaires, le type de résection
nécessaire, le foie résiduel et le performance status. La résection est considérée comme le traitement
de choix, en particulier chez les patients atteints de CHC survenus sur foies non cirrhotiques et chez
les patients pour lesquels la décompensation hépatique post-opératoire est peu probable, ou en cas de
contre-indication formelle a la transplantation hépatique (c'est-a-dire I'age, ou lorsque la résection est
considérée comme un traitement d’attente vers celle-Ci)(13). De plus en plus d’études suggérent que
la résection anatomique du foie offre une survie postopératoire plus longue et avec un moindre taux
de récidive comparée aux résections non anatomiques (14-18); ce point particulier est encore
aujourd'hui une source de débat, en particulier entre pays occidentaux et orientaux. La résection
anatomique est une procédure plus exigeante, en particulier sur les foies cirrhotiques. Méme s'il est
facile de distinguer le parenchyme vascularisé de celuis ischémique apres le clampage selectif des
éléments vasculaires, les points de repére intraparenchymateux entre les segments sont plus difficiles
a déterminer. Cette difficulté technique s’est accrue au cours des derniéres années, car la résection
hépatique par abord mini-invasif a été de plus en plus privilégiée. Différentes stratégies pour surmonter
cette difficulté ont été envisagées ; une description détaillée est présentée dans le chapitre dédié a la
navigation peropératoire (page 8).
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3. Imagerie

a) Imagerie et stratéqgie chirurgicale

La chirurgie hépatique moderne est basée sur une évaluation précise de I'imagerie. La stratégie
chirurgicale est en effet définie aprés une analyse attentive des caractéristiques de la tumeur et de
I'anatomie reelle du patient, informations qui proviennent principalement de I'analyse des images
(scanner et IRM). Les résections anatomiques ou non anatomiques sont planifiées en fonction de la
relation entre la tumeur (ou les tumeurs) et les structures vasculaires et biliaires. Ce processus nécessite
des images de haute qualité, idealement réalisées dans des centres experts axés sur la chirurgie

hépatique

b) Reconstruction 3D préopératoire

Afin d'améliorer la capacité de planification stratégique et de répondre au besoin de calculer le volume
du futur foie réstant, la reconstruction 3D s’est progressivement imposée dans la pratique clinique. En
effet, I'anatomie réelle est parfois complexe a déterminer a partir des simples images en 2D (scanner
et IRM). Depuis le premier simulateur 3D anatomique utilisé pour la planification préopératoire des
hépatectomies, proposé en 1998 par Marescaux et al. (19), la technologie 3D s'est développée de
maniere impressionnante. En effet, pour le traitement du CHC, au vu des difficultés, mentionnées
précédemment, c’est-a dire de réaliser une résection en présence d’un foie cirrhotique, une
planification préopératoire précise peut minimiser le risque de variations peropératoires dans la
stratégie chirurgicale. Ces variations peuvent atteindre 20% lors des procédures de chirurgie générale,
et souvent associées a une augmentation de la morbidité postopératoire (22). Néanmoins, I'impact réel
de la reconstruction 3D sur les indications et les résultats en chirurgie hépatiquen'a pas encore été
démontré (20,21). La plupart des recherches sur I'évaluation 3D se concentrent sur sa capacité a estimer
avec preécision les volumes des différents segments hépatiques et a déterminer précisément les marges
de résection chirurgicale (23-26). Peu d'études comparent les résultats de survie a long terme aux
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bénéfices obtenus par I'évaluation 3D (27, 28). Jusqu'a présent, aucune étude prospectif analysant
I'apport de la reconstruction 3D dans la planification chirurgicale d'une hépatectomie pour un CHC n'a

été publiée.

