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Abstract

:

The number of spine surgeries using instrumentation has been increasing with recent advances in surgical techniques and spinal implants. Navigation systems have been attracting attention since the 1990s in order to perform spine surgeries safely and effectively, and they enable us to perform complex spine surgeries that have been difficult to perform in the past. Navigation systems are also contributing to the improvement of minimally invasive spine stabilization (MISt) surgery, which is becoming popular due to aging populations. Conventional navigation systems were based on reconstructions obtained by preoperative computed tomography (CT) images and did not always accurately reproduce the intraoperative patient positioning, which could lead to problems involving inaccurate positional information and time loss associated with registration. Since 2006, an intraoperative CT-based navigation system has been introduced as a solution to these problems, and it is now becoming the mainstay of navigated spine surgery. Here, we highlighted the use of intraoperative CT-based navigation systems in current spine surgery, as well as future issues and prospects.
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1. Introduction


Spinal instrumentation surgery has continued to make extraordinary progress with the development of surgical techniques and spinal implants. In particular, spinal implants such as pedicle screws (PS) have developed remarkably, especially in the last two decades. In addition, minimally invasive spine stabilization (MISt) surgery is becoming a popular procedure against the backdrop of an aging society [1]. However, even if high-performance implants are developed, they cannot be utilized effectively if they are not placed correctly. The deviation of a spinal implant not only loses its mechanical effectiveness, but also damages nerves, blood vessels, and organs, resulting in serious complications. In recent years, computer-assisted navigation (CAN) has been introduced to ensure accurate and effective implant placement and to improve safety. CAN provides surgeons with more confidence by providing a three-dimensional (3D) visualization of the skeletal anatomy not clearly evident through surgical exposure alone, especially in complex spine surgery [2]. It is also useful for making the implant placement in the MISt procedure safer and easier without exposing anatomical landmarks [3]. In this review article, we report on the current status and application of CAN in the field of spine surgery based on previous literature, in addition to discussing future challenges and prospects.




2. Method


Based on previous literatures, we summarize the current status of CAN in the field of spine surgery.




3. Discussion


3.1. Trends in Spinal Navigation Systems


Navigation systems were first reported in the field of neurosurgery during the 1970s and 1980s. In 1979, the Brown-Roberts-Wells stereotactic system combined computed tomography (CT) images with a stereotaxic frame in neurosurgery to enable a highly accurate guidance for locating lesions. In 1986, Roberts et al. [4] reported the use of preoperative CT images for microsurgery of brain tumors. In the 1990s, navigation systems began to be introduced in spine surgery. In the 2000s, intraoperative CT images were reconstructed in 3D visualization and used for navigation systems. There are several advantages of intraoperative CT-based navigation, including its high reproducibility due to intraoperative CT images obtained in the actual surgical position, usefulness of highly accurate 3D reconstructed images for precise implant placement, and the ability to confirm implant placement without moving to the CT room [5].



In the O-arm® Surgical Imaging System (Medtronic, MN, USA) (Figure 1), the X-ray tube and flat-panel detector (FPD) rotate 360° inside the gantry, and 3D scanning can be performed in approximately 13 s. The system can acquire highly accurate intraoperative images and create 3D reconstructed images in a short amount of time. Some advantages of the O-arm® system include its ability to provide more accurate image data compared to preoperative CT navigation and capability to automate registration to rid of lengthy registration work. The imaging direction is changed by moving the tube and FPD in the gantry frame, eliminating the need for cumbersome movements during operations. In addition, since the gantry can be moved and the imaging direction can be changed at the touch of a button, it is possible to operate the system while maintaining a clean environment in the operating field [6]. The highly accurate 3D reconstructed images allow for more accurate placement of implants, which significantly improves the safety of spine surgery (Figure 2).




3.2. Accuracy, Complication Rate, Cost-Effectiveness, and Radiation Exposure in Navigated Spine Surgery


There are many reports on the accuracy of PS placement under the use of intraoperative CT-based navigation systems [7,8]. Van de Kelft et al. [9] reported a deviation rate of 1.8% for thoracic, lumbar, and sacral PSs inserted under intraoperative CT-based navigation. Scheufler et al. [10] reported that the accuracy rate of PS insertion in cervical and upper thoracic spine surgery under intraoperative CT-based navigation was 99.3% for the cervical spine, and 97.8% for the thoracic spine. According to a systematic review by Shin et al. [3], there were significantly fewer PS deviations under intraoperative CT-based navigation compared to the freehand technique, and neurological complications were not observed in any of the 4814 PSs inserted under intraoperative CT-based navigation, whereas they occurred in three of 3725 PSs inserted under freehand guidance. Shin et al. [3] also reported that 94% of pedicles screws were inserted accurately with navigational techniques, while 85% were inserted accurately with freehand techniques. Verma et al. [11] also reported 93.3% of the pedicle screws were inserted accurately with navigational techniques, while 84.7% were inserted accurately with freehand techniques. Yson et al. [12] compared intraoperative CT-based navigation with the freehand technique and reported significantly fewer intervertebral joint injuries (4% vs. 26.5%).



