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Abstract

:

Simple Summary


Laparoscopic ablation of hepatic tumors is a demanding procedure. In this article, Authors show the new technologies which permitted to perform this procedure safely and obtaining good oncological results. In the preoperative period, 3D reconstruction of radiological imaging permits to evaluate exactly the position of the lesions. Intraoperatively, it is possible to guide the treatment using ICG-fluorescence imaging and the intraoperative ultrasound. All these technologies are very useful tools to permit the surgeon to obtain the best results after laparoscopic ablative treatments.




Abstract


Liver resection is the best treatment for hepatocellular carcinoma (HCC) when resectable. Unfortunately, many patients with HCC cannot undergo liver resection. Percutaneous thermoablation represents a valid alternative for inoperable neoplasms and for small HCCs, but it is not always possible to accomplish it. In cases where the percutaneous approach is not feasible (not a visible lesion or in hazardous locations), laparoscopic thermoablation may be indicated. HCC diagnosis is commonly obtained from imaging modalities, such as CT and MRI, However, the interpretation of radiological images, which have a two-dimensional appearance, during the surgical procedure and in particular during laparoscopy, can be very difficult in many cases for the surgeon who has to treat the tumor in a three-dimensional environment. In recent years, more technologies have helped surgeons to improve the results after ablative treatments. The three-dimensional reconstruction of the radiological images has allowed the surgeon to assess the exact position of the tumor both before the surgery (virtual reality) and during the surgery with immersive techniques (augmented reality). Furthermore, indocyanine green (ICG) fluorescence imaging seems to be a valid tool to enhance the precision of laparoscopic thermoablation. Finally, the association with laparoscopic ultrasound with contrast media could improve the localization and characteristics of tumor lesions. This article describes the use of hepatic three-dimensional modeling, ICG fluorescence imaging and laparoscopic ultrasound examination, convenient for improving the preoperative surgical preparation for personalized laparoscopic approach.
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1. Introduction


Hepatic resections and thermoablation procedures represent important options in the therapeutic strategies for hepatocellular carcinoma (HCC). Very often, they are performed by a laparoscopic approach [1,2] that can be a complicated procedure for the surgeon.



In recent years, several technologies have been developed to facilitate the surgical maneuvers and to improve the results in terms of radicality and complications.



These technologies have evolved simultaneously with the rapid development of laparoscopic surgery in which preoperative and intraoperative planning was more necessary due to accuracy than open surgery [3,4].



This review shows the importance and the limits in the use of some technologies employed in the planning and therapeutic strategies of laparoscopic thermoablation: the hepatic 3D modeling and printing procedure, the indocyanine green (ICG) fluorescence imaging and the laparoscopic ultrasound (LUS) with contrast media. A video describes some applications of these technologies in selected cases (see Video S1).




2. Use of 3D Reconstruction


The complexity of liver vascular anatomy and the anatomic variations and the relationship with focal liver lesions emphasize the importance of surgical planning in liver cancer surgery. In this context, 3D reconstruction has on the one hand increased our level of knowledge regarding the anatomical variants (i.e., 3D reconstruction is tailored on patient-specific anatomy), on the other hand, it allows the possibility of developing new laparoscopic procedures and approaches [5]. Jiang et al. carried out a systematic meta-analysis to compare the difference between 3D reconstruction and 2D CT scans before surgery for primary hepatic carcinoma. They found that preoperative 3D reconstruction has a positive impact on liver surgery reducing damage to liver blood vessels, avoiding intraoperative bleeding during the operation, and achieving the accuracy of the tumor resection [6]. Moreover, 3D reconstruction in conjunction with 2D imaging could be a useful model for improving trainees’ understanding of liver anatomy and surgical resection [7].



During the laparoscopy, to help with surgical maneuvers, the ultrasound view of the spatial relationship of intra-hepatic structures is settled on two-dimensional (2D) images using a high-frequency transducer with a limited depth (about 6 cm) that does not provide a panoramic visualization of the intra-hepatic anatomy [8]. The identification of the exact location of a nodule within the hepatic parenchyma is established by the relationships with the vascular-biliary structures that define the segmental anatomy of the liver and which is very often different in many patients [9,10]. Based on the two-dimensional information obtained from preoperative imaging (CT and MRI), expert surgeons can have a mental picture of a 3D representation scan to perform the operation successfully, but it can be a serious challenge for surgeons to identify the presence of anatomical variants using only the LUS evaluation [11,12]. In this setting, 3D reconstruction from 2D images and virtual reality technologies can clearly show the exact spatial anatomy of a nodule and can help LUS in planning the thermoablation procedures [13,14,15]. Unlike traditional imaging, virtual reality (as well as augmented reality) allows a three-dimensional view of the patient in the form of a copy of the original. This 3D representation increases the visibility of the organs to be examined making them more perceptible in their real form, thus allowing the surgeon to immerse themselves in the image that was created, interact with it, and navigate within its space.



This technology is based on three fundamental principles: immersion, navigation and interaction. The immersion corresponds to the feeling of being “submerged” inside the 3D image. Navigation corresponds to movement within the image. The interaction consists of the manipulation of the structures of the image created in real-time (Figure 1).



The 3D reconstruction procedure is not yet an easy technique and requires different steps before reaching the final product. Of course, a thin-layer, three-phase CT is required. MRI is definitely a more precise imaging technique in the diagnostic definition of the tumor, but 3D reconstruction is more efficient using CT images. In addition, CT should be performed in the three different stages of hepatic perfusion: arterial, portal and late. These phases, indispensable for the diagnostic definition of the nodule, represent the basis for the correct reconstruction of the vascular architecture of the organ and its relationship with the nodule. The result will be improved for the finer (1 mm) layers obtained from the CT images resulting in a more precise and defined 3D reconstruction.



