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Abstract

During the past decade, technological advancements have transformed liver surgery. New tools are available to
assist the surgeon during complex operations, such as a hepatectomy for liver cancer. Augmented reality (AR) is
an innovative technology that utilizes computed tomography (CT) or magnetic resonance imaging (MRI) scans to
create three-dimensional (3D) images of the area or the organ of interest. This is especially useful for minimally
invasive liver resection (MILR), where the field of view and maneuverability during the operation is limited. A 3D
image of vascular structures, hilar segments, and the tumor location is projected into the operating field, thus
contributing to a more precise resection. Combining AR with the groundbreaking capabilities of artificial
intelligence (Al) could further improve the surgical outcomes of MILR. Specialized Al programs are designed to
analyze the surgical field, provide information and facilitate the operation plan, simplify intraoperative decision
making and reduce human error. 3D printing of hepatocellular cancer liver models is another useful technology that
allows for procedure simulation, proper preoperative planning, and effective intraoperative navigation. Even though
the benefits could be outstanding, the large cost of those technologies is a major limiting factor. Future research
should focus on making Al and 3D imaging tools more widely affordable to the healthcare industry as data show
that they could improve diagnostic efficiency, increase surgical precision, minimize human error and optimize
patient care.
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INTRODUCTION

Hepatobiliary surgery has evolved exponentially over the past decade. The utilization of modern
technological equipment during surgery has made the procedure safer than ever before. The new techniques
of minimally invasive surgery (MIS) in combination with the current enhanced recovery after surgery
(ERAS) protocols have contributed to decreasing mortality from 20% to less than 5%" . Laparoscopic
hepatectomy has been proven to have significantly better postoperative outcomes compared to open
hepatectomy, along with smaller incisions, less intraoperative blood loss, reduced postoperative pain, faster
recovery, and a lower risk of complications during surgery'>*. Therefore, it is increasingly popular and
preferred by surgeons over older open methods for liver resection.

Admittedly, hepatic resection is a major procedure with a steep learning curve, which is even more
challenging when performed laparoscopically. The loss of tactile sensation, along with the distorted depth
perception through the laparoscopic camera, makes the intraoperative maneuvers and the ability to identify
tumor margins and vital vasculature highly demanding, even for experienced surgeons”. To overcome this
burden, intraoperative ultrasound (IOUS), indocyanine green fluorescence, and tactile sensation were used
to detect the tumor and the surrounding vessels"™. Recently, a revolutionary technology emerged in that
area. Three-dimensional (3D) printing of liver models is assisting surgeons in understanding the patient’s
liver anatomy, tumor location and tumor margins and their anatomical relations with important nearby

[9,10]

structures .

The creation and utilization of 3D models have effectively facilitated liver surgery. They show progressively
positive outcomes in terms of both preoperative planning and intraoperative navigation, increasing the
accuracy and precision of highly demanding minimally invasive operations"*"”. Moreover, 3D liver allows
the estimation of liver volume and functional liver remnant, and has been shown to improve postoperative
outcomes in liver transplants, especially living donor transplants"*'*. Briefly, 3D printing of liver models is
an exceptional tool that assists in planning a challenging hepatectomy.

Artificial intelligence (AI) is a revolutionary technology of our age and has begun to make significant
inroads into surgery with great potential applications. It has been tested as a tool for the recognition of
specific anatomical landmarks in complex laparoscopic operations with promising results for safe
implementation in clinical practice"”"”. By combining preoperative computed tomography (CT) and
magnetic resonance imaging (MRI) scans, an augmented reality (AR) image can be created and projected
intraoperatively. This way, the visualization and identification of the tumor and its relationship with the
portal veins, hepatic arteries, bile ducts and hepatic segments can be significantly enhanced™**\. A has
been used to identify those structures by interpreting the AR projections of the surgical field. Improved
intraoperative navigation, accuracy, precision and consequent surgical outcomes such as less intraoperative

15,20]

blood loss or shorter length of hospital stay are some of the expected end results"**’.

15-17

In this review, we examine recent technological advancements, such as Al and 3D printing, their increasing
implementation in surgery, especially minimally invasive liver surgery, as well as their potential role in the
refinement of surgical outcomes and the advancement of future patient care.