In a meta-analysis comparing intraoperative CT-based navigation and fluoroscopy, intraoperative CT-based navigation demonstrated a significantly shorter operation time and significantly lower rates of PS deviation and perioperative complications [12]. In addition, in a report comparing freehand PS insertion, there was significantly less PS repositioning due to PS deviation in intraoperative CT-based navigation [13]. Moreover, spine surgery using intraoperative CT-based navigation has been shown to reduce blood loss and complications [14,15]. Several studies have reported a significantly lower reoperation rate in spine trauma surgery using intraoperative CT-based navigation [3,13,16]. In one study, 0% of spine surgeries required reoperation in the intraoperative CT-based navigation group compared to 4.4% in the non-navigation group [17]. Furthermore, reinsertion was only required in 0.99% of 1148 cases in cervical, thoracic, and lumbar spine surgeries using intraoperative CT-based navigation [18], suggesting the high accuracy and safety of spine instrumentation using intraoperative CT-based navigation.



Accurate implant placement may be cost-effective as well, as it decreases the risk of perioperative complications and reoperation. Watkins et al. [19] reported cost savings of USD 71,286 per 100 patients in spine surgery using intraoperative CT-based navigation compared to cases without using navigation. They also reported that performing more than 254 surgeries per year for adult spinal deformities was significantly more economical in intraoperative CT-based navigation than the freehand technique [20]. This may contribute to the low reoperation rate of navigated surgery. Although there will be an initial cost in introducing the navigation system, it may be cost-effective in the long run due to the reduced risk of perioperative complications and the lower reoperation rate.



Special attention should be paid to intraoperative radiation exposure in spine surgery. Spine surgeons are frequently exposed to radiation in their daily practice. It has been reported that even low doses of radiation exposure can cause late onset radiation cataracts [21]. Long-term cumulative radiation exposure has also been reported to be a potential cause of malignant tumor [22]. Spine surgery under a navigation system has been reported to reduce the radiation exposure of the surgical team compared to conventional X-ray fluoroscopy [19].



In addition to the surgical team, intraoperative radiation exposure should also be minimized for patients. Mendelsohn et al. [23] reported that the radiation exposure to patients in spine surgery under intraoperative CT-based navigation was about 2.7 times higher than fluoroscopy. On the contrary, when fluoroscopy was frequently used in long-range spinal fusion, the radiation exposure was not significantly different from that of a CT-based navigation system [24,25,26]. The incident surface dose, which is a measure of intraoperative radiation exposure to the patient during percutaneous pedicle screw (PPS) insertion, has been reported to be 365 mGy under CT and 571 mGy under conventional fluoroscopy [27]. Some reports state that there is no significant difference in the exposure dose between intraoperative CT-based navigation and conventional fluoroscopy, while others describe a significantly lower exposure dose in navigated surgery [23]. The upper limit of patient exposure for treatment is less than 2000 mGy, and the exposure dose from intraoperative CT scanning is within the acceptable range. However, minimizing radiation exposure should always be attempted, and multiple intraoperative imaging should be avoided.




3.3. Application of Navigation Systems in Cervical Spine Surgery


For insertion of PS and lateral mass screws in the cervical spine, previous reports have shown that the probability of deviation ranges from 2.5% to 29.1% [28,29,30,31], and the rate of deviation is higher than that of other spinal levels. One of the reasons for this is the narrower screw insertion point and pathway of the cervical spine compared to the thoracolumbar spine. Malposition of cervical screws may not only lead to spinal cord and nerve root injuries but also vertebral artery injuries; thus, screw deviation can cause serious complications. The use of an intraoperative CT-based navigation system allows for more accurate screw placement and ensures safety (Figure 3). Kotani et al. [30] reported that the screw deviation rate was significantly lower under CT navigation guidance than the freehand technique. Ishikawa et al. [32] also reported that the intraoperative CT-based navigation system enabled more accurate PS insertion in the cervical spine than the freehand technique. However, they also reported that 2.8% of cervical pedicle screws deviated between 2 mm and 4 mm even when the intraoperative CT-based navigation system was used. The cause of cervical screw deviation is thought to be the high flexibility of the cervical spine. Although intraoperative CT images can be acquired intraoperatively, they are not actual real-time images. Therefore, it is not possible to respond to changes in alignment that may occur during the procedure. Even a slight intraoperative load can easily change the cervical alignment, and deviation is likely to occur in the cervical spine where the insertion point of the screw is narrow. It is important to feel potential changes in the cervical alignment during screw insertion, in the same way as the freehand technique. The accuracy of the position should be confirmed by comparing the actual position with navigation images by occasionally touching the surface of the lamina or spinous process with the pointer of the navigation system. In addition, in cervical spine surgery, it may be useful to obtain another intraoperative CT image after screw insertion to confirm the position of the screw.




3.4. Application of Navigation Systems in Scoliosis Surgery


In the case of PS insertion in scoliosis surgery, previous literature had reported deviation rates ranging from 1.7% to 15.7% [33,34,35,36,37]. Freehand insertion of the PS in scoliosis surgery is likely to deviate because the anatomical pathway is often different from normal anatomy. There is a particularly high rate of deviation in the concave T4-9 region, which is associated with a high risk of injury to the surrounding great vessels [38]. In this regard, navigated screw insertion is useful to improve safety in scoliosis surgery. Ughwanogho et al. [14] compared CT-based navigation and freehand techniques for thoracic PS insertion in idiopathic scoliosis and found a deviation rate of 0.6% for the former and 4.9% for the latter. Other literature has also shown high accuracy in CT-based navigation for PS insertion in scoliosis surgery, with 98.9% accuracy in idiopathic scoliosis and 99.3% accuracy in congenital scoliosis [39,40]. The CT-based navigation system is considered one of the most important imaging assistive technologies, especially in scoliosis surgery with congenital malformations or severe deformities (Figure 4a,b). On the other hand, radiation exposure remains an issue in young subjects; therefore, indications should be carefully considered.




