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Introduction(h1)
Neurosurgery is a fascinating and continuous-evolving discipline strictly connected to the technological innovation. Defined as “the introduction of a new technology that initiates a change in clinical practice”[1], innovations have represented the beating heart of this surgical branch, allowing to push it forward and overcome dogmatic concepts that could limit the improvement of the reference standard clinical practice. Professor Yaşargil and Professor Rhoton represent a remarkable example of innovators in this field, both sharing the desire to refine previous concepts and instruments, and changing for the better the neurosurgery legacy. Professor Yaşargil developed the modern concept of microneurosurgery with the introduction of the operative microscope and the refinement of microsurgical instruments such as aneurysm clips and brain retractors; Professor Rhoton, a pioneer of microneurosurgical anatomy, introduced new surgical techniques and developed innovative neurosurgical  instruments (e.g. Rhotonmicrodissectors), transforming the way neuroanatomy is taught.
More recently, The introduction of visualization tools (operative microscope and endoscope), neuronavigation systems, intraoperative neuromonitoring, fluorophores in oncologic surgery, endovascular devices, minimally invasive treatment modality (e.g. laser interstitial thermal therapy), etc[1,2]have determined a paradigm-shift in the therein concept of neurosurgery, allowing to treat pathologies considered until than “inoperable”, minimize the surgical invasiveness and reduce surgical-related complications. In the next few years many innovations are expected to emerge. The concept of machine learning (ML),Machine vision, Artificial intelligence (AI), and neural network based deep learning (DL) conceptsare gaining momentum in neurosurgery, promising to revolutionize the diagnostic and decision-making processes inside and outside the operative theater (OT) [3,4]. Moreover, technological advancements such as robotic neurosurgery [5,6] and virtual reality (VR) [7]will increasingly be an essential component of surgical procedures, providing safer, more efficient, and tailored procedure for every patient.
In the following paragraphs,we will discuss some emerging innovations and propose possible future scenarios regarding innovations in neurosurgery.
I) Exoscope (integration with ai, vr, mri and lidar with navigation) (h1)
The exoscope(EX) represent a new emerging visualization tool in the neurosurgical field.The introduction of the operative microscope (OM) in the 1950’s characterized one of the first technological revolutions in neurosurgery, pioneering the conception ofmicro-neurosurgeryestablished on its capability to provide magnification, stereoscopic vision, and lighting on the operative field [8]. Subsequently the endoscope (EN)had been developed to overcome some of the OM limitations, bringing a new perspective on the minimally-invasive approaches and establishing the angled view withdedicated optic systems.However, the need to implement a three-dimensional vision, improves the surgery-related ergonomics, and provides a fully digital imaging for robotic integration into the OT lead to the conceptualization of the EX [9,10]. 
Composed of a 3D, high-resolution (4K), digital camera placed at the end of a robotic arm with 7 or more degrees of freedom (DOF) connected to a digital screen,the EX stands outside the surgical field providing high magnification images at a greater distance through a longer focal length, allowing better ergonomics and reducing the cumbersome of the OM, which has to be all the time, “connected” to the surgeon [9,11].Furthermore, this new facility is equipped with a footswitch pedal, introducing the possibility to get better movement controls of the camera without the need to interrupt the surgery for required progressive adjustments, and a digital camera, consenting to integrate multiple intraoperative fluorophores (e.g. indocyanine green, 5-aminolevulinic acid, and sodium fluorescein)[11,12,13,14] for an immersive surgical experience (Figure 1).
Regarding the clinical applications, the safety and feasibility of the use of EX in the surgical practice has been proved in numerous case series study, spanning from neurovascular to oncologicaland spinal surgery, showing non-inferiority outcomes compared to the OM [9,15,16].Moreover, also an educational role has been advocated for this platform, enhancing the visualisation of the surgical field for the OT staff, students,and procedure attenders [9].However, as few limitations are emerging as this equipment becomes more widespread, further possible implementations of this technology are worthy of discussion.
One of the drawbacks of this technology is represented bypotential conflict conditions between the camera holding arm and the visualisation screen; in fact, as not all the different type of EXsare equipped with an independent monitor, an overlapping of the robotic arm with the line of sight of the monitor could occur,limiting the surgeon’ view during some stages of the procedure. Similarly, dedicatedintraoperative filters for oncologic and neurovascular surgeries are only partially available in first-generation EXs, restraining their clinical usefulness in specific settings [15]. Finally, the absence of a dedicated endoscopic holder integrated into the EX represent a shortcoming as one hand of the surgeon or the assistant is required to held the endoscope limiting the surgical dexterity, especially in narrow surgical fields such as skull base or posterior fossa procedures, or requiring additional facilities, increasing the final cost to perform the surgery [17]. Nevertheless, some limitations could be easily overcome as the integration of the tumoral and vascular filters are nowadays accessible in almost all new-generation EXs (Figure 2), and separated widescreen could be introduced in the OT to maximise the surgeon field-of-view [9,11].Conversely, for the endoscopic holder, further technical improvements have to be done to face this demand. In the author’s experience some efforts are required at the beginning to familiarize with the EX with a steep learning curve; however, after several procedures the EX use become effortless, with a better vision and ergonomics compared to the OM.