THE ROLE OF AR AND Al IN LIVER SURGERY

Al a primary field of technology that uses algorithms to make close-to-human-level decisions, has gained
more and more ground in surgery over the last few years. With technological advancements in imaging,
navigation, and robotic interventions, as well as the utility in preoperative planning and intraoperative
guidance, Al is practically changing the practice of today’s surgery. The major role of Al integration into
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surgery is improving efficiency and reducing human error. It also facilitates the preoperative planning of a
surgical procedure and simplifies the intraoperative decision-making process.

Currently, AR is advancing in minimally invasive liver resection (MILR) because of the assistance that it
provides intraoperatively, including better navigation for the excision, reduction of blood loss and
complication, and the advantages of improving surgical outcomes and shortening hospital stay"”. Through
AR and AI, CT and MRI scan images can be used to create a specific 3D patient-like model that can provide
the surgeon with a real-life tangible liver module, aiding in the precise understanding of the anatomy,
accurate tumor localization, and careful surgical planning, so that liver resection can be performed with
well-defined safe margins, ensuring the preservation of important surrounding anatomical and vascular
structures, such as the hepatic artery, portal vein, and hepatic vein">'**"*.

AR navigation systems have been applied to various surgical procedures; however, challenges remain in
constructing a comprehensive visualization system to accurately determine tumor locations and ensure
sufficient resection margins on the hepatic surface during laparoscopic liver resection. These challenges
arise from the complexity of the liver’s anatomical structures and the variability of each patient’s internal

22,23]

anatomy!

Some of the methods that are performed using AR assistance are video-based, projection-based, and see-
through AR visualization. The video-assisted AR navigation system uses imaging information from CT and
MRI scans and provides the surgeon with live laparoscopic video, enabling him to detect critical vascular
structures to achieve safer and more effective resection, along with reduced adverse intraoperative and
postoperative outcomes'*.

The early and accurate diagnosis of hepatic disease is of great importance, and until recently, the necessary
information, such as liver size and condition, tumor location, and surrounding vascular structures, were
obtained from abdominal CT and MRI images. The evolution of technology and the establishment of AI
and 3D imaging in MILR has offered surgeons an important tool in the operating room and a valuable

technique to overcome any difficulties">*.

In a 2019 study, Shen et al. proposed a deep learning (DL) network architecture and developed patient-
specific models to demonstrate the feasibility of reconstructing 3D CT images of the abdomen, lung, head
and neck regions from X-ray projections. Their research showed that this deep-learning network that
utilizes a single-view image incorporating information obtained from all the imaging techniques (e.g., X-ray,
CT scan, and MRI) represents a possible solution for any interventional procedures and may contribute to
optimal procedure planning®!. Ying et al.in 2019 also demonstrated the feasibility of lung CT
reconstructions from two orthogonal X-ray projections. Specifically, they explored the possibility of
reconstructing a 3-dimensional CT scan from 2-dimensional X-ray images. The results of their study
showed the superiority of the 3-dimensional reconstructed image over the simple 2-dimensional X-ray
scan. In the same year, Prevost et al. investigated the efficiency of an AR system regarding the clinical
benefit of 3D laparoscopic liver surgery. Their research showed that in all the patients who received
laparoscopic liver resection by using the 3D imaging preoperative planning system, the surgical time was
reduced, the intraoperative errors were lessened, and the excision of hepatic lesions was more efficient".
Shao et al. in 2021 developed a method to localize liver tumors, using a combination of 2D and 3D
registrations and biomechanical modeling approaches. Their method used 2D and 3D deformable
registrations, by obtaining information from CT images and X-ray projections, to build a biomechanical
model that converts the organ of interest, in this case the liver, into small connected tetrahedral mesh
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elements with specific biomechanical assets””. Considering the diversity of liver anatomy and structure
patterns among different patients, Shao et al. proposed a patient-specific model to demonstrate the
anatomical details of each patient under treatment and, thus, an important way of predicting liver boundary
motion and precise tumor location and margins, using the deep-learning module and analysis of the
biomechanical liver modeling, a method that could potentially be applied in monitoring of liver tumors and
real-time adaptation planning for the liver and the surrounding anatomical structures”**”.

To improve diagnostic efficiency and acquire more accurate information about individual tumor position,
Al and 3D computer imaging must be implemented in everyday practice®. However, the cost of this
technique is extremely high and demands adequate time for the exact preparation of a reliable 3D liver
model"".