3.5. Application of Navigation System in MISt Procedures


Navigation is also useful in minimally invasive spine surgery (MISS), such as MISt. Navigation allows the surgeon to realize the correct trajectory of spinal implants even in a limited field of view, which enables an accurate placement of the implant. Unlike the conventional fluoroscopic technique, no guidewire is required in PPS placement using the navigation system. Under navigation, the direction is confirmed with a probe, the position of the skin incision is determined, and the probing and tapping operations are performed. At this time, the trajectory can be left on the navigation monitor so that the direction of screw insertion is not lost even without a guidewire. In addition, PPS can be inserted into the upper thoracic vertebrae, which is difficult to visualize under fluoroscopy.



In lateral lumbar interbody fusion (LLIF), frequent fluoroscopic confirmation is required during intervertebral manipulation. In contrast, the use of the navigation system almost eliminates the need for intraoperative fluoroscopy. Especially in cases of severe degeneration or where anatomical positioning is difficult to confirm, the direction of the intervertebral space can be determined three-dimensionally. In recent years, it has been reported that LLIF and PPS placement were performed entirely in the lateral recumbent position [41], which resulted in shorter operative times and reduced costs [7,42]. However, when LLIF and PPS are performed in the right lateral decubitus position, the devices may interfere with the bed and trunk-holding devices, especially when inserting the PPS on the right side. Therefore, it is necessary to consider the patient’s position and the position on the bed before the procedure.



The S2 alar iliac (S2AI) screw placement also has advantages when using the navigation system (Figure 5a,b). S2AI screw fixation is used as a strong distal anchor in various spinal diseases such as spinal deformities, spinal tumors, and infections [43,44]. On the other hand, it is not easy to insert a S2AI screw of sufficient length in a precise direction. When inserting a S2AI screw under fluoroscopy, precise control is required for obtaining fluoroscopic views such as the frontal view and teardrop view. Moreover, frequent use of fluoroscopy increases radiation exposure and can potentially cause contamination problems. The deviation rate for freehand S2AI screw insertion has been reported to be 6.2% [41]. Using the navigation system, it is possible to place a screw of sufficient length while confirming the correct insertion direction. The navigation system is also useful when the anatomical positioning is unclear under fluoroscopy. Nottmeier et al. [45] reported that 20 patients who underwent navigated S2AI insertion had no screw deviation and complications. In other reports, the accuracy rate of the S2AI screw insertion under CT-based navigation generally exceeded 95% [46,47].



In addition to spinal instrumentation, the advantages of CT-based navigation can be applied to surgery for compressive and neoplastic lesions. In our case, we could safely and accurately perform decompression or resection of ossification of posterior longitudinal ligament or spinal tumor by utilizing navigation system. The use of navigation technology has the potential to make complex spine surgery less invasive and more accurate.




3.6. Robotics-Assisted Surgery


Preoperative planning software and robotic devices improve the feasibility, accuracy, and efficiency of surgery by facilitating the placement of PSs, especially in anatomically difficult patients. The purpose of the robot functions as a semi-active surgical assistive device is not to take the place of, but to provide a variety of tools that can expand, the surgeon’s ability to treat patients. Although robotic systems from various companies exist, the principles of robotically guided PS insertion are the same regardless of the system used. There are some robotic systems including Mazor X StealthTM Edition Robotic Guidance System (Medtronic, MN, USA) for spine surgery, the ROSA® (Medtech, Montpellier, France), the ExcelsiusGPS® robot (Globus Medical, PA, USA), and the SurgiBot and ALF-X® Surgical Robotic systems (both from TransEnterix, NS, USA). PS installation under robotic guidance has the following advantages over the traditional dorsal instrumentation technique: increased accuracy and safety of pedicle screw insertion [48,49,50]; accuracy in screw size selection and planned screw placement [48]; reduced radiation exposure to surgeons, patients, and operating room staffs [51,52,53,54,55,56,57]; simplicity, ease of use, and shallow learning curve [58,59,60]; easy registration and reduced operative time [48]; significantly improved surgeon ergonomics and dexterity in the repetitive task of PS placement [61,62,63]; expanded range of functions to enable use in minimally invasive surgery [52,64]. Robotic-guided PS insertion has been reported to be 94.5–99% accurate in studies of complex deformities and re-operations, including congenital malformations, degenerative diseases, destructive tumors, and trauma [48,49,50,51,52,53,58,65]. The safety of this technique, in terms of reduction of complications and intraoperative radiation exposure, is an important factor in the success of the procedure. The feasibility of this technique has been extended to minimally invasive procedures and cervical use while replicating its benefits. The technique has been used with consistent success in 25–30 patients and has a reasonable learning curve [66]. Initially used primarily for thoracolumbar PS insertion, the latest robotics and software have been adapted for use in the cervical spine with equal efficiency and accuracy. The challenges include radiation exposure, screw malposition, equipment and software failure, registration failure, time, high cost, and learning curve [66].