The procedure we use in our Centre is as follows. CT images are loaded and examined with a free, open-source medical image viewer (Horos software Version 3.3.6 or Osirix software version 4.1; Pixmeo, Geneva, Switzerland), designed for Digital Imaging and Communications in Medicine (DICOM) images [16,17]. This software allows the surgeon to perform multiplanar reconstructions of the liver in a very simple way (Figure 2). Such reconstructions are useful for visualizing the lesion, and by analyzing its relationships with contiguous vascular structures, it is possible to identify the exact location of the nodule. In this way, the surgeon is able to program in advance how to place the patient on the operating table in order to have the easiest access to the nodule to be treated.



At this point, the procedure becomes more complex and requires the help of experienced staff. Starting from the DICOM CT datasets, a 3D reconstruction of liver structures (parenchyma, arterial and venous vessels) is obtained using a segmentation procedure. Different methodologies may be used [18,19], but for 3D liver reconstructions, manual segmentation is definitely the preferable one, although it is tedious and requires much more time. In the first step, 3D Slicer is used, a free open-source software for the advanced analysis and processing of medical imaging [20]. With this program, it is possible to obtain a 3D reconstruction of the liver parenchyma and its vascular structures contained within it as well as tumor nodules using semiautomatic algorithms based on in-built region-growing and threshold algorithms in Hounsfield units, with manual adjustment of the boundary to refine little branches of vessels. This human–machine interface allows for the realistic observation of reconstructed structures, which, depending on the needs, can become transparent, ensuring a better visualization of the vascular relationships with the nodule, highlighting only those of interest for the next surgical procedure. The organ can thus be manipulated in real-time.



The 3D model thus obtained is then re-evaluated by a radiologist expert to confirm the correct reproduction of the CT images. Then, it can be exported in STL file format and then adjusted and converted by using Blender v.2.80 (Blender Foundation, Amsterdam, Netherlands), a 3D computer graphics open-source software. Lastly, the converted file is uploaded in a dedicated Virtual Reality Environment (VRE) developed by our team and based on the game engine Unity (Unity Technologies, San Francisco, CA) [21]. The VRE is visualized in a mobile head-mounted display (i.e., Oculus Quest 2) to provide the surgical team with an immersive visualization of the 3D model. Once immersed in the virtual reality environment, the operator can navigate and interact with the 3D reconstruction in an immersive way, can isolate the structures that interest them making the others transparent, and rotate the organ so as to display the nodule from different angles (Figure 3).



In recent years, technological development has allowed access to the world of augmented reality (i.e., Microsoft HoloLens), which can be used to project three-dimensional holograms on the surrounding physical environment, also allowing interaction with holographic objects and spatial tracking.



This technology can be used in the operating room in association with the images of the laparoscopy column monitor and the surgeon can then interact with the 3D model. All of this can be transmitted on an additional monitor allowing other operators to view the same images, thus also playing an educational role [22]. HoloLens is worn by the surgeon without determining any impediments in its action. They can perform the intraoperative ultrasound by comparing the ultrasound images with the 3D model in front of them. The surgeon can interact with HoloLens by moving or zooming in without running the risk of contaminating the operating field. Surgical maneuvers can be stopped at any time to recheck the information that the 3D model can provide. In case the ultrasound or intraoperative images raises doubts about the vascular distribution, the surgeon can compare in real time such images with those of the 3D model and better address the positioning of the antenna or the direction of the dissection slice (Figure 4).



Although 3D reconstructions in the virtual environment based on VR and AR technologies allow liver surgical approaches to be planned by evaluating intrahepatic liver segmental branches and their spatial relationships with the lesion(s), some limitations are still present. Development of VR and AR, for example, is still expensive and time-consuming [23]. Moreover, the soft and deformable nature of the liver parenchyma and the liver movement during operation because of respiratory cycles may determine a change in relationships between the lesion and intrahepatic vascular and biliary structures and an incorrect match between the 3D reconstruction image and the real intrahepatic structures [24]. In this respect, advancements in hardware and tracking technologies (i.e., sensor-based, marker-based, hybrid tracking technologies) with AR systems can increase the matching and mixing of virtual objects (the 3D liver) with the real environment.



Therefore, the use of 3D reconstructions and the development of models for virtual and augmented reality are key aids to:




	
Choosing the patient’s position on the operating table according to the correct location of the nodule;



	
Once the patient is positioned, the choice of the trocar entry point to be used for the laparoscopic probe can be chosen based on the location of the nodule as visualized by virtual reality [25];



	
The technique of lesion centering using the laparoscopic ultrasound probe is totally free-hand. Comparison of images obtained with intraoperative ultrasound and augmented reality allow the surgeon greater accuracy in locating the antenna insertion point in the liver, so that the nodule can be reached with greater precision [14];



	
Finally, in case the intra-hepatic vascular occlusion (IHVO) technique is to be used, 3D reconstruction together with virtual and augmented reality techniques allow the exact individualization of the vessel feeding the nodule, by obtaining a coagulative ablation of the vessel [26].