THE ROLE OF 3D MODELS IN LIVER SURGERY

Liver surgery has entered a new era where CT and MRI are no longer sufficient for preoperative planning.
Therefore, 3D reconstruction has become a crucial tool for mapping the relationships between vascular

structures and the biliary tree and for measuring liver volume™.

CT and MRI provide two-dimensional images of the actual 3D anatomy [Figure 1]. It is very important to
have a thorough understanding of the 3D anatomy before conducting a surgical procedure for optimal
results. Oh et al. conducted a study involving 120 patients to assess the performance of 3D models. Their
study compared the 3D models to the removed liver and found that a better understanding of the anatomy

[30]

preoperatively resulted in improved surgical outcomes with very minimal discrepancies’.

Lopez-Lopez et al. conducted a multicenter study involving seven centers using 3D reconstruction
technology™. The study included 41 patients with perihilar cholangiocarcinoma, for whom a 3D model was
created. Four patients, based on this model, were considered to have uncontrolled tumors. A questionnaire
completed by the surgeons indicated that the 3D model helped in better understanding and interpreting the

anatomical structures of the area.

Currently, radical hepatectomy is still the preferred treatment for primary or metastatic liver tumors.
However, the main difficulty in liver surgery is striking a balance between acceptable resection margins and
functional residual liver volume. By utilizing 3D printing and IOUS technology, surgeons can identify the
tumor boundaries, achieving the performance of the hepatectomy with great precision in the boundaries
that were planned preoperatively"”>*".

The technology of 3D printing allows for accurate reconstruction of vascular structures with minimal error,
as the CT sections are thin enough to create a true copy without introducing human error. According to
Cui et al., 3D models have been shown to reduce intraoperative blood loss, shorten operative time, and not
increase the incidence of complications. In their study, a blood loss of 772.52 + 112.13 mL was observed in
the group that did not use 3D models, compared to 553.62 + 98.56 mL in the group that did use them (P
value < 0.001). Additionally, the surgical time was 645.29 + 121.14 min in the group that did not use 3D
models, compared to 523.19 + 103.15 min in the group that did use them (P value < 0.001). The study also
indicated that the Ro resection rate and number of lymph nodes in the 3D printing group were higher,
suggesting that 3D reconstruction provided benefits for patients undergoing surgery for
cholangiocarcinoma. The overall complication rate in the group that used the 3D models is 21.05%,
compared to 25.71% in the group that did not use them"?.
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A. Computed tomography B. 3D model

Figure 1. (A) Computed tomography scan of a patient with right liver lobe hepatocellular carcinoma; (B) The 3D-printed liver model of
the same patient. The right liver lobe carcinoma is marked with blue ink.

Yang et al. conducted a study on surgeons specializing in liver surgery. The study aimed to compare the
efficiency of preoperative planning based on either CT data or 3D model data[35]. The results demonstrated
that surgeons using the 3D model required less time for preoperative planning. Additionally, patients
undergoing hepatectomy planned using the 3D model experienced higher surgical accuracy compared to
those planned using CT scans.

One of the key applications of 3D models is to measure liver volume accurately. Through 3D reconstruction
technology, we have achieved greater accuracy in measuring residual liver volume compared to older
empirical methods. This allows for preoperative assessment to determine if a patient is at risk of developing
postoperative liver failure. Consequently, the patient could undergo preoperative liver resection or
embolization of the portal vein branch to increase the volume of the remaining liver®.

An important use of 3D liver models is in combination with the indocyanine green dye (ICG)"". This
method has been shown to achieve the best surgical results in the accuracy of liver tumor resection.
Indocyanine green is a dye that can stain the tumor through systemic circulation or portal vein circulation,
helping the surgeon identify specific resection margins™’. The use of ICG fluorescence imaging makes the
fusion of multi-modal images possible, which helps to define tumor demarcation, detect small lesions, and

[38]

improve surgical precision

3D liver models are not only used by surgeons to improve surgical outcomes, but also serve as an important
tool for interventional radiologists, helping them better identify the anatomy of the hepatic artery when
preparing patients for chemoembolization (TACE), tumor ablation, or argon-helium knife treatment"*”.

3D printing technology serves as a superior enhancement method for preoperative planning and
intraoperative navigation, demonstrating progressively positive outcomes'"'’.