Apart from the current limitations, a further section should be reserved to envision the future scenarios for the fulfilment of the potential that this new visualisation system seems to offer. In the Authors’ vision, specific implementations should be pursued to meet the emerging needs of a surgery which is increasingly interlinked with technological advancements:
II) Virtual and augmented reality (h2)
The introduction of the VR and augmented reality (AR) into the OT could represent a potential revolution, reshaping neurosurgery as it is currently conceived [18].Magnetic resonance imaging (MRI) or computed tomography (CT)–based 3D model,based on segmentation of the lesion and the key anatomical structures, can be obtained with pre-operative software and superimposed to the surgical field, allowing the surgeon to have an enhanced and immersive vision during the entire procedure, from the surgical positioning to the removal of the lesion.In support of this vision, a growing number of publications are emerging regarding this topic, providing data about the feasibility and safety of the application of VR/AR–assistedneurosurgery [19,20,21,22]. These technologies, along with the opportunity to display on the same screen real-time anatomical images, diffusion tensor imaging (DTI), and qualitative images modality (e.g. 5-ALA and ICG) are paving the way for a new standard of care.
III) Machine vision (h2)
	Machine Vision (MV) is another emerging innovation that is gaining interest in complex data analysis and the subsequent translation of that information into the clinical scenario. The use ofMV, based on AI and ML processes, could play a role in the future in the neurosurgical practice.In fact, ML algorithm seem to provide encouraging data about the viability to automatically recognise key anatomical landmarks in endoscopic transsphenoidal surgery [23,24], opening new perspective of this application for segmentation and intraoperative recognition of anatomical structures.This synergy between MV and the surgeon could have interesting implicationespecially during complex surgical procedures in which the pathology has caused a complete distortion of the anatomical landmarks, posing challenges in the recognition and preservation of delicate and eloquent anatomical structures. Another neurosurgery-related application of MV should be focused on the implementation of the neuronavigation system. Actually, the neuronavigationdevices relies on a magnetic or optic co-registration software between spatial coordinates, based on the patient’ physical space acquired in the OT, and pre-operative imaging; the fusion of those data allows to match in a univocal way each point in the recordedthree-dimensional space with the corresponding anatomical location on the radiological images. However, the variation of the intracranial or spinal volumes during the surgical procedure, mainly due to loss of cerebrospinal fluid and/or tissue and gravitational effects, produce a distortion called “brain shift”, invalidating the patient-image registration [25]. Despite several methods have been proposed to compensate brain shift, in the clinical practice the most frequent practise is based on the acquisition of new intraoperative imaging (e.g. intraoperative CT/MRI or ultrasound) [25,26]. Although those technologies are capable to provide good results in term of brain shit correction,are burdened by limitations such as being expensive, time-consuming, and/or operator dependent. We advocate as a possible solution the implementation of the neuronavigation system integrated to the EXwith compensatory mechanisms based on MV processes such as the laser imaging detection and ranging (LIDAR) technology. This device showed promising result in the near real-time correctionof brain deformation due to a continuous stream of data between the laser range scanner (LRS), thesurgical field, and the workstation with a dedicated deformation correction software [27,28,29]. In the near future, this implemented system will provide to the surgeon a real-time correction of the brain shift phenomenon, for an increasingly immersive and safe surgery.
IV) Real-time cellular visualization (h2)
The development of confocal laser endomicroscopy (CLE)technology, based on a miniatured confocal microscope combined with fluorescent dye (SF), pioneered the opportunity tohave a real-time intraoperative visualisation of the histopathologic appearance of the surgical field [30,31].The high-resolution cellular visualization allowed by this innovation provide the opportunity to make an intraoperativediagnosis, check for tumoral infiltration of the suspected border of the lesion,and adapt the surgical strategy accordingly to the pathological data [32]. In the future, the interaction of this technology with ML algorithm will offer at the surgeon the opportunity to check the tumor removal also at a microscopic scale, analysing the histoarchitectural cellular patterns along the surgical cavity and providing qualitative data regarding the surgical resection.