3.7. Limitations of Navigation Systems


Limitations of the navigation system include the possibility of deviation of the implant without noticing the misalignment of the registration and the flexibility of the spine, as well as the possibility of contamination of the operative and clean fields during the navigated surgery. Intraoperative CT images are not real-time images, and the implant position on the navigation monitor may differ from the actual patient position, especially in surgeries where the position and alignment of the vertebrae tend to move intraoperatively, such as cervical spine surgery [67]. Another unique problem is that the accuracy of the navigation system may decrease as the distance from the reference frame increases, and caution must be taken when performing long-range fixation procedures. In addition, in corrective spine surgeries, real-time visualization on the navigation monitor is impossible during corrective procedures; therefore, the usage of fluoroscopy should also be considered.



In addition, obtaining intraoperative CT images takes time, and the space in the surgical field is limited. Surgeons and surgical teams should become accustomed to operating the navigation systems. Rivkin et al. [68] compared 30 cases of the first half and 30 cases of the second half of CT navigation surgery and reported that PS deviation was significantly reduced in the latter. The surgeon should also consider the limitations and problems of the navigation systems and use them as one of the supporting tools in spine surgery.




3.8. Future Perspective and Challenges


It is now possible to perform spinal instrumentation surgery accurately and safely by using navigation systems. However, even in current systems, the margin of error for positioning has not been reduced to less than 1 mm. Another issue that needs to be improved in the future is the fact that the intraoperative CT images are not in real time; thus, they cannot respond to intraoperative alignment changes. Furthermore, errors are also likely to occur when there is a certain amount of distance between the reference frame and surgical site. There are no alerts when errors or misalignments occur, which may lead to serious accidents if the surgeon is not aware of these pitfalls. An alert system in the navigation device may be able to mitigate the problem and provide increased safety. Augmented reality (AR) may be one effective system as a solution to these problems. The results showing its efficacy and safety have been reported in actual clinical practice [69,70].



The cost of installing the navigation device and peripheral equipment is also a major issue for the widespread use of navigated surgery. In addition, although the mobility of the device is improving, the number of operating rooms where it can be used is limited due to its size and weight. The development of more compact and lightweight navigation devices is also desired.



Another prospect for intraoperative navigation is the use of AR and robotics-assisted surgery. If navigation images are displayed on a head-up display (HUD), the surgeon does not need to take his eyes off the surgical field to look at the monitor. We believe that this technology can also be applied to training of navigated surgery for young surgeons.





4. Conclusions


We described the current status and application of navigation systems in the field of spine surgery based on previous literature. Navigation is useful for accurate and safe implant placement, and it is also expected to be cost-effective by lowering the reoperation rate. However, overconfidence in navigation should be avoided, and it should be utilized as one of the supporting imaging technologies. It is necessary for surgeons to have sufficient knowledge of anatomy and basic surgical techniques, and to recognize the existence of specific pitfalls in the navigated surgery. We look forward to the further development and improvement of navigation systems in the future.







Author Contributions


Conceptualization, N.O., H.F. and K.I.; investigation and writing—original draft preparation, N.O.; writing—review, N.O., H.F., K.Y., N.I. and K.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Foley, K.T.; Holly, L.T.; Schwender, J.D. Minimally invasive lumbar fusion. Spine 2003, 28, S26–S35. [Google Scholar] [CrossRef] [PubMed]

	



Gebhard, F.; Weidner, A.; Liener, U.C.; Stöckle, U.; Arand, M. Navigation at the spine. Injury 2004, 35, 35–45. [Google Scholar] [CrossRef]

	



Shin, B.J.; James, A.R.; Njoku, I.U.; Härtl, R. Pedicle screw navigation: A systematic review and meta-analysis of perforation risk for computer-navigated versus freehand insertion. J. Neurosurg. Spine 2012, 17, 113–122. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, D.W.; Strohbehn, J.W.; Hatch, J.F.; Murray, W.; Kettenberger, H. A frameless stereotaxic integration of computerized tomographic imaging and the operating microscope. J. Neurosurg. 1986, 65, 545–549. [Google Scholar] [CrossRef]

	



Kim, T.T.; Drazin, D.; Shweikeh, F.; Pashman, R.; Johnson, J.P. Clinical and radiographic outcomes of minimally invasive percutaneous pedicle screw placement with intraoperative CT (O-arm) image guidance navigation. Neurosurg. Focus 2014, 36, E1. [Google Scholar] [CrossRef]

	



Kim, T.T.; Johnson, J.P.; Pashman, R.; Drazin, D. Minimally invasive spinal surgery with intraoperative image-guided navigation. BioMed Res. Int. 2016, 2016, 5716235. [Google Scholar] [CrossRef]

	



Hiyama, A.; Katoh, H.; Sakai, D.; Sato, M.; Tanaka, M.; Watanabe, M. Comparison of radiological changes after single- position versus dual-position for lateral interbody fusion and pedicle screw fixation. BMC Musculoskelet. Disord. 2019, 20, 601. [Google Scholar] [CrossRef]

	



Larson, A.N.; Santos, E.R.G.; Polly, D.W.; Ledonio, C.G.T.; Sembrano, J.N.; Mielke, C.H.; Guidera, K.J. Pediatric pedicle screw placement using intraoperative computed tomography and 3-dimensional image-guided navigation. Spine 2012, 37, E188–E194. [Google Scholar] [CrossRef]

	



Van de Kelft, E.; Costa, F.; Van der Planken, D.; Schils, F. A prospective multicenter registry on the accuracy of pedicle screw placement in the thoracic, lumbar, and sacral levels with the use of the O-arm imaging system and StealthStation navigation. Spine 2012, 37, E1580–E5877. [Google Scholar] [CrossRef]

	