c) Imagerie peropératoire

Comme déja mentionne, il est souvent difficile de définir les plans exacts de résection, surtout chez
les patients cirrhotiques et pour les tumeurs des segments postéro-supérieurs. La définition de la
direction intra parenchymateuse correcte est un défi technique et les repéres anatomiques, tels que les
veines hépatiques et les branches portales, sont utilisés sous guidage échographique pour guider la
résection (29-32). Makuuchi et al. ont associé le guidage par ultrasons a l'injection de bleu de
méthyléne dans les branches portales pour délimiter sur la surface du foie les limites précises d'un
segment ou d’un secteur. Cette technique était réalisée en chirurgie ouverte, elle nécessite un clampage
de l'artére hépatique et le lavage du colorant est relativement rapide. En remplacant le colorant bleu
par du vert d'indocyanine (ICG) et en associant l'utilisation de caméras « near infrared », des
résections anatomiques basées sur la fluorescence ont été réalisées (33). Cette technique permettait
notamment une coloration parenchymateuse stable et évitait le clampage artériel électif. En 2008, Aoki
et al. (34) ont été les premiers a utiliser cette technique en chirurgie ouverte; le taux de succes pour
I'identification des plans anatomiques était de 93 %. La technique a été considérée comme sdre,
reproductible et peu/non chronophage. En parallele, le bénéfice de la résection par voie mini invasive
a été établi, en particulier pour le CHC, et a été confirmé lors de réunions de consensus et par des

recommandations internationales (35, 36).

d) Imagerie fonctionnelle in vivo

Les 1ésions d’ischémie-reperfusion (IRI) sont redoutés aprés hepatectomie ou en transplantation
hépatique (43). La pression d'oxygéne diminue a I'intérieur des sinusoides, ce qui réduit la production
d'ATP et augmente les radicaux libres de l'oxygene, les cytokines et les chemiokines (44). A I'heure
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actuelle, il n'existe aucun outil peropératoire et non invasif pour évaluer la qualité de la perfusion
hépatique afin de prédire la viabilité du foie dans la période post-opératoire. L'imagerie hyperspectrale
(HSI) est une modalité d'imagerie fonctionnelle non invasive qui a récemment été appliquée au
domaine médical en tant qu'outil pour la chirurgie guidée par I'image, plus particulierement pour la
quantification peropératoire de 1I’oxygénation des tissus (45). Les images HSI sont basées sur 1'analyse
computationnelle des interactions lumiere-tissu par la détection de la réflectance relative, permettant
une quantification des composés organiques tels que I'hémoglobine désoxygénée et oxygénée a
différentes profondeurs dans le parenchyme(46). Son utilité dans I’amélioration de la prise en charge

des patients en chirurgie HBP n’a pas encore été documentée.

4. Modeles de foie ex vivo

L'absence d'un systeme de modele de culture cellulaire approprié constitue une limitation importante
dans le développement préclinique de médicament pour les maladies avancées du foie comme la
fibrose avancée ou le CHC. Les modeles de culture cellulaire in vitro standard sont basés sur des
lignées cellulaires d’hépatocarcinome, ou des caractéristiques clés telles que les interactions cellule-
cellule, I'architecture tumorale tridimensionnelle et I'hétérogénéité cellulaire du microenvironnement
tumoral ne sont pas présents. Afin d'offrir des traitements plus spécifiques et moins toxiques pour
guérir ou prévenir le CHC rapidement, des modeles ex vivo capables de récapituler les caractéristiques
de la fibrose hépatique ou du CHC ont été développés (48). De nouveaux modeéles ex vivo et in vitro ont
été établis et optimisés pour I'étude tridimensionnelle des systemes hépatiques, par exemple les
sphéroides a base de cellules primaires et les organoides dérivés de cellules souches (Fig.3) ainsi que
les systémes de puces, les cultures en sandwich et la bio-impression du foie (49). Les sphéroides sont

des agrégats multicellulaires tridimensionnels (3D) obtenus a partir de résections dissociées puis
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réassociees en culture ou, a partir de lignées cellulaires dans des conditions de culture particuliéres.
Les sphéroides hépatiques présentent des caractéristiques importantes telles qu'une longévité
supérieure aux cultures de cellules primaires classiques, et la préservation des interactions
intercellulaires entre les hépatocytes et les cellules non parenchymateuses. Tres récemment un modeéle
de criblage de médicaments pour identifier de nouvelles molécules thérapeutiques capable d’évaluer
la réversion d’un profil de mauvais pronostic vers un profil de bon pronostic a été mis au point dans
notre laboratoire (Crouchet et al., 2021). Ceci ouvre la porte au criblage de médicaments sur sphéroides
hépatiques provenant de résections hépatiques. Par ailleurs, des modeles PDX (patient-derived
xenograft) basés sur la greffe de fragments de résections hépatiques chez la souris ont également été
développés et sont couramment utilisés pour analyser I'effet de nouveaux traitements potentiels dans
les études précliniques. Au regard, de la médecine de précision, l'utilisation de sphéroides hépatiques
et de sphéres tumorales de CHC est de la plus haute importance pour améliorer les soins futurs aux
patients. En effet, les tissus tumoraux CHC dissociés dérivés du patient, peuvent étre réassemblés ex
vivo, pour former un ensemble de tumeurs constituées d'hépatocytes et de cellules non
parenchymateuses, capables de récapituler le microenvironnement tumoral. Ces sphéroides
apparaissent comme des modeéles avancés, pour tester rapidement I'efficacité de diverses options de
traitement et ainsi aider/guider le clinicien a choisir la molécule thérapeutique la plus efficace pour un

