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Abstract

:

Background. Lateral approaches to the spine have gained increased popularity due to enabling minimally invasive access to the spine, less blood loss, decreased operative time, and less postoperative pain. The objective of the study was to analyze the use of intraoperative computed tomography with navigation and the implementation of augmented reality in facilitating a lateral approach to the spine. Methods. We prospectively analyzed all patients who underwent surgery with a lateral approach to the spine from September 2016 to January 2021 using intraoperative CT applying a 32-slice movable CT scanner, which was used for automatic navigation registration. Sixteen patients, with a median age of 64.3 years, were operated on using a lateral approach to the thoracic and lumbar spine and using intraoperative CT with navigation. Indications included a herniated disc (six patients), tumors (seven), instability following the fracture of the thoracic or lumbar vertebra (two), and spondylodiscitis (one). Results. Automatic registration, applying intraoperative CT, resulted in high accuracy (target registration error: 0.84 ± 0.10 mm). The effective radiation dose of the registration CT scans was 6.16 ± 3.91 mSv. In seven patients, a control iCT scan was performed for resection and implant control, with an ED of 4.51 ± 2.48 mSv. Augmented reality (AR) was used to support surgery in 11 cases, by visualizing the tumor outline, pedicle screws, herniated discs, and surrounding structures. Of the 16 patients, corpectomy was performed in six patients with the implantation of an expandable cage, and one patient underwent discectomy using the XLIF technique. One patient experienced perioperative complications. One patient died in the early postoperative course due to severe cardiorespiratory failure. Ten patients had improved and five had unchanged neurological status at the 3-month follow up. Conclusions. Intraoperative computed tomography with navigation facilitates the application of lateral approaches to the spine for a variety of indications, including fusion procedures, tumor resection, and herniated disc surgery.
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1. Introduction


In recent years, the lateral approach to the thoracic and lumbar spine has become one of the standard methods for the achievement of fusion [1], also known as extreme lateral interbody fusion (XLIF). The XLIF technique for the lumbar spine was initially described by Ozgur et al. [2], and it has also found application in pathology of the thoracic spine [3]. Lateral interbody fusion has been shown to be efficient for neuroforaminal stenosis decompression [4] and in the treatment of disc herniation, fracture, tumor, pseudoarthrosis, and junctional kyphosis [5]. XLIF has established itself as a useful method in revision surgery because it allows valid arthrodesis, avoiding the scar tissue created by previous posterior approaches [6].



Several studies have presented the use of iCT and spinal navigation for lateral approaches to the spine in the surgery of herniated discs and thoracic burst fractures, and for lateral interbody fusion [7,8,9,10,11,12,13]. In this paper, we report on our experience with 16 patients who underwent surgery via a lateral approach for herniated discs, degenerative spine disease with instability, primary and metastatic spinal tumors, and spondylodiscitis. To our knowledge, this is the first study which describes the use of iCT guided spinal navigation with the use of augmented reality (AR) for the lateral approach to oncological and infectious diseases of the spine.




2. Materials and Methods


We prospectively analyzed patients who underwent surgery with a lateral approach to the spine from September 2016 to January 2021. There were total of 104 surgeries performed at our center with a lateral approach to the spine. Of this number, 16 patients (15.4%) were operated on using iCT. Eighty-eight patients operated on via the lateral approach were not navigated. Of the patients who were non-navigated, 65 patients underwent XLIF, one patient underwent a resection of a giant ganglioneuroma of the thoracic spine (combined surgery with thoracic surgeon), and 22 patients underwent corpectomy with the implantation of an expandable vertebral body cage for various indications, including fracture, metastasis, and infection (14 in the lumbar spine and eight in the thoracic spine). Among these, 16 patients were investigated by intraoperative CT, applying a 32-slice movable CT scanner, which was used for automatic navigation registration. Inclusion criteria in this study were all cases which were operated on using iCT-based navigation with AR for lateral approaches to the spine. iCT was used when judged necessary by the operating surgeons as an important tool for orientation in the operative field and for control of the extent of resection or position of implants, especially in cases of revision surgeries using the same approach.