As indicated at the beginning of this section, all virtual and augmented reality techniques allow the manipulation of the model: in this way they are of valuable help in a situation such as the laparoscopic approach, which does not allow for the easy manipulation of the liver, in addition because of the use of rigid instrumentation. Certainly, the use of robotic surgery with an immersive vision technique and the use of articulated instruments will be of further help in surgical procedures on the liver. Even more so, laparoscopic ultrasound, using linear, high-frequency transducers and therefore with a limited field, may have difficulty in detecting nodules located in deep sites: the 3D reconstruction can tell the surgeon which areas of the liver to examine most carefully for their location [14,25].



However, as already mentioned at the beginning, 3D reconstruction and the creation of virtual models require time and dedicated personnel who are specialized in handling this software. The process of making a 3D reconstruction from DICOM data and transforming it into a virtual and augmented reality model can take more than 2 h, and in centers with a high volume of patients, it can be a problem to accomplish this.



In most cases that come to the attention of centers of liver surgery, the use of CT images with multiplanar reconstructions and possibly the use of 3D reconstruction only on the computer are sufficient to identify the exact location of the lesion and its main vascular relationships. Only in the presence of complex cases, with important vascular abnormalities that make it difficult to understand their relationship with the nodule, might 3D reconstruction with virtual and augmented reality be necessary, as well as the use of 3D printing that in addition to its real use during surgical procedures has an important educational and training role. In fact, the use of models in 3D printing allows a precise liver segmentation to be obtained, thus improving the spatial understanding of the lesions and their relationship with the vascular structures and favoring the professional growth of all the staff [27]. However, the costs and time needed to build these models currently limit their use.




3. ICG Fluorescence Imaging


In recent studies, indocyanine green (ICG) fluorescence seems to be a valid tool to increase the safety of liver resection. Some authors [28,29] showed that LUS integrated with ICG fluorescence imaging permitted the identification of HCC nodules: in fact, the use of an LUS probe may be associated with difficulties in visualizing small subglissonean nodules which could be easily identified by ICG imaging. A single dose of ICG (generally 0.5 mg/kg) used for routine liver function tests (with the LiMON device) should be injected 24–36 h before the surgical procedure and it is sufficient to identify nodules using intraoperative fluorescence imaging. Detection of hepatic lesions by ICG fluorescence is determined by the distinction between the tumoral fluorescent aspect and the nonfluorescent remaining liver parenchyma.



Usually, ICG dye is selectively absorbed by hepatocytes through two specific transmembrane transport systems: organic anion-transporting polypeptides (OATP) and sodium-taurocholateco-transporting polypeptides (NTCP). On the other hand, the ICG excretion into the bile ducts is mediated by the activity of canalicular transporters, called multidrug resistance-associated proteins (MRP), that are expressed in the apical part of the hepatocytes [30].



	
In this setting, ICG fluorescence imaging can be also used to obtain information on nodule characteristics and to help in targeting the lesion;



	
LUS is a fundamental tool for laparoscopic ablation procedures, but it has some drawbacks and difficulties in interpreting images. ICG fluorescence imaging is a promising method for navigation surgery, which allows the limitations of ultrasound examination to be overcome, above all for the subglissonean nodules. In a minimally invasive setting, ICG fluorescence can substitute the tactile feedback of the hand in the presence of soft parenchyma and in some cases, permits the identification of small superficial nodules not identified by the preoperative imaging modalities, completing the LUS staging. In the presence of macronodular cirrhosis and irregular liver surface, it can overcome the LUS difficulties due to the inadequate contact with the liver parenchyma, in the detection of superficial nodules [31,32,33];



	
ICG imaging is very fast and perfectly integrated into the surgical equipment because fluorescent images of hepatic nodules are visualized by simply fixing on the liver surface with the camera and switching the camera system to the near-infrared function;



	
ICG fluorescence imaging could identify different patterns of fluorescence for HCC nodules according to their grade of differentiation [34]: intense and homogenous fluorescence is indicative of well-differentiated HCC, while moderate or poorly differentiated tumor generates partial or rim-type fluorescence;



	
In some procedures used during the laparoscopic thermoablation (IHVO) [26], it is possible to evaluate the ischemic effect of the occlusion of the vessel feeding the lesion. In this case, the ICG injection is performed immediately after the ablation of the vascular pedicle, and it is possible to visualize the area of the liver surface without IGC fluorescence (Figure 5).






However, this technology presents two major drawbacks. The first is the lack of penetration into the parenchyma (up to 8 mm from the liver surface), so, only superficial tumors can be visualized by this technique. On the second, ICG fluorescence could present a relatively high incidence of false-positive rate: benign nodules, biliary hamartomas and nodular hyperplasia can show a well-defined fluorescence [31,35].




4. LUS Evaluation


Intraoperative ultrasound (IOUS) has been the gold standard in preoperative staging of focal liver lesions for some years since it allows the recognition of new nodules misconceived to preoperative imaging methods and represents the unique and indispensable tool for the surgeon’s guidance in intraoperative resections and interstitial treatments. The development of minimally invasive techniques and the use of probes dedicated to laparoscopy have allowed the use of intraoperative ultrasound through a less aggressive route, an extremely important factor, especially in such delicate patients as those suffering from cirrhosis of the liver. Laparoscopic ultrasound (LUS) overcomes the two major limitations of the laparoscopic approach, namely limited inspection of the visible surface of the organ and failure in the tactile inspection of structures, and combines the advantages of the mini-invasive way to the remarkable diagnostic capacity of the contact ultrasound, offering an accuracy comparable to that of the IOUS.