patient spécifique.

5. OBJECTIFES

Ce projet de thése visait a intégrer le concept de médecine de précision susmentionné appliqué au
traitement du CHC sur une base multidisciplinaire. L’objectif était de mettre en ceuvre une approche
transversale permettant d'intégrer les technologies les plus innovantes et de nouveaux paradigmes de
traitement en privilégiant une interaction continue entre les besoins cliniques et I'expertise provenant

de différents domaines de la biologie et de l'ingénierie. L'ensemble du projet, développé en trois
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principaux domaines d'application, a été ainsi concu pour faire humblement un pas de plus dans
I'évolution de la médecine de précision pour le traitement du CHC et pour créer une voie homogene et
cohérente d'intégration, d'innovation et de préecision pour une meilleure prise en charge et une
meilleure chance de guérison de nos patients. Les deux premieres parties ont été réalisées en étroite
collaboration avec I'Institut Hospitalo-Universitaire (IHU) de Strasbourg et le Service Hépato-Digestif
du Nouvel Hoépital Civil, Hopitaux Universitaires de Strasbourg. La derniere partie a été réalisée plus

spécifiqguement avec I'Institut des maladies virales et hépatiques (Unité Inserm 1110), Strasbourg.

La premiere partie est axée sur I'imagerie préopératoire et la stratégie chirurgicale. L'objectif était

d'évaluer, dans le cadre d'un essai prospectif non randomisé multicentrique francais, les avantages de
la reconstruction 3D par rapport & l'analyse d'imagerie 2D standard, afin de déterminer si des
modifications significatives de la stratégie préopératoire et de I'opération effectivement réalisée étaient
identifiées. Dans la méme étude, les objectifs secondaires visaient a évaluer si la reconstruction 3D
permettait de mieux détecter la localisation tumorale, les variations anatomiques, les marges de

résection et le volume réséqué.

La deuxiéme partie est axée sur lI'imagerie peropératoire. Les progreés récents de I'imagerie optique, de

la réalité augmentée et de Il'intelligence artificielle nous ont encouragés a trouver des solutions pour
obtenir de meilleurs résultats pour les patients, en tirant parti de toutes ces technologies innovantes et
prometteuses. Les principaux objectifs de la recherche étaient les suivants : a) prouver que I'imagerie
hyperspectrale (HSI) pouvait distinguer entre le foie ischémique et le foie non ischémique ; b) évaluer
la corrélation entre les propriétés optiques et biologiques ; ¢) démontrer que le HSI permettait de
prédire la viabilité hépatique en peropératoire et automatiser le processus a l'aide de l'intelligence

artificielle ; d) associer I’HSI a la réalité augmentée pour guider les résections hépatiques.

La troisieme partie de notre travail interactif et transversal congu pour optimiser le traitement du CHC

— allant des nouvelles technologies d'imagerie a la salle d'opération — s’est concentrée sur la
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collaboration étroite avec I'Institut des maladies virales et hépatiques (Unité INSERM 1110). Mon
objectif était d'enrichir la biobanque LIVMOD (UMR_S1110) avec des échantillons opératoires de
haute qualité provenant de patients cirrhotiques et non cirrhotiques atteints de CHC, et de contribuer
1) a des etudes proof of concept, visant a trouver les meilleures stratégies de traitement pour les patients
non répondeurs en premiere ligne, ou a confirmer l'efficacité de molécules nouvellement identifiées
pour prevenir la fibrose hépatique et le CHC, en capitalisant sur des modeéles ex vivo obtenus a partir
de tissus dérivés de patients, tels les sphéroides ; 2) contribuer a des programmes de recherche
translationnelle européens et nationaux trés competitifs dédiés a une meilleure compréhension de la

maladie hépatique avancée et du CHC au niveau fondamental.