For oncological diseases, indications included cases of large tumors with invasion of the retroperitoneal space (Patients 4, 9, and 14), one patient with a giant cell tumor of Th12 (Patient 12), and patients with spinal instability due to pathological fracture of the vertebra due to metastasis (Patient 7).



For degenerative diseases, iCT was performed in patients with calcified herniated discs of the thoracic spine, where navigation facilitated the approach and where the extent of resection of the disc could be confirmed during the procedure with iCT when needed (Patients 3, 8, 10, 13, 15, and 16). Patients 1, 5, and 6 were cases of spinal instability, in which corpectomy and implantation of an expandable vertebral body cage was performed as revision surgery, so the application of iCT-navigation for the correct positioning of implants was considered crucial.



One case of spondylodiscitis (Patient 2) underwent XLIF from the right side. The indication for iCT and navigation in this particular case was the fact that this was not the standard approach, because XLIF is performed via the left transpsoas approach in our institution. Patient data and clinical results are summarized in Table 1. Informed consent was obtained from all individual participants included in the study. We obtained approval from the local ethics committee for prospective archiving of clinical and technical data for applying intraoperative imaging and navigation.



Standard C-arm X-ray was used prior to skin incision for level definition. A movable 32-slice CT-scanner (AIRO, Brainlab, Munich, Germany) was used for intraoperative CT (iCT). For iCT no patient movement was necessary. Details describing the setup were previously published, and no major modifications were necessary to apply the technique. [14,15,16,17].



Patients were positioned in the lateral decubitus position. Invasive electrophysiological monitoring, including electromyography (EMG) of the lumbar plexus, motor evoked potentials (MEPs), and somatic sensory evoked potentials (SSEPs), was routinely used for all cases. The reference array was attached either to an extra arm of the retractor system or on the iliac crest via a separate small incision. iCT was performed after exposing the spine, while the retractors were not removed. To enable automatic registration, scanner and patient were tracked during iCT. For registration scanning, dose-reduced protocols were used (helical acquisition, 33 mA) [15]. Registration accuracy was checked by placing the pointer tip on anatomical landmarks, such as the lateral surface of the vertebra body, or artificial landmarks, such as attached skin fiducials, retractor arms, reflecting spheres of the registration array, or clips placed in the surgical fields. The target registration error was measured by the offset of skin fiducials placed close to the incision, which were not part of the registration process.



For calculation of the effective dose (ED), the total dose length product (DLP) was multiplied by ED/DLP conversion factors, which were estimated to be 17.8 µ Sv/Gycm for thoracic and 19.8 µ Sv/Gycm for the lumbar spine [18,19]. The DLP refers to a phantom with a diameter of 32 cm for thoracic and lumbar examinations. In scans covering the thoracolumbar junction, the conversion factors were weighted according to the number of vertebrae covered. After a rough rigid prealignment, nonlinear registration of iCT data and preoperative image sets was performed (spine curvature correction element, Brainlab). Image fusion accuracy was carefully checked by inspecting the close matching of the outline of the preoperatively segmented vertebra in the iCT image. Repeat iCT scans, if any, were also scanned using the automatic registration setting. An initial bony navigation with a registration accuracy check was performed using intraoperative registration low dose iCT. Registration iCT is sufficient for bony navigation, however, we consider fusion with preoperative CT and MRI necessary for segmentation of anatomical structures, especially when AR has been applied (segmentation of herniated disc, tumor, vessels, vertebrae, etc.)