However, the LUS technique is not simple and requires considerable experience: the learning curve has not yet been defined with precision [36]. The diagnostic capacity of the LUS depends not only on the skill of the operator but is certainly influenced by the size and depth of the nodule and the ultrasound pattern of the structure of the hepatic parenchyma. In the case of cirrhosis, the irregular surface associated with the impossibility of compressing increased parenchyma of consistency favors the interposition of air between the liver and the transducer, thus altering the quality of the image [37]. In the presence of multiple nodules, the choice of the position of the inlet trocar for the probe can lead to greater difficulty in finding nodules placed in deep and rear positions [38].



In our Centre, we use ultrasound equipment (Arietta V70, Hitachi, Tokyo, Japan) connected to an LUS probe with a flexible tip, 10 mm in diameter and 50 cm in length. A 5–7.5 MHz linear-array transducer was side-mounted near the tip of the shaft. The length of the transducer surface was 38 mm, which produced an image footprint of approximately 4 cm in length and 6 cm in depth. In recent years a laparoscopic probe has become available that allows the use of a contrast agent (Sonovue, Bracco, Italy) during the LUS examination of the liver: the adjunct of contrast enhancement during the intra-operative ultrasound can ameliorate image visibility, the precise diagnosis of new malignant nodules and ablation efficacy after the ablation of HCC nodules.



Usually, it is sufficient to use two 10/12-mm trocar accesses. Preoperative imaging techniques and their 3D reconstructions are essential in determining the position of the patient on the operating bed depending on the location of the nodule. Usually, the position of the patient on the operating bed is supine with the left arm extended: the surgeon is located either on the right side or between the legs of the patient: this is the usual position for localized lesions in the left lobe and in the fourth segment. The same position but with legs closed and the surgeon positioned to the right of the patient is used for anterior sector nodules. Finally, lesions in segments VI and VII require either an oblique position with the right side elevated up to 45 degrees or a left decubitus position with the right arm elevated and across the chest with the surgeon positioned on the right or on the left side of the operating bed.



The access of the LUS probe into the peritoneal cavity is conditioned by the position of the trocars: first, the umbilical port can be chosen for laparoscopic exploration by the camera, and the second trocar for the LUS access could be decided on the information obtained both the preoperative imaging evaluation and the intraoperative conditions as established by laparoscopy visualization.



LUS examination of the liver can be usually accomplished with a direct contact technique in the presence of the natural humidity of the liver surface, which permits an excellent acoustic touch with the transducer. However, for lesions at the hepatic dome or localized in the posterior segments, contact between the transducer and liver surface may be limited: in this case, the saline solution can be introduced between the liver and diaphragm thus creating an acoustic window that allows you to view these areas without air interference (water-immersion method). If, however, this is not sufficient, it is possible to decrease the pneumoperitoneum to 6–8 mm thus reducing the angle of contact with the hepatic surface, thus improving the ultrasound image. With these devices, it is also possible during laparoscopy as with open surgery to completely examine the liver with the ultrasound probe to identify nodules, their size, characteristics and their exact location according to the Couinaud classification of liver anatomy [39].



After the lesions have been localized, the antenna for a microwave ablation (MWA) (or electrode needle for radiofrequency ablation (RFA)) can be accurately inserted into the nodule. When it is necessary to treat lesions localized in segment 1 or in the posterior segments, a longer laparoscopic antenna could be required (27–30 cm). The antenna proceeds through the abdominal wall and the pneumoperitoneum space prior to reaching the liver surface: this space could increase the difficulties in the movements of the tip of the antenna. In fact, laparoscopic ablation is more technically difficult than percutaneous procedure due to a different three-dimensional spatial plan, decreased liberty in antenna angulation and introduction, and with the free-hand guide of intraoperative ultrasound (IOUS) [40]. Other laparoscopic probes have been equipped with a pore for a guide to insert the antenna: however, the rigid direction line due to the pore prevents the possibility of guiding the antenna into lesions located in different sites of the liver [41].



A LUS-guided interventional procedure [42] can be successfully accomplished if the following ideal conditions are satisfied: (1) a good visualization of the lesion is necessary: the ultrasound probe must be positioned on the liver surface to show the largest diameter of the whole nodule; (2) the antenna must be inserted as close as possible to the transducer of the ultrasound probe trying to have an angle oblique to it so that you can follow the path of the antenna tip as closely as possible with the ultrasound. Once the antenna has been inserted, with delicate rotational movements of the probe on its axis, it must follow the path of it up to the lesion. Being a totally free-hand technique, it is possible that the first attempt will not be adequate: in this case, based on the position of the antenna with respect to the nodule, it is extracted by repositioning it at a different point on the liver surface, taking into account that small distances on the surface of the liver can result in much wider distances within the liver, especially if the nodule is very deep. For lesions located in the posterior segments, it is necessary to introduce the antenna on the liver surface distant from the lesion: in this case, the transducer cannot contemporaneously display the nodule and the antenna tip.



A technical variant is the IHVO. This approach has the goal of producing an ischemic zone centered on the vessel feeding the lesion thus increasing the area of necrosis [26]: in this way, it is desired to reduce the risk of partial necrosis or a local tumor progression that would require additional ablative therapy. The first step of the procedure is to detect with ultrasound the presence of the vessel feeding the lesion or otherwise of a contiguous vessel that could determine a heat ink effect: very often the use of color-doppler allows for the better identification of the vascular architecture. At this point, under ultrasound guidance, the electrode/antenna is positioned as close as possible to the vessel and its ablation is carried out by RFA (the ablation cycle lasts either 2–4 min) or MWA (60–90 s). At the end of ablation, the coagulative ablation of the area previously refurnished by the vessel ablated is evaluated using again the color doppler imaging or using intravenous ultrasound contrast agent. Furthermore, a discolored area on the liver surface could be also visualized. The use of ICG imaging after immediate injection can emphasize the absence of portal flow. Then, the nodule can be treated with the insertion of the electrode or antenna in the usual way. IHVO reduces the local recurrence after ablation with comparable results to surgical resection [2,43].