V) scoop (mechanical CUSA with piezoelectric crystals) (h1)
The advent of the ultrasonic aspirator (UA) had represented a significant innovation into the neurosurgical practice.Through its capacity to be tissue-selective, removing the pathological tissue while preserving the adjacent structures by leveraging the physical principle of cavitation, this instrument has gradually taken hold in the neurosurgical field. The piezoelectric transducer integrated in the UA is able to convert electromagnetic energy into variable-range ultrasonic waves and mechanical vibrations that, delivered through the tip of the instruments, lead to a fragmentation of non-elastic tissues (tumor-like)and sparing ofelastic tissues (brain and vessel-like).The other components of the UA, consisting of irrigation and suction devices, allow the cooling of the instrument and the removal of the debrided tissues. This technologyinitially applied in cranial procedures [33], have progressively found further applications in the clinical practice such as spinal [34] and endoscopic procedures [35,36]afterwardsthe introduction of technical innovations, including tip alterations for bone and fibrotic lesion excision [37] and fusion with intraoperative neuromonitoring devices [38].Furthermore, UA use has been associated with a significant blood loss and surgical time reduction compared with the traditional instrumentation [35].Albeit those advantages, some limitations including the cost could limit the spread of this essential technology, especially in low-middle income countries. In the attempt to overcome this limitation and provide a greater dissemination of this tool, we have designed a low-cost instrument with analogous proprieties to the UA. This technology utilises the same physical principle of the UA, generating ultrasonic waves from the piezoelectric crystals embodied within the base of a normal electric toothbrush, capable of generate frequenciesbetween 1.6 and 4.8 MHz [39]. Along with dedicated tips of different shape and size this tool is showing encouraging results in term of safety and efficacy profiles in the resection of intracranial tumors (unpublished data),acting as a low-cost and widely-available alternative to traditional UAs.Finally, as future direction, the next-generation neurosurgical instruments should pursue the utmost interchangeability of functions, incorporating multiple technologies (e.g.coblation, suction, irrigation, cavitation, intraoperative neurophysiological monitoring, etc.) that could be activated by the operator without having to constantly interrupt the surgical manoeuvre, shortening the surgical timing and increasing the efficiency of the procedure.
VI) Headrest with motorized retractors (h1)
Headrest devices, mainly represented by the horseshoe headrest and the Mayfield or Sugita skull clamp, play a pivotal role in neurosurgery, ranging fromthe positioning of the patient prior to the surgical procedure to ensuring the accuracy of non-frameless navigation systemsand prevention of surgery-related complications [40,41]. Moreover, the headrest may serve as an anchoring support for the placement of brain retractor holders, frequently used in the skull base, oncologic, and aneurysm surgery. Nevertheless, although this methodprovides undeniable visualization advantages, it is burdened by not risible rates of parenchymal and vascular injuries (5-10%)associated with the focal pressure applied by the retraction system [42].Several techniques have been proposed over the years to limit the impact of retractors in brain surgery, establishing the concept of retractorless surgery [43] to minimize the retractor-induced tissue damage.New innovations are emerging also in this setting to face this issue and refine the surgical practice. Brain spatulas equipped with pressure sensor capable of monitoring in real-time the pressure applied to the cranial structures during the surgical procedure [44], soft robotic retractors composed of ferromagnetic microparticles scattered in a soft polymer matrix, able to expand and contract through a pneumatic system according to the surgical need [45], and motorized retractors capable of to modify the applied pressure through an external regulation system,seems foreseeable technological innovations for the improvement of the actual practice, striving for more and more atraumatic surgical procedures. 
VII) Arm supporting system (fortis trimano based handrest) (h1)
Arm supporting systemrepresents another basic but essential neurosurgical tool to accomplishmicroneurosurgicalprocedures stabilizing surgeon arms and reducing hand tremble [46], increasing the surgeon control in the performance of microscopic maneuver.Different types of arm-holding devices have been presented in the last decades, from the first fixed armrest to freely movable armrest integrated with robotic technologies, able to reduce surgical fatigue and offer a dynamic supportadapting to position changes required during complex surgical procedure [47,48].Nevertheless, despite those advantages, the robotic armrest deployment is actually limited to a few centers and focused mainly on research purposes, as some cost-effectiveness and cumbersome issues have been highlighted [47,48]. A feasible and effective solution can be reached through the customization ofa hydraulic arm commonly used in orthopedic surgery (e.g.TrimanoFortisTM) [49]. This compact and multi-planar armcan be easily secured to the operating table or dedicated chairs, offering an excellent handling for intra-operative adjustments of the arm supporting system and optimizing the surgical performance. 