6. RESULTATS

Les résultats liés aux deux premiers et principaux objectifs de cette these font partie intégrante de six
manuscrits qui sont inclus dans les sections suivantes. En plus de la gestion de projet, avec trois des
Six manuscrits écrits en tant que premier auteur, mes contributions expérimentales individuelles sont

mises en évidence dans les sections de résumés respectifs avant chaque article.

6.1) Imagerie préopératoire — résume des résultats et contribution propre

Les derniéres technologies d'imagerie appliquées a la stratégie chirurgicale préopératoire (planification
de l'operation, type de résection, navigation intra-opératoire, approche mini-invasive, etc.) sont
actuellement fondamentales pour un traitement optimal du CHC. HAPPI 3D (HepAtic Procedure
Planning 3D) est une étude francgaise prospective multicentrique non randomisé, développée sous la
coordination du Pr P. Pessaux (co-directeur de thése), qui avait pour objectif principal d'analyser le

bénéfice et l'utilisation de la reconstruction 3D préopératoire dans la planification de la stratégie
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chirurgicale avant la résection du CHC. La reconstruction 3D a utilisé le logiciel VR RENDER®), puis

les images ont été traitées via un plug-in, Virtual Surgical Planning (VSP®, IRCAD).

Cette étude est la premiére du genre, car aucun autre essai multicentrique prospectif n‘avait été realisé
auparavant sur le sujet. L'objectif principal était de déterminer si I'analyse préopératoire du modele 3D
(appelée « Plan B ») modifiait la stratégie chirurgicale initialement prévue sur la base de I'imagerie 2D
conventionnelle (« Plan A »). La mesure était basée sur I'analyse du taux de modification entre le Plan
A et le Plan B, et du Plan B a la procédure finale effectuée (appelée « Plan C »). Douze centres ont
participé, 124 patients inclus dans 1’analyse finale.

La reconstruction tridimensionnelle s'est révélée étre un outil important pour améliorer I'analyse
préopératoire et établir une stratégie chirurgicale correcte. Ma contribution personnelle a cette étude a
été la participation a la conception de 1'étude, aux procédures opératoires, a I’analyse des résultats et a

la rédaction et la révision du manuscrit ( Felli et al, article soumis, en cours de révision).

6.2) Imagerie fonctionnelle in vivo — résumé des résultats et contribution propre

i) Evaluation des tissus ischémiques et non ischémiques

Nous avons effectué une analyse peropératoire des propriétés optiques du foie pour comprendre si la
distinction entre différents niveaux de perfusion était possible. Nous avons constaté que le HSI pouvait
distinguer entre I'occlusion totale du flux vasculaire et le clampage exclusif de I'artere hépatique. Ces
résultats ont été confirmés par une validation croisée du HSI qui a détecté et quantifié la congestion
intestinale en cas d'occlusion vasculaire. On a trouvé une corrélation significative entre les spectres du
NIR (near infrared) e et le lactate capillaire (r=-0,8645, p=0,0003VIO, r=-0,7113,
p =0,0120 HAO). Une corrélation négative statistiquement significative a été trouvée aussi entre le
score histologique et le NIR(r = —0,88, p = 0,004). Nous en avons deduit que I'HSI, en tenant compte

de la corrélation avec les lactates capillaires et le score histopathologique, pouvait étre un outil non
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invasif approprié pour I'évaluation peropératoire de la perfusion hépatique. Ma contribution
personnelle a cette étude a été la participation a la conception de I'étude, aux procédures opératoires

sur les mode¢les animaux de cochon, a I’analyse des résultats et a la rédaction et la révision du manuscrit

(Felli et al, Sci Rep 2020).