Another application of IOUS is the ability to characterize locally advanced HCC nodules, even with a diameter of less than 3 cm and this could justify the high recurrence rates after radical treatments, mainly due to new HCC tumors in the remaining liver. Several studies have established that the existence of microvascular infiltration and satellitosis could be a determinant of HCC recurrence after healing treatments [44,45,46] and therefore the relevance of recognizing the HCC nodule with these features before the histological analysis [47,48]. In fact, if it was possible to identify the biological aggressiveness of the HCC nodule, a micro-invasive HCC (MI-HCC) could be treated in another way. In a previous study [49], we have shown that IOUS is able to identify some features which were typical of MI-HCC and these findings effectively matched with similar histopathologic criteria. These IOUS findings (Figure 6) are useful to identify the biological behavior of HCC and to foresee the likelihood of local recurrences and overall survival rates. The ability of IOUS to identify the micro-invasive pattern allows for the recognition of these high-risk patients also during laparoscopic ablation, a treatment without a pathological specimen to analyze. In patients with MI-HCC, IOUS (during the laparoscopic ablation treatment) can definitely demonstrate situations at higher risk of local recurrence, secondary to the microvascular infiltration, satellitosis and/or lesions adjacent to the major vessels as described elsewhere [50]. These IOUS’ patterns could be a reason for overlapping needle insertions to secure a larger necrosis area comprehending the territory with the microvascular infiltration and/or satellitosis. In the future, wider use of laparoscopic contrast-enhanced IOUS could improve the success of the laparoscopic ablation treatment thanks to the intraoperative evaluation of the extension of the necrosis area and the presence or not of residual disease. In fact, apart from the capacity of laparoscopic contrast-enhanced IOUS in characterizing new nodules, it can be useful to evaluate necrosis extension after the ablative treatment during the same procedure. Residual viable neoplastic foci can be recognized by the presence of an enhancement portion on the outskirts of the ablated area, permitting a supplementary treatment in the same session. It is necessary to wait for 10–15 min after the first ablation to assess the residual enhancement portion through the contrast-enhanced IOUS because an immediate appraisal of the ablated area is unsatisfactory for the presence of artifacts due to gas formation or cavitation.




5. Conclusions


The 3D reconstruction models for virtual and augmented reality and 3D printing of liver anatomy (with the imaging of lesion and its vascular relationship) are interdisciplinary and original processes, which guarantee better pre-surgical planning and guidance during surgical procedures. ICG fluorescence imaging is a promising technology not only as a navigational tool, but also to identify new superficial lesions and to evaluate the efficacy of IHVO. Finally, laparoscopic contrast-enhanced IOUS is useful to characterize new nodules and detect residual malignant vascular tissue. All these technologies are very useful tools to permit the surgeon to obtain the best results after laparoscopic ablative treatments.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers15061814/s1, Video S1: Video shows some examples of Virtual Reality Environment, ICG fluorescence imaging and laparoscopic ultrasound evaluation during laparoscopic ablation of liver tumors.





Author Contributions


Conceptualization, R.S. and M.A.Z.; methodology, R.S. and M.V.; software, R.S. and M.V.; validation, R.S., M.B. and M.V.; formal analysis, R.S.; investigation, R.S.; resources, R.S. and M.V.; data curation, M.B.; writing—original draft preparation, R.S.; writing—review and editing, R.S., M.B. and M.V.; visualization, M.V.; supervision, M.A.Z.; project administration, R.S. and M.A.Z.; funding acquisition, nothing. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors are grateful to Maurizio Vertemati, Francesco Rizzetto and Sebastiano Panfili for the 3D reconstruction and virtual reality development, to Paolo Milani, Lorenzo Gentili, Francesco Cavaliere and to the PRINTMED 3D team for their technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Goh, B.K.P.; Prieto, M.; Syn, N.; Koh, Y.-X.; Teo, J.-Y.; Lee, S.-Y.; Chung, A.Y.; Chan, C.Y. Validation and comparison of the Iwate, IMM, Southampton and Hasegawa difficulty scoring systems for primary laparoscopic hepatectomies. HPB 2021, 23, 770–776. [Google Scholar] [CrossRef] [PubMed]

	



Santambrogio, R.; Barabino, M.; De Nicola, E.; Galfrascoli, E.; Giovenzana, M.; Zappa, M.A. Laparoscopic ablation therapies for hepatocellular carcinoma: Could specific indications for the laparoscopic approach influence the effectiveness? Updates Surg. 2020, 72, 435–443. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, C.; Allam, M.; Stoyanov, D.; Hawkes, D.J.; Gurusamy, K.; Davidson, B.R. Performance of image guided navigation in laparoscopic liver surgery—A systematic review. Surg. Oncol. 2021, 38, 101637. [Google Scholar] [CrossRef] [PubMed]

	



Berardi, G.; Colasanti, R.L.; Meniconi, R.L.; Ferretti, S.; Guglielmo, N.; Mariano, G.; Burocchi, M.; Campanelli, A.; Scotti, A.; Pecoraro, A.; et al. The applications of 3D imaging and indocyanine green dye fluorescence in laparoscopic liver surgery. Diagnostics 2021, 11, 2169. [Google Scholar] [CrossRef] [PubMed]

	