Scheufler, K.-M.; Franke, J.; Eckardt, A.; Dohmen, H. Accuracy of image-guided pedicle screw placement using intraoperative computed tomography-based navigation with automated referencing, Part I: Cervicothoracic spine. Neurosurgery 2011, 69, 782–795. [Google Scholar] [CrossRef] [PubMed]

	



Verma, R.; Krishan, S.; Haendlmayer, K.; Mohsen, A. Functional outcome of computer-assisted spinal pedicle screw placement: A systematic review and meta-analysis of 23 studies including 5992 pedicle screws. Eur. Spine J. 2010, 19, 370–375. [Google Scholar] [CrossRef] [PubMed]

	



Yson, S.C.; Sembrano, J.N.; Sanders, P.C.; Santos, E.R.G.; Ledonio, C.G.T.; Polly, D. Comparison of cranial facet joint violation rates between open and percutaneous pedicle screw placement using intraoperative 3-D CT (O-arm) computer navigation. Spine 2013, 38, E251–E258. [Google Scholar] [CrossRef] [PubMed]

	



Meng, X.-T.; Guan, X.-F.; Zhang, H.-L.; He, S.-S. Computer navigation versus fluoroscopy-guided navigation for thoracic pedicle screw placement: A meta-analysis. Neurosurg. Rev. 2016, 39, 385–391. [Google Scholar] [CrossRef] [PubMed]

	



Ughwanogho, E.; Patel, N.M.; Baldwin, K.D.; Sampson, N.R.; Flynn, J.M. Computed tomography–guided navigation of thoracic pedicle screws for adolescent idiopathic scoliosis results in more accurate placement and less screw removal. Spine 2012, 37, E473–E478. [Google Scholar] [CrossRef]

	



Fichtner, J.; Hofmann, N.; Rienmüller, A.; Buchmann, N.; Gempt, J.; Kirschke, J.S.; Ringel, F.; Meyer, B.; Ryang, Y.-M. Revision rate of misplaced pedicle screws of the thoracolumbar spine–comparison of three-dimensional fluoroscopy navigation with freehand placement: A systematic analysis and review of the literature. World Neurosurg. 2018, 109, e24–e32. [Google Scholar] [CrossRef]

	



Schouten, R.; Lee, R.; Boyd, M.; Paquette, S.; Dvorak, M.; Kwon, B.K.; Fisher, C.; Street, J. Intra-operative cone-beam CT (O-arm) and stereotactic navigation in acute spinal trauma surgery. J. Clin. Neurosci. 2012, 19, 1137–1143. [Google Scholar] [CrossRef]

	



Bydon, M.; Xu, R.; Amin, A.G.; Macki, M.; Kaloostian, P.; Sciubba, D.M.; Wolinsky, J.-P.; Bydon, A.; Gokaslan, Z.L.; Witham, T.F. Safety and efficacy of pedicle screw placement using intraoperative computed tomography: Consecutive series of 1148 pedicle screws. J. Neurosurg. Spine 2014, 21, 320–328. [Google Scholar] [CrossRef]

	



Zausinger, S.; Scheder, B.; Uhl, E.; Heigl, T.; Morhard, D.; Tonn, J.-C. Intraoperative computed tomography with integrated navigation system in spinal stabilizations. Spine 2009, 34, 2919–2926. [Google Scholar] [CrossRef]

	



Watkins, R.G.; Gupta, A. Cost-effectiveness of image-guided spine surgery. Open Orthop. J. 2010, 4, 228–233. [Google Scholar] [CrossRef]

	



Dea, N.; Fisher, C.G.; Batke, J.; Strelzow, J.; Mendelsohn, D.; Paquette, S.J.; Kwon, B.K.; Boyd, M.D.; Dvorak, M.F.; Street, J.T. Economic evaluation comparing intraoperative cone beam CT-based navigation and conventional fluoroscopy for the placement of spinal pedicle screws: A patient-level data cost-effectiveness analysis. Spine J. 2016, 16, 23–31. [Google Scholar] [CrossRef]

	



Vano, E.; Kleiman, N.; Duran, A.; Rehani, M.; Echeverri, D.; Cabrera, M. Radiation cataract risk in interventional cardiology personnel. Radiat. Res. 2010, 174, 490–495. [Google Scholar] [CrossRef] [PubMed]

	



Shan, S.-J.; Chen, J.; Xu, X.; Guo, Y.; Wei, H.; Liu, Q.-Z.; Fu, Z.; Chen, H.-D. Multiple syringoid eccrine carcinomas with a long-term exposure to X-rays. Eur. J. Dermatol. 2011, 21, 821–822. [Google Scholar] [CrossRef]

	



Mendelsohn, D.; Strelzow, J.; Dea, N.; Ford, N.L.; Batke, J.; Pennington, A.; Yang, K.; Ailon, T.; Boyd, M.; Dvorak, M.; et al. Patient and surgeon radiation exposure during spinal instrumentation using intraoperative computed tomography-based navigation. Spine J. 2016, 16, 343–354. [Google Scholar] [CrossRef] [PubMed]

	



Falavigna, A.; Ramos, M.B.; Iutaka, A.S.; Menezes, C.M.; Emmerich, J.; Taboada, N.; Riew, K.D. Knowledge and attitude regarding radiation exposure among spine surgeons in latin America. World Neurosurg. 2018, 112, e823–e829. [Google Scholar] [CrossRef] [PubMed]

	