i) Evaluation des lésions d'ischémie-reperfusion

Nous avons évalué la viabilité hépatique dans un modele d'occlusion artérielle avec une analyse de
I’HSI associée a l'intelligence artificielle. Le score d'intelligence artificielle (IA) de viabilité hépatique
a montré une corrélation significative avec le lactate capillaire de la surface du foie (r =—0,78,
p=0,0320) et le score de Suzuki (r=-0,96, p=0,0012). La détection de CD31 par
immunohistochimie a confirmé les Iésions microvasculaires en accord avec le score 1A déterminé. Nos
résultats ont finalement montré le potentiel d'une analyse basée sur le HSI-I1A pour prédire la viabilité
du foie, encourageant le développement d'outils peropératoires d’exploration non invasifs tel la HSI
pour son application dans un contexte clinique. Ma contribution personnelle a cette étude a été la
participation a la conception de I'étude, aux procédures opératoires sur les modéles animaux, a

I’analyse des résultats et a la rédaction et la révision du manuscrit (Felli et al, Diagn 2021).

iii) Hyperspectral Enanched Reality (HYPER) pour la résection anatomique du foie

L’équipe a développé un logiciel pour superposer les images HSI sur le champ opératoire, obtenant
une réalité augmentée (HYPER) afin d’identifier la ligne de démarcation aprés clampage vasculaire
sélectif gauche pendant une résection anatomique dans un modele animal expérimental. Apreés ligature,
I’HSI a permis d’observer une oxygénation significativement plus faible (indice NIR) dans le lobe
médial gauche (LMG) (0,27 % + 0,21) par rapport au lobe médial droit (LMD) (58,60 % + 12,08 ; p =

0,0015). Les lactates capillaires étaient significativement plus élevés (3,07 mmol/L £+ 0,84 vs 1,33 +
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0,71 mmol/L ; p = 0,0356) dans le LMG que dans le LMD, respectivement. De fagon concordante, la
microscopie confocale a démontreé I'absence de flux sanguin dans le LMG et la perfusion normale dans
le LMD. HYPER a correctement identifié la ligne de démarcation et quantifié I'oxygénation du foie en
surface. HYPER pourrait, de ce fait, &tre un outil peropératoire pour guider I'évaluation de la ligne de
démarcation basée sur la perfusion. Ma contribution personnelle a cette étude a été la participation a
la conception de I'é¢tude, aux procédures opératoires sur les modéles animaux, a 1’analyse des résultats

et a la rédaction et la révision du manuscrit (Felli et al, Surg End 2020).

iv)_Résection hépatique anatomique guidée par ICG avec la technique de la coloration positive et

négative (positive ou negative staining).

Une revue exhaustive de la littérature présente concernant cette technique a été effectuée et publiée
dans la revue indexée HPB (33). Quatre-vingt-six articles ont d'abord été trouvés et 11 articles ont
finalement été inclus dans l'analyse, avec 83 patients traités. Soixante-deux patients (74,6 %) ont eu
une mono-segmentectomie. Le positive staining a été utilisé chez trente-cing patients (42,1 %),
quarante-huit patients (57,8 %) le negative staining. La technique doit étre standardisée et les
avantages concernant les résultats oncologiques doivent encore étre validés dans d'autres études. Ma
contribution personnelle a cette revue a été de rechercher et de réviser les articles publiés sur ce sujet

en langue anglaise, ainsi que la rédaction et la révision du manuscrit (Felli et al, HPB 2021).

6.3) Modeles tumoraux ex vivo

Le programme de cette partie était axé sur la collection de la Biobank LIVMOD de spécimens CHC
de parenchyme tumoral et adjacent ou de parenchyme non tumoral apres résection chirurgicale.
L'objectif était de créer un pipeline efficace pour prélever des échantillons de tumeur et de foie adjacent
de trés haute qualité a des fins diverses, notamment pour des modeéles dérivés de tissus de patients et

des études « omiques ». Ces échantillons sont recueillis et conservés dans la biobanque LIVMOD de
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I'unité Inserm 1110 et utilisés pour développer des modeles de tumeurs hépatiques ex vivo avec la
technologie des sphéroides, des tumorspheres ou des modéles PDX. Ces modeles sont ensuite utilisés
pour tester l'activité antitumorale de médicaments nouveaux ou actuellement disponibles pour le
traitement du CHC. L'objectif était de réaliser une étude proof of concept pour proposer aux cliniciens
un panel de sensibilité en établissant des chimiogrammes personnalisés « a la carte », parfaitement

intégré au concept de médecine de précision.