Dupré, A.; De Crignis, L. Liver anatomy is king, three-dimensional reconstruction is queen, liver resections are princesses and princes. Ann. Transl. Med. 2022, 10, 1296. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Pei, L.; Jiang, R. Clinical efficacy and safety of 3D vascular reconstruction combined with 3D navigation in laparoscopic hepatectomy: Systematic review and meta-analysis. J. Gastrointest. Oncol. 2022, 13, 1215–1223. [Google Scholar] [CrossRef]

	



Yeo, C.T.; MacDonald, A.; Ungi, T.; Lasso, A.; Jalink, D.; Zevin, B.; Fichtinger, G.; Nanji, S. Utility of 3D Reconstruction of 2D Liver Computed Tomography/Magnetic Resonance Images as a Surgical Planning Tool for Residents in Liver Resection Surgery. J. Surg. Educ. 2017, 75, 792–797. [Google Scholar] [CrossRef]

	



Gavriilidis, P.; Edwin, B.; Pelanis, E.; Hidalgo, E.; De’Angelis, N.; Memeo, R.; Aldrighetti, L.; Sutcliffe, R.P. Navigated liver surgery: State of the art and future perspectives. Hepatobiliary Pancreat Dis. Int. 2021, 21, 226–233. [Google Scholar] [CrossRef]

	



Nagino, M.; DeMatteo, R.; Lang, H.; Cherqui, D.; Malago, M.; Kawakatsu, S.; DeOliveira, M.L.; Adam, R.; Aldrighetti, L.; Boudjema, K.; et al. Proposal of a new comprehensive notation for hepatectomy. The “New World” terminology. Ann. Surg. 2021, 274, 1–3. [Google Scholar] [CrossRef]

	



Ichida, H.; Imamura, H.; Yoshioka, R.; Mizuno, T.; Mise, Y.; Kuwatsuru, R.; Kawasaki, S.; Saiura, A. Re-evaluation of the Couinaud classification for segmental anatomy of the right liver, with particular attention to the relevance of cranio-caudal boundaries. Surgery 2021, 169, 333–340. [Google Scholar] [CrossRef]

	



Hagopian, E.J. Liver ultrasound: A key procedure in the surgeon’s toolbox. J. Surg. Oncol. 2020, 122, 61–69. [Google Scholar] [CrossRef] [PubMed]

	



Torzilli, G.; McCormack, L.; Pawlik, T. Parenchyma-sparing liver resections. Int. J. Surg. 2020, 82, 192–197. [Google Scholar] [CrossRef] [PubMed]

	



Boedecker, C.; Huettl, F.; Saalfeld, P.; Paschold, M.; Kneist, W.; Baumgart, J.; Preim, B.; Hansen, C.; Lang, H.; Huber, T. Using virtual 3D-models in surgical planning: Workflow of an immersive virtual reality application in liver surgery. Langenbeck’s Arch. Surg. 2021, 406, 911–915. [Google Scholar] [CrossRef]

	



An, C.; Zhang, M.; Yang, J.; Cheng, Z.; Yu, X.; Han, Z.; Liu, F.; Dong, L.; Yu, J.; Liang, P. 3D visualization ablation planning system assisted microwave ablation for hepatocellular carcinoma (diameter >3): A precise clinical application. BMC Cancer 2020, 20, 44–58. [Google Scholar] [CrossRef] [PubMed]

	



Shin, J.; Lee, S.; Yoon, J.K.; Chung, Y.E.; Choi, J.Y.; Park, M.S. LI-RADS major features on MRI for diagnosing hepatocellular carcinoma: A systematic review and meta-analysis. J. Magn. Reson. Imaging 2021, 54, 518–525. [Google Scholar] [CrossRef]

	



Soon, D.S.C.; Chae, M.P.; Pilgrim, C.H.C.; Rozen, W.M.; Spychal, R.T.; Hunter-Smith, D.J. 3D haptic modelling for preoperative planning of hepatic resection: A systematic review. Ann. Med. Surg. 2016, 10, 1–7. [Google Scholar] [CrossRef]

	



Lodewick, T.M.; Arnoldussen, C.W.; Lahaye, M.J.; van Mierlo, K.M.; Neumann, U.P.; Beets-Tan, R.G.; Dejong, C.H.; van Dam, R.M. Fast and accurate liver volumetry prior to hepatectomy. HPB 2016, 18, 764–772. [Google Scholar] [CrossRef]

	



Heimann, T.; van Ginneken, B.; Styner, M.A.; Arzhaeva, Y.; Aurich, V.; Bauer, C.; Beck, A.; Becker, C.; Beichel, R.; Bekes, G.; et al. Comparison and evaluation of methods for liver segmentation from CT datasets. IEEE Trans. Med. Imaging 2009, 28, 1251–1265. [Google Scholar] [CrossRef]

	



Willatt, J.; Ruma, J.A.; Azar, S.F.; Dasika, N.L.; Syed, F. Imaging of hepatocellular carcinoma and image guided therapies—How we do it. Cancer Imaging 2017, 17, 9. [Google Scholar] [CrossRef]

	



Fedorov, A.; Beichel, R.; Kalpathy-Cramer, J.; Finet, J.; Fillion-Robin, J.-C.; Pujol, S.; Bauer, C.; Jennings, D.; Fennessy, F.; Sonka, M.; et al. 3D Slicer as an Image Computing Platform for the Quantitative Imaging Network. Magn. Reson. Imaging 2012, 30, 1323–1341. [Google Scholar] [CrossRef]

	