For AR support, the heads-up display of the operating microscope Kinevo900 (Zeiss, Oberkochen, Germany) was used. A registration array attached to the microscope allowed its position to be tracked. For controlling AR calibration, the microscope was centered above the patient reference array, so that the alignment of the AR visualization of the reference array and the optical information could be checked and adjusted if necessary. Various 3D objects can be visualized by AR, either in semitransparent, solid, or outlined fashion. AR registration accuracy was repeatedly ensured by focusing with the operating microscope on known structures, such as the edges of the retractor systems, and checking the position of the crosshair representation of the focus point in the AR visualization. The 3D objects representing the individual vertebrae could be switched on and off for each single vertebra and were generated applying the anatomical mapping software (Brainlab, Munich, Germany). After auto-segmentation, user interaction was needed to fine-tune the segmentation results using a smart brush feature, which was also used to segment the tumor extent. Implants were segmented by thresholding. Preoperative image data from CT and magnetic resonance imaging (MRI) were fused non-linearly by applying the spine curvature element (Brainlab, Munich, Germany). Preoperative CT and iCT data were used to segment the bony outlines of the vertebra, and co-registered MRI was mostly used to segment the tumor outline, due to its much better soft tissue contrast. For landmark checks to verify nonlinear fusion, the segmented vertebra outlines were visualized. The fused datasets were visualized in the spinal navigation application. The microscope application allows the visualization of the 3D objects in a semitransparent or solid mode superimposed on the microscope video; it displays probe’s-eye views, target views of the 3D objects, and a 3D overview depicting how the video frame is positioned in relation to the iCT data.




3. Results


3.1. General Characteristics of the Patients


Patient data and their clinical results are summarized in Table 1. One patient died in the early postoperative course due to cardiorespiratory failure (patient no. 12). One patient had several postoperative complications (patient no. 13), such as wound healing deficit, postoperative bleeding, pleural effusion, and pulmonary embolism, and one of these complications was related to the lateral approach (pleural effusion following transpleural surgery). Ten patients had improved, and five had unchanged, neurological status at the 3-month postoperative follow up.




3.2. Registration Accuracy


Automatic patient registration without user interaction resulted in high navigation accuracy, with a target mean registration error (TRE) of 0.84 ± 0.10 mm. Multimodal image data could be successfully fused nonlinearly with the iCT registration scan. Figure 1 demonstrates methods of checking the registration accuracy. In patients 9, 11, and 13, the reference frame was placed on the iliac crest, and for all the other patients, on the retractor arm. We did not measure the distance from the reference frame to the surgical site; however, for cases where the reference frame was attached to the retractor arm, we estimate this distance to be between 15 and 25 cm. We did not any find differences in accuracy between the placement of the reference array at the iliac crest or the retractor.




3.3. The Effective Radiation Dose


The effective radiation dose of the registration CT scans was 6.16 ± 3.91, whereas the scan range of iCT was defined by the surgical exposure of the spine. Table 2 summarizes scan length and DLP of the scout and registration scan and total effective dose, in addition to fused image sets and visualized objects. In patients 3, 5, 7, 8, 11, 12, and 15 a control scan for implant control and extent of resection control was performed. Table 3 summarizes the scan length and DLP of the scout and control scan and the total effective dose. In cases in which implants were inserted (patients 5, 7, 8, 11, and 12), and particularly vertebral body replacements (patients 5, 7, 11, and 12), repeat iCT scanning to check the implant position could be used to update the navigation. ED for the control scan was 4.51 ± 2.48 mSv. Segmentation of the implant and its visualization with updated AR allowed the checking of patient accuracy and patient registration, image registration, and AR calibration [20]. In this series, no revision surgeries were needed following control iCT. The total patient exposure, i.e., cumulative effective radiation dose for patients who received control iCT scan, was as follows: patient 3, 10.44 mSv; patient 5, 18.06 mSV; patient 7, 6.8 mSv; patient 8, 5.81 mSV; patient 11, 6.39 mSv; patient 12, 7.66 mSV; and patient 15, 24.19 mSV. Total patient exposure for these seven patients was 11.33 mSv ± 6.55.




3.4. Augmented Reality


Augmented reality was integrated into the surgical workflow for 10 of the 16 patients without problems (patients 7–16, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9). In cases of tumor resection (patients 4, 7, 9, and 11) and herniated disc (patients 10 and 16), a postoperative MRI for resection control was performed (Figure 4 and Figure 7). The overall AR accuracy was ensured during the procedure by focusing on the center of the skin fiducial and checking the close overlay of the AR representation of the reference array and reality. iCT scanning and automatic AR registration required an additional intraoperative time of less than 5 min. The HUD was turned on or off at the request of the surgeon, to allow optional display of objects and prevent distraction from the operative field due to too much information. AR-supported surgery improved surgeon comfort and led to better understanding of the 3D anatomy, both of which are prerequisites to avoid severe complications.