VIII) Laser carriers for tumor resection (h1)
Laser interstitial thermal therapy (LITT) hasrecently emerged as an alternative and minimally invasive method for the treatment of primary and metastatic brain tumors, spinal lesions, and drug-resistant epilepsy [50,51,52,53], especially in case of tumor located in deep-seated structures or patients with contraindications to open surgery [53].Relying on stereotactical principles, the operative technique,usually performed in a dedicated MRI suite, contemplates the identification of the entry-point, trajectory, and target on the pre-operative imagingand the insertion of the laser needle probe under neuronagivation guidance thought a stereotactic bolt. Once the desired target has been reached and the benchmark temperature has been set, the ablation procedure is performed under dedicated MRI-thermometry sequences in order to avoid possible hyperthermia-related injuries [54].A further strength of LITT systemcan be sought in the opportunity to treat multiple contiguous and noncontiguous lesions, increasing the number of fibers, and the feasibility of perform a LITT retreatment [55,56]. However, although this promising data, several pitfalls of this technology are restraining a broader application. New neurological deficits, catheter misplacement, and intracranial hemorrhage represents some of the complications related to the LITT [51,54,57]. The refinement of the laser technology, with the introduction of smaller and multiple, radially arranged termination tipsmay limit the need to deliver high temperatures, restricting the ablating effect only on the pathologic target and preserving the surrounding normal brain tissue.
IX) Tubular retractor system in neurosurgery (h1)
Brain retractors represent amainstay during microsurgical procedures, providing an adequate and stable exposure of deep-seatedlocations and enhancing the surgeon visibility along narrow corridors required for performing complex oncological and vascular procedures. Brain spatulas have represented the prevailing instrument in the last century but as this retraction system can cause significant parenchymal and vascular damage to the surrounding structures, mainly due to pressure-induced ischemia and their sharp edges [58,59], frameless stereotactic tubular retractors had progressively gained momentum in the neurosurgical community as a safe, effective, and minimally invasive technique to decrease the cortex and white matter fiber-tracts retractor-induced lesions [60,61].Recent meta-analysis confirmed the reduction of complication rates with the use of tubular systems compared to traditional brain retractors [62,63]. Nevertheless, MRI-findings showed as even with the tubular retractor system minorretraction-induced injuries are still detectable [64].Aviable opportunity to chase a further brain-invasiveness reduction could be found in the development of dynamic tubular retractor devices, exploiting pneumatic systems or smart materials (e.g. nanorobots) able to adapt their shapes according to time-to-time needs [45,65]. Those innovations will be proficient in the provision of a tailored surgical accessibility, creating a safe operative corridor and applying shearing forces in a dynamic manner to minimize the pressure-induced tissue damage.
X) Catheter based temporary clip (h1)
Temporary occlusion of cerebral vessels is a routinely practice for the neurosurgeon performing vascular and complex skull base cases, finding its foremost application in aneurysm surgery. This manoeuvre, known as temporary clipping, is used with the aim to obtain a proximal and/or distal control, ensuring a safe aneurysmal dissection from the surrounding structures andpreventing potential bleeding in case of intra-operative aneurysm rupture or aneurysm-remodelling procedures. However, those advantages are burdened by some drawbacks as, with the reduction of cerebral perfusion, ischemic event could occurin response to the prolonged occlusion of the vessels [66]. Despite the safe occlusion time may vary according to the parent artery and collateral vessels, longer time of occlusion have been recognised a risk factor for the development of cerebral infraction [67,68] and intraoperative neuromonitoring changes [69]. To reduce the incidence of ischemic events an intermittent temporary clipping technique has been proposed but the continuous application and removal of the clip can be troublesome if delicate structures such perforator vessels and cranial nerves are in a strict relationship with the temporary clip. An interesting innovation that could be introduced to obtain an intermitting clipping reducing the concerns related to the clip repositioning could be represented by a catheter based tool able to provide aremote-adjustable pressure-controlled system. Regulated by a hydraulic or pneumatic mechanism, this tool will offer the chance to release the pressure on the clip,ensuring an adequate perfusion pressure and cerebral oxygenation to the brain parenchyma during the surgical steps judged as “safe”, and arrest in real-time the bleeding in caseof aneurysm rupture.
Summary
In this chapter we presented some innovations that in the authors’ vision will be able to implement and reshape the current concept of neurosurgery. The need for a closer and closer hybridization between neurosurgery, emerging technologies, and artificial intelligence algorithms is mandatory and will characterize the next decades, pushing forward the actual boundaries of the healthcare as is nowadays conceived. Despite some limitations will have to be faced, the necessity of a new technological revolution with the introduction of new innovations to optimize the patient care and reduce the surgical-related invasiveness is beyond dispute. We hope that sharing those ideas and stressing those concepts we could have pave the path for a new neurosurgical era.
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Figure legends:

Figure 1: Operating theatre setting and surgical view of the exoscope during oncological surgery. The exoscope camera lies above the surgeon working space, allowing a high degree of freedom of movements for the surgeon and the surgical instruments, and a free field of view to the surgeon, second surgeon, and operating theatre staff.
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Figure 2: Intraoperativeexoscope high-magnification image showing the final stage of a superficial temporal artery – middle cerebral artery revascularization procedure (A) and the intraoperative indocyanine green video-angiography confirming the patency of the bypass (B).
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