Vertemati, M.; Cassin, S.; Rizzetto, F.; Vanzulli, A.; Elli, M.; Sampogna, G.; Gallieni, M. Virtual Reality Environment to Visualize Three-Dimensional Patient-Specific Models by a Mobile Head-Mounted Display. Surg. Innov. 2019, 26, 359–370. [Google Scholar] [CrossRef] [PubMed]

	



Al Janabi, H.F.; Aydin, A.; Palaneer, S.; Macchione, N.; Al-Jabir, A.; Shamim Khan, M.; Dasgupta, P.; Ahmed, A. Effectiveness of the HoloLens mixed-reality headset in minimally invasive surgery: A simulation-based feasibility study. Surg. Endosc. 2020, 34, 1143–1149. [Google Scholar] [CrossRef] [PubMed]

	



Van Nguyen, S.; Thanh Le, S.; Tran, M.K.; Tran, H.M. Reconstruction of 3D digital heritage objects for VR and AR applications. J. Inf. Telecommun. 2022, 6, 254–269. [Google Scholar] [CrossRef]

	



Giannone, F.; Felli, E.; Cherkaoui, Z.; Mascagni, P.; Pessaux, P. Augmented Reality and Image-Guided Robotic Liver Surgery. Cancers 2021, 13, 6268. [Google Scholar] [CrossRef]

	



Santambrogio, R.; Barabino, M.; Opocher, E. Non-resection: Radiofrequency Ablation, Cryo, Microwave. In Surgical Principles of Minimally Invasive Procedures: Manual of the European Association of Endoscopic Surgery (EAES); Bonjer, H.J., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 131–137. [Google Scholar]

	



Santambrogio, R.; Costa, M.; Barabino, M.; Opocher, E. Laparoscopic radiofrequency of hepatocellular carcinoma using ultrasound-guided selective intra-hepatic vascular occlusion. Surg. Endosc. 2008, 22, 2051–2055. [Google Scholar] [CrossRef]

	



Yang, T.; Lin, S.; Xie, Q.; Ouyang, W.; Tan, T.; Li, J.; Chen, Z.; Yang, J.; Wu, H.; Pan, J.; et al. Impact of 3D printing technology on the comprehension of surgical liver anatomy. Surg. Endosc. 2019, 33, 411–417. [Google Scholar] [CrossRef]

	



Kose, E.; Kahramangil, B.; Aydin, H.; Donmez, M.; Takahashi, H.; Acevedo-Moreno, L.-A.; Sasaki, K.; Aucejo, F.; Berber, E. A comparison of indocyanine green fluorescence and laparoscopic ultrasound for detection of liver tumors. HPB 2020, 22, 764–769. [Google Scholar] [CrossRef]

	



Hu, Y.; Guo, W.; Ma, J.; Yu, J.; Liu, W.; Zhang, C.; Jia, W.; Ge, Y. Application of indocyanine green fluorescence imaging combined with laparoscopic ultrasound in laparoscopic microwave ablation of liver cancer. Med. Sci. Monit. 2022, 28, e937832. [Google Scholar] [CrossRef]

	



Zhang, W.; Hu, Z.; Tian, J.; Fang, C. A narrative review of near-infrared fluorescence imaging in hepatectomy for hepatocellular carcinoma. Ann. Transl. Med. 2021, 9, 171–186. [Google Scholar] [CrossRef]

	



Boogerd, L.S.F.; Handgraaf, H.J.M.; Lam, H.D.; Huurman, V.A.L.; Farina-Sarasqueta, A.; Frangioni, J.V.; van de Velde, C.J.; Braat, A.E.; Vahrmeijer, A.L. Laparoscopic detection and resection of occult liver tumors of multiple cancer types using realtime near-infrared fluorescence guidance. Surg. Endosc. 2017, 31, 952–961. [Google Scholar] [CrossRef]

	



Kudo, H.; Ishizawa, T.; Tani, K.; Harada, N.; Ichida, A.; Shimizu, A.; Kaneko, J.; Aoki, T.; Sakamoto, Y.; Sugawara, Y.; et al. Visualization of subcapsular hepatic malignancy by indocyanine-green fluorescence imaging during laparoscopic hepatectomy. Surg. Endosc. 2014, 28, 2504–2508. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, H.; Zaidi, N.; Berber, E. An initial report on the intraoperative use of indocyanine green fluorescence imaging in the surgical management of liver tumors. J. Surg. Oncol. 2016, 114, 625–629. [Google Scholar] [CrossRef] [PubMed]

	



Ishizawa, T.; Fukushima, N.; Shibahara, J.; Masuda, K.; Tamura, S.; Aoki, T.; Hasegawa, K.; Beck, Y.; Fukayama, M.; Kokudo, N. Real-time identification of liver cancers by using indocyanine green fluorescent imaging. Cancer 2009, 115, 2491–2504. [Google Scholar] [CrossRef] [PubMed]

	



Piccolo, G.; Barabino, M.; Diana, M.; Lo Menzo, E.; Epifani, A.G.; Lecchi, F.; Santambrogio, R.; Opocher, E. Application of indocyanine green fluorescence as an adjuvant to laparoscopic ultrasound in minimally invasive liver resection. J. Laparoendosc. Adv. Surg. Tech. 2021, 31, 517–523. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, D.M.; Arregui, M.E. Role of laparoscopic ultrasound in cancer management. Semin. Surg. Oncol. 1998, 15, 166–175. [Google Scholar] [CrossRef]

	