3.5. Clinical Application of iCT and AR


Patient 1 had adjacent segment disease L1/2 following lumbosacral spondylodesis and implantation of a vertebral body cage, following L2 corpectomy via lateral approach in another institution. Dislocation of the L2 cage with adjacent segment disease and fracture of L1 occurred. For this revision surgery, using the left lateral transpsoas approach, iCT-based navigation facilitated the approach through the scar tissue up to the vertebral body implant. From the outline of the implant, the navigation accuracy was able to be checked. Following removal of the implant and using navigation, the extent of resection of L1 and L2 was able to be correctly assessed and the vertebral body implant replaced.



Patient 2 had spondylodiscitis L4/5 with a large abscess of the psoas muscle on the right side. We decided to drain the psoas abscess and perform a nucleotomy and XLIF of an infected segmented. As we did not use the standard left approach, iCT-based navigation was used, which facilitated the approach and XLIF procedure.



Patient 3 had a calcified herniated disc Th9/10. Initial localization and incision were determined using X-ray. Registration scan was performed following placement of the transpleural retractor, with the reference frame attached to the retractor. Using iCT-based navigation and AR, one-third of the posterior portion of the vertebral body T9 and 10 with calcified disc was resected, starting the resection using a diamond drill from the posterior aspect of the vertebra towards the spinal canal. The herniated disc was differentiated from surrounding neural tissue by a different color, which allowed determination of the optimal trajectory to reach the pathology. Once the dural sac was exposed, micro-instruments were used for the careful preparation of the herniated disc from the spinal cord. Navigation was updated on the bony landmarks, and guided resection throughout the procedure was performed until the disc was completely resected. Control iCT confirmed the complete extent of resection.



Patient 4 had a giant aneurysmatic bone cyst with origin on the 8th rib, and which had invaded the neuroforamen Th8/9, with partial destruction of Th8 and Th9. We decided to perform hemilaminectomy and release the nerves Th8 and 9 in their foramina from the tumor with nerve root resection. Following this, the patient underwent combined surgery via a lateral approach in conjunction with a thoracic surgeon. A registration scan was performed following placement of the retractor. Partial rib resection was performed and complete resection of the intrathoracic part of the tumor up to exposure of the laminectomy defect and the dural sac from the lateral approach. iCT navigation enabled safe resection throughout the procedure, with resection of tumor remnants on the costotransverse joints. Control iCT confirmed the desired total amount of resection.



Patient 5 underwent navigated corpectomy of L2 following instability due to fracture. A registration scan was performed following placement of the retractor, and the bony outlines of the vertebra and the adjacent discs were used for navigated corpectomy and placement of the vertebral body implant.



Patient 6 developed instability following kyphoplasty of Th12. Following dorsal stabilization, navigated corpectomy of previously cemented vertebra was performed with iCT-based navigation following a registration scan after placement of the retractor. The correct position of the vertebral body implant was verified in the control scan.



Patient 7 was the first case in which AR was used in this series. The patient had a pathological L2 fracture due to metastasis of breast cancer. Following dorsal stabilization, lateral approach for corpectomy was performed. A registration scan was performed following placement of the retractor with the reference frame placed on the retractor. The bone substance was very soft and the borders to adjacent segments were unclear due to metastasis. Outlines of the vertebra were shown in the microscope-based AR, which enabled the desired resection. The control scan showed the correct position of the vertebral body implant. Use of iCT and AR enabled 3D visualization of the implant and adjacent vertebra.



Patient 8 had a calcified herniated disc TH8/9 with paraparesis. Initially, dorsal surgery with partial resection of the herniated disc was performed. Postoperative MRI revealed a disc remnant with compression of the spinal cord, so the decision was made to perform a navigated resection of the remaining disc via lateral approach. Registration scan was performed following placement of the retractor. A segmented outline of the herniated disc remnant and adjacent vertebra was shown in the microscope-based AR in the overlay fashion, which directed the lateral decompression to the herniated disc and led to its excision.