Giordano, B.D.; Rechtine, G.R., 2nd; Morgan, T.L. Minimally invasive surgery and radiation exposure. J. Neurosurg. Spine 2009, 11, 375–376. [Google Scholar] [CrossRef]

	



Mastrangelo, G.; Fedeli, U.; Fadda, E.; Giovanazzi, A.; Scoizzato, L.; Saia, B. Increased cancer risk among surgeons in an orthopaedic hospital. Occup. Med. 2005, 55, 498–500. [Google Scholar] [CrossRef]

	



Villard, J.; Ryang, Y.M.; Demetriades, A.K.; Reinke, A.; Behr, M.; Preuss, A.; Meyer, B.; Ringel, F. Radiation exposure to the surgeon and the patient during posterior lumbar spinal instrumentation: A prospective randomized comparison of navigated versus non-navigated freehand techniques. Spine 2014, 39, 1004–1009. [Google Scholar] [CrossRef]

	



Hojo, Y.; Ito, M.; Suda, K.; Oda, I.; Yoshimoto, H.; Abumi, K. A multicenter study on accuracy and complications of freehand placement of cervical pedicle screws under lateral fluoroscopy in different pathological conditions: CT-based evaluation of more than 1,000 screws. Eur. Spine J. 2014, 23, 2166–2174. [Google Scholar] [CrossRef]

	



Ishikawa, Y.; Kanemura, T.; Yoshida, G.; Ito, Z.; Muramoto, A.; Ohno, S. Clinical accuracy of three-dimensional fluoroscopy-based computer-assisted cervical pedicle screw placement: A retrospective comparative study of conventional versus computer-assisted cervical pedicle screw placement. J. Neurosurg. Spine 2010, 13, 606–611. [Google Scholar] [CrossRef]

	



Kotani, Y.; Abumi, K.; Ito, M.; Minami, A. Improved accuracy of computer-assisted cervical pedicle screw insertion. J. Neurosurg. Spine 2003, 99, 257–263. [Google Scholar] [CrossRef]

	



Kaneyama, S.; Sugawara, T.; Sumi, M. Safe and accurate midcervical pedicle screw insertion procedure with the patient-specific screw guide template system. Spine 2015, 40, E341–E348. [Google Scholar] [CrossRef]

	



Ishikawa, Y.; Kanemura, T.; Yoshida, G.; Matsumoto, A.; Ito, Z.; Tauchi, R.; Muramoto, A.; Ohno, S.; Nishimura, Y. Intraoperative, full-rotation, three-dimensional image (O-arm)–based navigation system for cervical pedicle screw insertion. J. Neurosurg. Spine 2011, 15, 472–478. [Google Scholar] [CrossRef] [PubMed]

	



Kuklo, T.R.; Lenke, L.G.; O’Brien, M.F.; Lehman, R.A., Jr.; Polly, D.W., Jr.; Schroeder, T.M. Accuracy and efficacy of thoracic pedicle screws in curves more than 90 degrees. Spine 2005, 30, 222–226. [Google Scholar] [CrossRef] [PubMed]

	



Di Silvestre, M.; Parisini, P.; Lolli, F.; Bakaloudis, G. Complications of thoracic pedicle screws in scoliosis treatment. Spine 2007, 32, 1655–1661. [Google Scholar] [CrossRef]

	



Hicks, J.; Singla, A.; Arlet, V. 145. Complications of pedicle screw fixation in scoliosis surgery: A systematic review. Spine 2010, 35, E465–E470. [Google Scholar] [CrossRef]

	



Kim, Y.J.; Lenke, L.G.; Bridwell, K.H.; Cho, Y.S.; Riew, K.D. Free hand pedicle screw placement in the thoracic spine: Is it safe? Spine 2004, 29, 333–342. [Google Scholar] [CrossRef] [PubMed]

	



Lehman, R.A.; Lenke, L.G.; Keeler, K.A.; Kim, Y.J.; Cheh, G. Computed tomography evaluation of pedicle screws placed in the pediatric deformed spine over an 8-year period. Spine 2007, 32, 2679–2684. [Google Scholar] [CrossRef]

	



Şarlak, A.Y.; Tosun, B.; Atmaca, H.; Sarisoy, H.T.; Buluç, L. Evaluation of thoracic pedicle screw placement in adolescent idiopathic scoliosis. Eur. Spine J. 2009, 18, 1892–1897. [Google Scholar] [CrossRef] [PubMed]

	



Larson, A.N.; Polly, D.W.; Guidera, K.J.; Mielke, C.H.; Santos, E.R.G.; Ledonio, C.G.T.; Sembrano, J.N. The accuracy of navigation and 3d image-guided placement for the placement of pedicle screws in congenital spine deformity. J. Pediatr. Orthop. 2012, 32, e23–e29. [Google Scholar] [CrossRef]

	



Vissarionov, S.; Schroeder, J.; Novikov, S.; Kokushin, D.; Belyanchikov, S.; Kaplan, L. The Utility of 3-dimensional-navigation in the surgical treatment of children with idiopathic scoliosis. Spine Deform. 2014, 2, 14–20. [Google Scholar] [CrossRef]

	



Choi, H.Y.; Hyun, S.-J.; Kim, K.-J.; Jahng, T.-A. Freehand S2 alar-iliac screw placement using k-wire and cannulated screw: Technical case series. J. Korean Neurosurg. Soc. 2018, 61, 75–80. [Google Scholar] [CrossRef] [PubMed]

	