THE FUTURE OF MINIMALLY INVASIVE LIVER SURGERY

The utilization of 3D printing, AR, and Al is a promising step for improving the management of patients
with liver tumors and enhancing the precision of the surgical team. Moreover, the ever-increasing
integration of robotics in surgery over the past decade is poised to revolutionize MILS. The robotic
approach merges the mobility of open surgery with the merits of laparoscopic surgery, such as fewer
perioperative complications and shorter length of stay.
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The application of Al in liver surgery has many areas with potential for development, which, however,
require more study“”. Moreover, robotic liver resection (RLR) lacks tactile feedback; therefore, accurate
intraoperative imaging is essential. Even though ICG can be utilized in RLR, the use of more advanced
imaging methods is not yet supported in robotic platforms. In some pilot studies, virtual 3D liver models
created based on CT scans have offered preoperative guidance for RLR with promising results. However,
intraoperative AR projections are still unavailable due to limitations in robotic platform capabilities.
Research on the application of AI in robotic surgery is also in the early stages, as robotic platforms currently
have only a limited level of autonomy""*. More advanced robotic platforms are needed for AR imaging
modalities to be available intraoperatively. Preliminary results are promising, but the equipment is still
premature. On the other hand, IOUS-guided robotic resection for liver tumors has been proven to be safe
and feasible without compromising the oncological outcomes'***.

Robotic technology is continuously evolving and being integrated into MILS. Spiegelberg et al. have
observed reduced length of stay in patients undergoing robotic hepatectomy versus both open and
laparoscopic approaches. However, the cost remains high as, besides the cost of the console itself, hidden
costs like disposables, maintenance, and other additional costs outweigh any advantage of the shorter
hospitalization“*. The literature is not conclusive, as in a study, the total cost of liver resection was higher
for the open versus robotic approach™!. Hopefully in the future new competitors will enter the market and
the operative cost of a robotic platform will be affordable for wider application.

Another downside of the limited application is the lack of organized training. An expert panel in 2019
agreed on the standardization and optimization of training in robotic procedures for HPB surgeons. The
suggested curriculum would provide both theoretical knowledge on the function of a robotic platform and
surgical training including basic skills and gradual advancement to more complex procedures*’. This is a
noteworthy first step, but more effort is needed in the future to improve and incorporate the robotic
platform in everyday surgical practice*”..

Today, case studies and single-center analyses are mostly available in the literature, concluding that RLR is
technically feasible and clinically safe'***). A propensity-score matched analysis from the National Cancer
Database concluded that over seven years, the use of robotic platforms for liver resection in the USA has
increased by fivefold and was associated with shorter length of stay without any difference in survival
compared to the open approach™. Nevertheless, the robotic platform represents the current evolution of
MIS. Through the robotic platform, fluorescence technology can be used to enhance the accuracy and safety
of the surgical procedure. Additionally, robotic surgery utilizes 3D imaging. Thus, through AR and 3D
models, the safe boundaries of the procedure being performed are displayed on the surgeon’s screen'.

Special mention should be made of the application of Al in the imaging and detection of liver tumors.
Convolutional neural networks (CNNs), a type of DL algorithm, effectively encode the translation
invariance, a key feature of image data. The use of DL with CNNs has become widespread in image
recognition, and the role of Al in medical diagnosis and prognosis is steadily increasing!".

This technology enables clinicians to determine which patients should undergo surgery and which ones
would benefit more from alternative treatments. It helps reduce the need for repeat examinations, as all
essential elements can be identified at the outset. Moreover, it streamlines the decision-making process for
developing the patient’s treatment plan.
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However, for DL algorithms to yield reliable results, a large volume of data is required. More large
prospective studies and multicentered randomized controlled trials (RCTs) are needed in order to
consolidate those findings and successfully compare the robotic approach to the current standard of care.

CONCLUSION

Minimally invasive liver surgery is entering a new era, as modern technology, such as Al and AR imaging, is
being incorporated into clinical practice. The combination of advanced intraoperative imaging methods
with the use of 3D liver models during preoperative planning increases the precision and accuracy of the
surgery. Furthermore, emerging robotic platforms are another promising way to take advantage of state-of-
the-art intraoperative imaging and refine patient care. However, this technology is still immature and more
research is needed to decrease the cost and implement robotic liver resection more widely in clinical
practice. Future studies should focus on large multicentered RCTs directly comparing MILS using 3D-
printed liver models or AI guidance with the standard laparoscopic approach to further advance liver
surgery.
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