Patient 9 had a giant retroperitoneal neurinoma, with origin on the L2 nerve (Figure 5 and Figure 6). The reference frame was attached to the pelvic crest and the registration scan performed following the placement of the retractor. Microscope-based AR with iCT navigation was particularly helpful for excision of the tumor parts bordering the vertebra and aorta following tumor debulking. The tumor was a solid, partially calcified mass, so there was no significant positional shift following debulking. The visualization of the tumor outline in the AR is of use, even when the registration accuracy is compromised, because the size of the object is still displayed correctly and the extent of the tumor can be estimated with certainty. Gross total resection was achieved.



Patient 10 had a herniated disc Th7/8 (Figure 2, Figure 3 and Figure 4). A registration scan was performed following placement of the retractor. In the microscope, the 3D outlines of the vertebra and the segmented disc herniation (in blue) were visualized by the HUD, which largely facilitated the orientation and resection.



Patient 11 had a giant cell tumor of the Th12. Following dorsal stabilization, corpectomy with tumor resection was performed via lateral approach. A registration scan was performed following placement of the retractor, and the reference frame was placed on the iliac crest. Navigation enabled a continuous overview of the desired extent of corpectomy. Control iCT showed the correct position of the implant. Fusion of the preoperative CT and MRI with control iCT showed the planned resection extent and the correct position of the implant.



Patient 12 had a pincer type A2 fracture of Th12. Lateral approach with partial rib resection was performed. A registration scan was performed following placement of the retractor, with the reference frame attached to the retractor. Using navigation and microscope-based AR, outlines of the fractured vertebra and its borders with the spinal canal were visualized, which facilitated the corpectomy and discectomy of adjacent vertebra. Following this, the vertebral body implant was placed in the corpectomy defect, and its correct position was confirmed in the control iCT scan. Additional dorsal stabilization of Th11-L1 for stability was subsequently performed.



Patient 13 had a large calcified herniated disc Th11/12 with myelopathy. We decided to perform a two-stage surgery. Initially, the patient underwent dorsal decompression with stabilization of Th10/11, with a non-navigated transpleural lateral approach for resection of the herniated disc. Follow-up CT and MRI showed incomplete resection, so a navigated resection with iCT and AR using transpleural lateral approach was performed. A registration scan was performed following the placement of the retractor, and the reference frame was placed at the iliac crest. A complete resection of the disc remnant was performed.



Patient 14 had a Th11/12 schwannoma with a large retropleural portion of the tumor. Resection of the T12 nerve root via dorsal approach was performed following lateral approach for resection of the retropleural tumor portion. A registration scan was performed following the placement of the retractor, and the reference frame was placed on the retractor arm. iCT-based navigation and microscope-based AR with outlines of the tumor, vertebra, and aorta, which were shown in overlay fashion in the operative microscope, facilitated the orientation in the surgical field, particularly during the resection of the tumor portions adjacent to the aorta. Follow-up MRI confirmed the complete resection of the tumor.



Patient 15 had a large calcified herniated disc Th 7/8 and had undergone previous surgery in an external hospital with left sided hemilaminectomy Th7/8. Due to worsening of the paraparesis following the primary surgery, the patient was transferred to our department. Left lateral transpleural approach with costotransversectomy was performed with a registration scan following implantation of the retractor. The reference frame was placed on the retractor arm. Microscope-based AR with outlines of the vertebras and herniated disc, shown in overlay fashion in the microscope HUD, directed the dissection and facilitated orientation in the surgical field. Complete resection of the herniated disc was performed, which was confirmed in the control iCT scan (Figure 8 and Figure 9, supplemental material: microsurgical resection of herniated calficied disc video).



Patient 16 had a large calcified herniated disc Th9/10 with myelopathy and ataxia. A left lateral retropleural approach with costotransversectomy was performed. A registration scan was performed following placement of the retractor, and the reference frame was attached to the retractor arm. Microscope-based AR with outlines of the vertebrae and herniated discs, shown in overlay fashion in the microscope HUD, facilitated the orientation because the borders between the calcified disc, adjacent vertebrae, and the spinal canal were not clear. Partial posterior one-third corpectomy of Th9 and 10 was performed with a diamond drill following subtotal resection of the calcified disc, with meticulous dissection of disc remnants adjacent to the spinal cord. Follow-up CT and MRI confirmed the desired extent of resection.