Résultats et contribution propre

Depuis mai 2018, a mon arrivée au P6le Hépato-Digestif (Nouvel Hépital Civil, CHU Strasbourg) j'ai
contribué a la collecte de prélevements hépatiques opératoires de patients cirrhotiques et non
cirrhotiques avec tumeur appariée et prélevements adjacents, associés a des prélevements sanguins de
patients dans le cadre d'une collaboration active de longue durée avec les chercheurs de I'Institut des
maladies virales et hépatiques (Inserm U1110). En tant que membre officiel affilié depuis début 2019,
j'ai participé activement a I'amélioration du prélevement des échantillons des résections hépatiques, en
optimisant la conservation des échantillons, les documents de consentement et les protocoles pour le
transfert a I'équipe de recherche translationnelle de I'lnserm U1110. Par ailleurs, j'ai participé a la
rédaction du document officiel permettant a I'Institut de Recherche Virale et Hépatique de devenir par
lui-méme un « Centre de Ressources Biologiques » supervisé par le département de recherche clinique
de I'Inserm. Apres plusieurs séries de révision, l'autorisation a été obtenue en juin 2020, et a permis la

création de la biobanque LIVMOD (UMR_S1110).

Les échantillons prélevés et les échantillons de sang ont été utilisés pour améliorer les modeles ex vivo
de tumeurs et de maladies du foie, comme les tumorsphéeres, les sphéroides hépatiques ou les
xenogreffes dérivées de tumeurs de patient (PDX). Les spheroides dérivés du CHC ont été utilisés pour
tester l'activité antitumorale de nouveaux médicaments par rapport aux thérapies couramment utilisées

afin d'établir des « chimiogrammes », avec pour objectif un traitement médical « a la carte ».
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7. CONCLUSIONS

Nous nous sommes initialement concentrés sur la stratégie préopératoire pour voir si les technologies
les plus récentes appliquées a la reconstruction tridimensionnelle amélioraient significativement la
stratégie chirurgicale. L'essai prospectif multicentriqgue a montré que dans les centres de référence
tertiaire HBP des modifications substantielles ont été apportées apres I'analyse d'images 3D. Les
résultats suggerent que les modéles 3D sont un complément et non en opposition a I'imagerie standard.
Les objectifs éducatifs et pédagogiques doivent également étre considérés, permettant une

compréhension plus facile de I'anatomie réelle du patient.

La deuxieme partie, la phase peropératoire, a exploré I'imagerie hyperspectrale (HSI). Nos expériences
ont montré des résultats tres intéressants, mais pas fondamentaux. Cette nouvelle technologie n'est
toujours pas encore appliquée dans la pratique clinique, les articles présentés sont parmi les premiers
dans ce domaine. De nouveaux projets de recherche devraient dans le futur étre axés sur la
transplantation hépatique pour rechercher des corrélations entre I’imagerie, la reperfusion hépatique,
et les résultats postopératoires. La revue sur 1’utilisation de I’ICG en peropératoire s'est concentrée sur
une technique innovante et prometteuse, mais encore trop rarement utilisée. Enfin, le travail transversal
avec l'unité INSERM 1110 a été un exemple d'approche multidisciplinaire de la recherche clinique et

translationnelle.

Néanmoins, des mises en garde sont nécessaires. Toutes les formes d'approches innovantes nécessitent
une réflexion, une planification et une application intelligente, constante et humble pour mieux définir

I'impact réel dans la pratique clinique.

En conclusion, la médecine de précision appliquéee au traitement du CHC est complexe et ambitieuse,

et surtout liée a différentes specialités médicales et aux sciences fondamentales. Les technologies de
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pointe font leur entrée dans la pratique clinique d'aujourd’hui, et I'innovation joue un role clé dans le
processus décisionnel. Ne ratons pas cette opportunité unique de faire avancer la médecine aux cotés

des sciences de I’innovation technique et translationnelle et thérapeutique !
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Résumeé