Santambrogio, R.; Barabino, M.; Opocher, E. Ultrasound-guided intraoperative ablation therapies. In Ultrasound-guided liver surgery. An atlas; Torzilli, G., Ed.; Springer: Milan, Italy, 2014; pp. 231–247. [Google Scholar]

	



Viganó, L.; Ferrero, A.; Amisano, M.; Russolillo, N.; Capussotti, L. Comparison of laparoscopic and open intraoperative ultrasonography for staging liver tumours. Br. J. Surg. 2013, 100, 535–542. [Google Scholar] [CrossRef]

	



Santambrogio, R.; Opocher, E.; Pisani Ceretti, A.; Barabino, M.; Costa, M.; Leone, S.; Montorsi, M. Impact of intraoperative ultrasonography in laparoscopic liver surgery. Surg. Endosc. 2007, 21, 181–188. [Google Scholar] [CrossRef]

	



Giglio, M.C.; Garofalo, E.; Montalti, R.; Vanlander, A.; Troisi, R.I. The learning curve of laparoscopic ablation of liver tumors: A technically demanding procedure requiring dedicated training. Eur. J. Surg. Oncol. 2021, 47, 2579–2585. [Google Scholar] [CrossRef]

	



Eisele, R.M.; Gabelein, G.; Glanemann, M. Needle insertion in laparoscopic thermoablation of the liver. Adv. Res. Gastroenterol. Hepatol. 2017, 6, 59–61. [Google Scholar] [CrossRef]

	



Santambrogio, R.; Bianchi, P.; Pasta, A.; Palmisano, A.; Montorsi, M. Ultrasound-guided interventional procedures of the liver during laparoscopy: Technical considerations. Surg. Endosc. 2002, 16, 349–354. [Google Scholar] [CrossRef]

	



Santambrogio, R.; Opocher, E.; Zuin, M. Surgical resection versus laparoscopic radiofrequency ablation in patients with hepatocellular carcinoma and Child-Pugh class A liver cirrhosis. Ann. Surg. Oncol. 2009, 16, 3289–3298. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.H.; Zhang, X.P.; Wang, H.; Chai, Z.T.; Sun, J.X.; Guo, W.X.; Shi, J.; Cheng, S.Q. Effect of microvascular invasion on the postoperative long-term prognosis of solitary small HCC: A systematic review and meta-analysis. HPB 2019, 21, 935–944. [Google Scholar] [CrossRef]

	



Erstad, D.J.; Tanabe, K.K. Prognostic and therapeutic implications of microvascular invasion in hepatocellular carcinoma. Ann. Surg. Oncol. 2019, 26, 1474–1493. [Google Scholar] [CrossRef]

	



Ferrer-Fabrega, J.; Forner, A.; Liccioni, A.; Miquel, R.; Molina, V.; Navasa, M.; Fondevila, C.; Garcia-Valdecasas, J.C.; Bruix, J.; Fuster, J. Prospective validation of ab initio liver transplantation in hepatocellular carcinoma upon detection of risk factors for recurrence after resection. Hepatology 2016, 63, 839–849. [Google Scholar] [CrossRef] [PubMed]

	



Cillo, U.; Giuliani, T.; Polacco, M.; Herrero Manley, L.M.; Crivellari, G.; Vitale, A. Prediction of hepatocellular carcinoma biological behavior in patient selection for liver transplantation. World J. Gastroenterol. 2016, 22, 232–252. [Google Scholar] [CrossRef] [PubMed]

	



Yamashita, Y.; Tsuijita, E.; Takeishi, K.; Fujiwara, M.; Kira, S.; Mori, M.; Aishima, S.; Taketomi, A.; Shirabe, K.; Ishida, T.; et al. Predictors for microinvasion of small hepatocellular carcinoma ≤ 2 cm. Ann. Surg. Oncol. 2012, 19, 2027–2034. [Google Scholar] [PubMed]

	



Santambrogio, R.; Cigala, C.; Barabino MMaggioni, M.; Scifo, G.; Bruno, S.; Bertolini, E.; Opocher, E.; Bulfamante, G. Intraoperative ultrasound for prediction of hepatocellular carcinoma biological behavior: Prospective comparison with pathology. Liver Int. 2018, 38, 312–320. [Google Scholar] [CrossRef]

	



Santambrogio, R.; Barabino, M.; D’Alessandro, V.; Iacob, G.; Opocher, E.; Gemma, M.; Zappa, M.A. Micronvasive behaviour of single small hepatocellular carcinoma: Which treatment? Updates Surg. 2021, 73, 1359–1369. [Google Scholar] [CrossRef]








[image: Cancers 15 01814 g001 550] 





Figure 1. The figure shows the different steps to obtain a 3D model from CT scans to be visualized in the HDMI. 
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Figure 2. Multiplanar reconstruction of CT scan ((A) = sagittal, (B) = axial and (C) = coronal planes) of a HCC nodule (arrow) in the seventh segment contiguous to inferior vena cava (IVC). (D) = laparoscopic ultrasound image of the nodule. 
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Figure 3. A 3D reconstruction which permits the identification of the lesion’s position (green) in relationship with glissonean pedicles. 
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Figure 4. Augmented reality in operating room: surgeon can manipulate the model comparing its features with laparoscopic ultrasound images. 
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Figure 5. LUS guided puncture to the portal branch feeding the tumor with the fluorescent delineation of vascularized parenchyma (A) around the tumor. Monochromatic view (B). 
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Figure 6. Laparoscopic ultrasound images of a HCC nodule (A) located in the sixth segment with a satellite (black arrow) at distance; another HCC nodule (B) located in the fifth segment with vascular microinfiltration (white arrow). 
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