Eighty-eight patients operated on via lateral approach during the same period at our institution were not navigated. If we exclude 65 XLIF cases, one patient underwent a resection of a giant ganglioneuroma of the thoracic spine and 22 patients underwent corpectomy with implantation of an expandable body cage for various indications, including fracture, metastasis, and infection (14 in lumbar spine and 8 in the thoracic spine). The patient who underwent a resection of a ganglioglioma had a partial resection that possibly could have been avoided if iCT-based navigation and AR had been used. From patients who underwent corpectomy and implantation of vertebral body implants during the same period, three patients underwent revision surgery due to dislocation of the implant and adjacent segment disease; which can be compared to the navigated cases (patients 1, 2, 5, 6, and 7), where no revision surgeries were needed. Since patients in both groups were non-homogenous regarding pathology and different operative techniques, we considered a comparison between the two groups impractical.





4. Discussion


The navigated implantation of pedicle screws uses a single vertebra registration based on surface matching. This is due to the direct identification of the bony surface by sampling at least 20 points on the lamina of a vertebra with the tip of navigation pointer, resulting in a low registration error of 1.1 ± 0.61 mm in phantom studies [21]. However, this strategy is not applicable to the lateral approach to the spine because it can be implemented only in posterior open surgery. In spine procedures, fiducial-based registration is an option only when intraoperative imaging is available, because flexibility of the spine precludes the vertebra alignment during the preoperative scan being identical to the intraoperative alignment [20,22]. User-independent registration can be achieved by intraoperative imaging, which, regarding spinal surgery, has the additional advantage that the positioning of the patient and vertebral alignment during imaging correspond to the real intraoperative situation. A user-independent automatic registration concept applying intraoperative CT was recently reported and showed a mean target registration error (TRE) for spinal procedures of 0.86 ± 0.28 mm [20]. Our results correspond well to these and to results of the spine phantom studies comparing intraoperative registration to bone surface registration or to bone-implanted miniscrews, which showed TREs of 0.74 and 0.14–0.78 mm, respectively [23,24]. Radiation-free alternatives for registration are surface-matching and point-to-point registration using a pointer or settings using ultrasound to delineate the shape of the bony structures of the spine for registration; however, these are considerably more inaccurate than automatic iCT-based registration [17,25,26]. We have already published our initial experience with iCT-based navigation with AR for spine surgery [13,16,17], with only two patients who underwent surgery via a lateral approach. We aimed to present our experience on the use of this method in a lateral approach for spine surgery for various indications.



Several studies have been published describing the use of iCT for lateral approaches to the spine [7,8,9,10,11,12]. iCT using navigation assistance with electrophysiological monitoring was reported for lateral lumbar discectomy [8,11] for thoracic burst fractures [12] and cage placement in lateral lumbar interbody fusion procedures [7,9,10]. iCT was used for precise localization within the exposure corridor for lateral retroperitoneal transforaminal approaches for large L1/2 disc herniations, limiting the amount of bony resection and dissection through the psoas muscle [11], and for accurate cage placement [7]. Navigation was used to confirm the amount of decompression to the contralateral pedicle with a significant reduction in the number of fluoroscopic localization images [11]. When indirect decompression with implantation of the cage was not able to be shown in the iCT, further posterior decompression was performed [9]. Control iCTs in this study were performed for resection control in cases of herniated discs, vertebral tumors, and neurinoma, and for implant control. This enabled direct quality control, and showed that the aim of surgery was achieved, with the desired amount of resection being accomplished and the implants positioned correctly. Implant segmentation with AR update allows the checking of patient accuracy, registration, image registration, and AR calibration [20].