Résumé en francais suivi des mots-clés en francais

Le carcinome hépatocellulaire (CHC) est le cancer primitif du foie le plus fréquent et qui survient presque exclusivement sur une
cirrhose sous-jacente. Ce travail de thése avait comme objectif I’intégration du concept de médecine de précision dans le traitement
du CHC dans un contexte de multidisciplinarité. L’ensemble du projet a été développé en trois principaux chapitres: le premier basé
sur I’imagerie préopératoire et la stratégie chirurgicale. L’objectif d’évaluer dans une étude frangais prospectif multicentrique
I’apport des reconstructions 3D dans la détermination de la stratégie préopératoire en regard dés I’imagerie 2D traditionnelle. Le
deuxiéme chapitre basé sur I’imagerie intra opératoire. Les récentes avancées dans la réalité augmentée, dans 1’intelligence
artificielle, et dans les nouvelles technologies d’imagerie, ont encouragé notre équipe a trouver des solutions pour améliorer les suites
postopératoires. La troisiéme partie de ce travail interactif et transversale avait comme objectif d’améliorer les modelés ex-vivo en
optimisant les échantillons dérivés de piéces opératoires des hépatectomies pour la bio banque LIVMOD, en collaboration étroite
avec I’Institut de Maladies Virales et Hépatiques de Strasbourg.

L’étude prospective multicentrique réalisée dans des centres de référence en chirurgic HBP a montré des changements significatifs
dans la stratégie préopératoire aprés analyse préopératoire des reconstructions 3D. L’imagerie hyper spectrale appliquée a des
modelés animaux et en cours des hépatectomies a montré la possibilité de discriminer entre parenchyme hépatique perfusé et non
perfusé, et de pouvoir prédire les conséquences de 1’ischémie-réperfusion avec un modéle de machine learning. Cette nouvelle
technologie n’est pas encore explorée dans la pratique clinique, les articles présentés les premiers publiés dans ce domaine. Pour
terminer, le travail transversal a été un exemple de multidisciplinarité entre 1’activité clinique et la recherche transrationnelle.

En conclusion, la médecine de précision appliquée au traitement du CHC est complexe et ambitieuse, et liées a différentes spécialités
médicales, science de base, et ingénierie. Des nouvelles technologies de pointe sont en train de rentrer dans la pratique clinique, et
I’innovation joue un réle fondamental dans le procés décisionnel.

Mots clés : carcinome hepatocellulaire — médecine de précision — reconstructions préopératoire 3D — imagerie hyperspectrale —
recherche translationnelle — patient derived tissues - biobank

Résumé en anglais

Résume an anglais

Hepatocellular carcinoma (HCC) is the most frequent primitive liver cancer occurring almost exclusively in cirrhotic patients. This
thesis work aimed to integrate the concept of precision medicine applied to the treatment of HCC on a multidisciplinary basis. The
whole project, developed in three main fields of application: the first part is focused on preoperative imaging and surgical strategy.
The goal was to evaluate, in a French multicentric prospective non-randomized trial, the benefit of the 3D reconstruction over the
standard 2D imaging analysis. The second part is focused on intraoperative imaging. The recent advances in optical imaging,
enhanced reality, and artificial intelligence, encouraged our team to find solutions for improved patient outcomes by taking advantage
of all these novel and promising technologies. The third part of our interactive and transversal work aimed to improve ex-vivo
models by optimizing the harvesting and conservation of patient-derived hepatic tissue and enrich the collection of patient derived
liver specimens of the LIVMOD Biobank based on a tight collaboration with the Institute for Viral and Hepatic Diseases of
Strasbourg.

The multicentric prospective trial showed that in tertiary referral HPB centers substantial modifications were reported after 3D
images analysis. Hyperspectral imaging applied animal and humans revealed the possibility to discriminate between perfused and not
perfused parenchyma, along with the possibility to predict the ischemia reperfusion injury with a machine learning model. This new
technology is still not explored nor clinically routinely applied, the presented articles are among the first on that kind in this really
innovative field. Finally, the transversal work was an example of a multidisciplinary approach to clinical and translational research
from the bedside to the bench.

In conclusion, precision medicine applied to the treatment of HCC is complex and ambitious, and most of all related to different
medical specialties, basic science, and engineering. Cutting edge technologies are entering today’s clinical practice, and innovation is
playing a key role in the decision-making process.

Keywords : hepatocellular carcinoma — precision medicine — preoperative 3D reconstructions — hyperspectral imaging — translational
research — patient derived tissues - biobank