Blizzard, D.J.; Thomas, J.A. MIS single-position lateral and oblique lateral lumbar interbody fusion and bilateral pedicle screw fixation: Feasibility and perioperative results. Spine 2018, 43, 440–446. [Google Scholar] [CrossRef]

	



Funao, H.; Kebaish, K.M.; Isogai, N.; Koyanagi, T.; Matsumoto, M.; Ishii, K. Utilization of a technique of percutaneous S2 alar-iliac fixation in immunocompromised patients with spondylodiscitis. World Neurosurg. 2017, 97, e11–e18. [Google Scholar] [CrossRef] [PubMed]

	



Chang, T.L.; Sponseller, P.D.; Kebaish, K.M.; Fishman, E.K. Low profile pelvic fixation: Anatomic parameters for sacral alar-iliac fixation versus traditional iliac fixation. Spine 2009, 34, 436–440. [Google Scholar] [CrossRef]

	



Nottmeier, E.W.; Pirris, S.M.; Balseiro, S.; Fenton, D. Three-dimensional image-guided placement of S2 alar screws to adjunct or salvage lumbosacral fixation. Spine J. 2010, 10, 595–601. [Google Scholar] [CrossRef]

	



Ray, W.Z.; Ravindra, V.M.; Schmidt, M.H.; Dailey, A.T. Stereotactic navigation with the O-arm for placement of S-2 alar iliac screws in pelvic lumbar fixation. J. Neurosurg. Spine 2013, 18, 490–495. [Google Scholar] [CrossRef]

	



Laratta, J.L.; Shillingford, J.N.; Lombardi, J.M.; Alrabaa, R.G.; Benkli, B.; Fischer, C.; Lenke, L.G.; Lehman, R.A. Accuracy of S2 alar-iliac screw placement under robotic guidance. Spine Deform. 2018, 6, 130–136. [Google Scholar] [CrossRef]

	



Lieberman, I.H.; Togawa, D.; Kayanja, M.M.; Reinhardt, M.K.; Friedlander, A.; Knoller, N. Bone-mounted miniature robotic guidance for pedicle screw and translaminar facet screw placement: Part I--Technical development and a test case result. Neurosurgery 2006, 59, 641–650. [Google Scholar] [CrossRef]

	



Devito, D.P.; Kaplan, L.; Dietl, R.; Pfeiffer, M.; Horne, D.; Silberstein, B. Clinical acceptance and accuracy assessment of spinal implants guided with SpineAssist surgical robot: Retrospective study. Spine 2010, 35, 2109–2115. [Google Scholar] [CrossRef] [PubMed]

	



Pechlivanis, I.; Kiriyanthan, G.; Engelhardt, M.; Scholz, M.; Lücke, S.; Harders, A. Percutaneous placement of pedicle screws in the lumbar spine using a bone mounted miniature robotic system: First experiences and accuracy of screw placement. Spine 2009, 34, 392–398. [Google Scholar] [CrossRef]

	



Kantelhardt, S.R.; Martinez, R.; Baerwinkel, S.; Burger, R.; Giese, A.; Rohde, V. Perioperative course and accuracy of screw positioning in conventional, open robotic-guided and percutaneous robotic-guided, pedicle screw placement. Eur. Spine J. 2011, 20, 860–868. [Google Scholar] [CrossRef]

	



Molliqaj, G.; Schatlo, B.; Alaid, A.; Solomiichuk, V.; Rohde, V.; Schaller, K.; Tessitore, E. Accuracy of robot-guided versus freehand fluoroscopy-assisted pedicle screw insertion in thoracolumbar spinal surgery. Neurosurg. Focus 2017, 42, E14. [Google Scholar] [CrossRef]

	



Roser, F.; Tatagiba, M.; Maier, G. Spinal robotics: Current applications and future perspectives. Neurosurgery 2013, 72 (Suppl. 1), 12–18. [Google Scholar] [CrossRef] [PubMed]

	



Barzilay, Y.; Schroeder, J.E.; Hiller, N.; Singer, G.; Hasharoni, A.; Safran, O. Robot-assisted vertebral body augmentation: A radiation reduction tool. Spine 2014, 39, 153–157. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, J.R.; Smith, B.W.; Liu, X.; Park, P. Current applications of robotics in spine surgery: A systematic review of the literature. Neurosurg. Focus 2017, 42, E2. [Google Scholar] [CrossRef]

	



Hyun, S.J.; Kim, K.J.; Jahng, T.A.; Kim, H.J. Minimally invasive robotic versus open fluoroscopic-guided spinal instrumented fusions: A randomized controlled trial. Spine 2017, 42, 353–358. [Google Scholar] [CrossRef]

	



Keric, N.; Doenitz, C.; Haj, A.; Rachwal-Czyzewicz, I.; Renovanz, M.; Wesp, D.M.A.; Boor, S.; Conrad, J.; Brawanski, A.; Giese, A.; et al. Evaluation of robot-guided minimally invasive implantation of 2067 pedicle screws. Neurosurg. Focus 2017, 42, E11. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.; Ohnmeiss, D.D.; Lieberman, I.H. Robotic-assisted pedicle screw placement: Lessons learned from the first 102 patients. Eur. Spine J. 2013, 22, 661–666. [Google Scholar] [CrossRef]

	



Kim, H.-J.; Lee, S.H.; Chang, B.-S.; Lee, C.-K.; Lim, T.O.; Hoo, L.P.; Yi, J.-M.; Yeom, J.S. Monitoring the quality of robot-assisted pedicle screw fixation in the lumbar spine by using a cumulative summation test. Spine 2015, 40, 87–94. [Google Scholar] [CrossRef] [PubMed]

