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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 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 (StO,), 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 signifi-
cantly 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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- - ] - - removing a section of the liver visually identified via sur-
Electronic supplementary material The online version of this . 1 h d lective blood infl lusi
article (https://doi.org/10.1007/500464-020-07586-5) contains ace color changes due to selective blood inflow occlusion
supplementary material, which is available to authorized users. or staining of the portal tract [1-3]. The resulting demarca-

tion line discriminates the boundaries between ischemic and
non-ischemic tissue.
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ICG into the portal branches under IOUS guidance [4-6],
and negative staining method is performed to detect ana-
tomical 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 computation of light-tissue interactions phe-
nomena, 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 quan-
tify the relative oxygen saturation (StO,%) of the superficial
microcirculation at a depth up to~ 1 mm, whereas it is pos-
sible to quantify the relative oxygen saturation in deeper
layers, within the near-infrared (NIR) spectrum, with a pen-
etration 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 infor-
mation 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 HSI
images onto an intraoperative video, using augmented real-
ity technologies. Through the mixed reality, information-
rich 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
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 man-
aged 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 light-
darkness, and with constant humidity and temperature condi-
tions. 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 intra-
venous (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).

Surgical procedure

The abdominal cavity was accessed via a midline laparot-
omy. 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, respec-
tively. The demarcation line produced between the right
medial (RML) and left medial lobe (LML) was marked on
the liver surface with electrocautery following our propri-
etary 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 sug-
gested by HSI. A clamp crushing method was applied with
a special clamp for liver parenchymal transection (Takay-
ama’s forceps for liver transection, Yufu Itonaga Co., Ltd.,
Tokyo, Japan) and a bipolar vessel-sealing device (LigaS-
ure™ 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.

HSI and HYPER

A commercially available hyperspectral camera (TIVITA®,
Diaspective Vision GmbH, Germany) was used to provide
intraoperative imaging and quantification of StO,, NIR
perfusion index, and TWI. The TIVITA® was customized
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Fig. 1 Schematic of the hyper-
spectral 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 Web-
cam, 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), sev-
eral poses of a checkerboard are detected simultaneously in
both cameras. Checkerboard corners are used to estimate
the transformation and to estimate the error. The HSI system
requires 6 s to acquire the tissue spectrum analysis and con-
vert into images depending on the preset algorithms (StO,%,
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 StO, index. The accu-
racy of perfusion evaluation between NIR% and StO, 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-cauter-
ized 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 HSI
parameters (StO,%, 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 apply-
ing the tip of the CLE probe directly on the liver surface before
vascular ligation (T0), randomly on Glisson’s capsule. After
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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 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, Tai-
pei, 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 HSI-
StO, 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 StO, lactates were
obtained in total in three pigs.

Statistical analysis

Statistics were performed using GraphPad 8.3 (GraphPad Soft-
ware®, San Diego, CA, USA). A Pearson’s tho was calculated
to correlate local lactates with HSI parameters. Student’s ¢ test,
one-way and two-way ANOVA with Dunnett’s multiple com-
parisons were performed to calculate differences in continu-
ous variables. A p value <0.05 was considered statistically
significant.
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Results

The extra time required to register the NIR-derived images
was only few seconds. The accuracy of the HYPER reg-
istration was subpixel and was around 0.35 pixels. The
demarcation line was marked under HYPER guidance dur-
ing 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 HSI-
NIR picture provided a sharper limit of the ischemic area
when compared to StO,% and TWI% parameters. In the
first animal, the demarcation line based on clinical evalu-
ation underestimated the ischemic area, when compared to
the HYPER-based one (Fig. 2B). Table 1, the intraopera-
tive data is reported. Briefly, the StO,% index measured

at RML and at the control area of the liver were statis-
tically 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 confirm-
ing 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. StO,% and NIR% were
statistically significantly different in the control and in
the RML. The superficial analysis given by StO,% was
less accurate than the NIR% as shown by the difference

A Demarcation line after partial ligation
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Fig.2 A Hyperspectral liver pictures of the three pig models after
the ligation of the left hepatic pedicle branch. B Enhanced reality
(HYPER) provided by the superimposition of the RGB camera with

Table 1 Intraoperative data

the Hyperspectral Near-Infrared index obtaining HYPER of pig 1.
Unclear demarcation line solved by HSI is highlighted by the white
arrows

Parameter Control RML LML Control versus RML versus LML Control versus
RML p value p value LML p value
StO, (%) 37.44%+11.11 41.56% +1.15 10.27%+0.27 0.4750 0.0117 0.0130
NIR (%) 66.03% +14.67 58.60% +12.08 0.27%+0.21 0.7000 0.0015 0.0008
TWI (%) 32.58%+2.19 37.58% +2.97 12.17%+3.73 0.1879 0.0001 0.0004
Local lactate 0.70+0.00 1.33+0.71 3.07+0.84 0.4836 0.0356 0.0091
(mmol/L)

RML Right medial lob, LML left medial lobe, StO, partial oxygen saturation, NIR% Near-Infrared Perfusion Index; TWI% Tissue Water Index.
Data is expressed in mean =+ sd. p value <0.05 was considered statistically significant
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Fig.3 StO,% and NIR%
comparison. A The difference
between the two parameters
was statistically significantly

in the control and in the RML
(»<0.0001 and p=0.0011,
respectively). B The superficial
analysis given by StO,% 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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between the RML and the LML (Fig. 3). In addition, the
correlation between the local lactate and HSI param-
eters was statistically significant for (i) local lactate and
St0,% (r= —0.7805, 95%CI—0.95/ —0.24, R*=0.6092,
p=0.0131); (ii) local lactate and NIR% (r= —0.7947,
95%CI—0.95/—0.27, R*=0.6316, p =0.0105); (iii) local
lactate and TWI% (r= —0.7989, 95%CI —0.95/ —0.28,
R*=0.6383, p=0.0098). Confocal endomicroscopy (Vide-
oclip) 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 StO,% 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 iden-
tify 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 HYPER-
based one in 2 out of 3 cases. The discordant case (Fig. 2B)

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
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provides an example of unclear demarcation, which could
be corrected with the HYPER method.

The main advantage of HYPER is the possibility to eas-
ily acquire new quantitative images during the procedure,
representing the actual perfusion status.

The oxygen perfusion difference between RML and LML
calculated by StO,% on the surface (depth- 1mm) was signifi-
cantly 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 StO,% and human eye both by being visually sharper
and by being quantitatively more discriminating between
ischemic and perfused. The high correlation between StO,%,
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 transec-
tion plane. This first attempt showed that HSI detected low
level of oxygen perfusion in the transection plane of the per-
fused 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, HST 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 experi-
mental study. However, the authors did not superimpose the
HSI images, which makes difficult to assess the correspond-
ence 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 superimposi-
tion of HSI images onto the RGB video validated by robust
metabolic metrics to measure organ perfusion, such as cap-
illary lactates [23-26] and advanced intraoperative micro-
circulation imaging, such as confocal endomicroscopy [27]
which were all concordant with HSI parameters. This sup-
ports HYPER as a potential surgical guidance tool despite
the multiple limitations of this study, including the low sam-
ple 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, post-
chemotherapy liver injury) that alter the liver surface signal.

Zuzak et al. [16, 28] developed a near-infrared laparo-
scopic 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 obser-
vational study to establish the accuracy and evaluate the
surgical workflow.

Conclusions

In the experimental setting, HSI was accurate in discrimi-
nating ischemic from non-ischemic hepatic areas. HYPER
could be a suitable intraoperative tool to guide perfusion-
based demarcation line assessment and segmentation.
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