	



Schatlo, B.; Martinez, R.; Alaid, A.; Von Eckardstein, K.; Akhavan-Sigari, R.; Hahn, A.; Stockhammer, F.; Rohde, V. Unskilled unawareness and the learning curve in robotic spine surgery. Acta Neurochir. 2015, 157, 1819–1823. [Google Scholar] [CrossRef]

	



Stüer, C.; Ringel, F.; Stoffel, M.; Reinke, A.; Behr, M.; Meyer, B. Robotic technology in spine surgery: Current applications and future developments. Acta Neurochir. Suppl. 2010, 109, 241–245. [Google Scholar]

	



Kelly, P.J. Neurosurgical robotics. Clin. Neurosurg. 2002, 49, 136–158. [Google Scholar]

	



Louw, D.F.; Fielding, T.; McBeth, P.B.; Gregoris, D.; Newhook, P.; Sutherland, G.R. Surgical robotics: A review and neurosurgical prototype development. Neurosurgery 2004, 54, 525–537. [Google Scholar] [CrossRef]

	



Ringel, F.; Stüer, C.; Reinke, A.; Preuss, A.; Behr, M.; Auer, F. Accuracy of robot-assisted placement of lumbar and sacral pedicle screws: A prospective randomized comparison to conventional freehand screw implantation. Spine 2012, 37, E496–E501. [Google Scholar] [CrossRef]

	



Van Dijk, J.D.; van den Ende, R.P.; Stramigioli, S.; Köchling, M.; Höss, N. Clinical pedicle screw accuracy and deviation from planning in robot-guided spine surgery: Robot-guided pedicle screw accuracy. Spine 2015, 40, E986–E991. [Google Scholar] [CrossRef]

	



Lieberman, I.H.; Kisinde, S.; Hesselbacher, S. Robotic-assisted pedicle screw placement during spine surgery. JBJS Essent. Surg. Tech. 2020, 10, e0020. [Google Scholar] [CrossRef] [PubMed]

	



Urbanski, W.; Jurasz, W.; Wolanczyk, M.; Kulej, M.; Morasiewicz, P.; Dragan, S.L.; Zaluski, R.; Miekisiak, G. Increased radiation but no benefits in pedicle screw accuracy with navigation versus a freehand technique in scoliosis surgery. Clin. Orthop. Relat. Res. 2018, 476, 1020–1027. [Google Scholar] [CrossRef]

	



Fomekong, E.; Pierrard, J.; Raftopoulos, C. Comparative cohort study of percutaneous pedicle screw implantation without versus with navigation in patients undergoing surgery for degenerative lumbar disc disease. World Neurosurg. 2018, 111, e410–e417. [Google Scholar] [CrossRef]

	



Yahanda, A.T.; Moore, E.; Ray, W.Z.; Pennicooke, B.; Jennings, J.W.; Molina, C.A. First in-human report of the clinical accuracy of thoracolumbar percutaneous pedicle screw placement using augmented reality guidance. Neurosurg. Focus 2021, 51, E10. [Google Scholar] [CrossRef] [PubMed]

	



Yanni, D.S.; Ozgur, B.M.; Louis, R.G.; Shekhtman, Y.; Iyer, R.R.; Boddapati, V.; Iyer, A.; Patel, P.D.; Jani, R.; Cummock, M.; et al. Real-time navigation guidance with intraoperative CT imaging for pedicle screw placement using an augmented reality head-mounted display: A proof-of-concept study. Neurosurg. Focus 2021, 51, E11. [Google Scholar] [CrossRef] [PubMed]








[image: Medicina 58 00241 g001 550] 





Figure 1. O-arm® and navigation device. The X-ray tube and flat-panel detector (FPD) rotate 360° inside the gantry, and three-dimensional (3D) scanning can be performed in approximately 13 s. High-precision 3D reconstruction is possible in a short amount of time. 






Figure 1. O-arm® and navigation device. The X-ray tube and flat-panel detector (FPD) rotate 360° inside the gantry, and three-dimensional (3D) scanning can be performed in approximately 13 s. High-precision 3D reconstruction is possible in a short amount of time.



[image: Medicina 58 00241 g001]







[image: Medicina 58 00241 g002 550] 





Figure 2. Intraoperative images of O-arm® navigation. (a) Setting of O-arm®; (b) insertion of pedicle screws under CT navigation; (c) reconstruction CT image on the navigation monitor. 
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Figure 3. Application of navigation in cervical spine surgery. The surgical procedure can be performed safely while checking the vertebral artery running in the vicinity. Because of the high flexibility of the cervical spine, intraoperative alignment changes must be carefully monitored. (a) Pre-operative X-ray; (b) post-operative X-ray; (c) intraoperative axial; and (d) intraoperative sagittal views on navigation monitor. 
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Figure 4. Navigation in scoliosis surgery. In scoliosis surgery, where the direction of the pedicle is difficult to decipher, intraoperative navigation can be used to reduce PS displacement. (a) Intraoperative axial and (b) intraoperative sagittal views on navigation monitor. 
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Figure 5. Navigation in minimally invasive spinal stabilization. With navigation, S2AI screws of sufficient length can be inserted in the exact direction. (a) Intraoperative axial and (b) intraoperative sagittal views on navigation monitor. 
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