As the user is positioned behind protective shielding during three-dimensional imaging, exposure is minimized, as the navigation is radiation-free [27]. The effective radiation dose of the registration CT scans was 5.76 ± 3.32 mSv. The mean ED for initial registration scans applying low-dose protocols in a recent study was 4.12 ± 2.13 mSv (1.48–9.64 mSV) for the thoracic region, and 3.37 ± 0.93 mSv (1.59–5.01 mSv) for the lumbar region [20]. In relation to standard diagnostic scans, this was a 2.5 to 6-fold reduction for spinal scans compared to standard diagnostic scans [28,29]. A recent study of patients who underwent pedicle screw placement showed an average patient ED of 15.8 ± 1.8 mSv, which mainly correlated with the number of vertebrae treated and the number of cone-beam computed tomography acquisitions performed [27]. Another study reported an average total radiation exposure of 5.69 mSv for the patient, whereas thoracic and lumbar instrumentations had higher radiation emission than the cervical, deformity, and degenerative cases, which caused more emission than oncology or trauma cases [30]. The radiation exposure for the surgeon was reported to be significantly lower in all the studies when using iCT for lateral approaches to the spine [7,8,9,10,11]. iCT with integrated navigation systems in spinal stabilization has been shown to be rapid and easy to perform, without restricting access to the patient, and, by replacing pre- and post-operative imaging, is not associated with an additional exposure to radiation [31]. None of the patients who received instrumentation in our study experienced implant failure at follow up. A recent review of lumbar interbody fusion in patients with osteopenia and osteoporosis revealed that Hounsfield units may be an effective one-tool arsenal when evaluating these patients preoperatively with respect to the loosening or dislocation of implants [32].



One patient in our study experienced an approach-related complication, with pleural effusion following the transpleural approach to the thoracic spine. Complications related to this approach have been described to occur more frequently and range up to 25% [7]. The reported major morbidity and mortality rates of XLIF have led to an argument about whether it should remain part of the spinal instrumentation [33]; however, the procedure has been shown to be safe with a relatively low complication rate when performed by experienced surgeons [34], and from which the postoperative deficits are transient in their nature [35] and reveal a lower incidence of infection [36]. One of the most common complications that is resolved without any intervention in the transpsoas approach is lumbar plexus injury, which can lead to anterior thigh pain, sensory changes, and weakness in hip flexors. Preoperative psoas major muscle volume was not found to be correlated with postoperative anterior thigh numbness, pain, or weakness in a recent study [37]. Further studies, focusing on the muscle morphology or fatty infiltration, and to reduce the complication rates associated with this procedure are needed [37], while iCT with segmentation of the muscle in AR could provide additional information on a possible connection between its morphology and complication rate.



The use of AR in degenerative and oncological spine surgery has recently been described in conjunction with its potential for application in complex anatomical situations and for resident education [13,16,17]. The previously described advantages of the use of AR have also been shown here [13,16], particularly in tumor surgery for identification of tumor extent by visualizing the tumor outline, and for visualization of cutting lines for corpectomy and extirpation of the calcified herniated disc.



AR systems have demonstrated a high accuracy compared to free-hand and conventional navigation in spine surgery in several clinical studies [38]. Good 3D depth perception, resulting in smooth hand–eye coordination, was provided using advanced AR visualization in combination with additional views on screens near the surgical field [39]. To ensure AR can support anatomical orientation and visualize objects in the surgical field itself, its correct registration—which depends on correct nonlinear image registration, correct calibration of the HUD of the operating microscope, and correct patient registration—is crucial [13]. AR has been found to increase the comfort for the surgeon in reoperations, in which anatomical landmarks are lacking [16]. Furthermore, its use as a tool for resident education should not be underestimated [16]. Visualization of tumor outline in the AR is of use, even when registration accuracy is compromised, because the size of an object is still displayed correctly and the extent of the tumor can be estimated with certainty [16]. AR has been applied to spine surgery for pedicle screw placement, targeted cervical foraminotomy, bone biopsy, osteotomy planning, and percutaneous intervention [40]. When performing corpectomy and en bloc tumor resections, AR has been applied not only in open procedures, but also in stereotactic surgical navigation, as described in a recent case report on the resection of an L1 chordoma through a posterior-only approach, with visualization of the navigation aligned in parallel with the tracked instrument, providing maximum precision and safety [41]. The Augmented-Reality Head-Mounted Display Stereotactic Navigation System for Spine Surgery (AR-HMD) is a novel AR-based method that has demonstrated high precision and accuracy in the placement of pedicle screws [42]. Future goals include achieving maximal accuracy with a robotic arm and AR tracking of surgical tools [43,44].



AR aims to overlay virtual bony structures on patients in the setting of hybrid operating rooms that enable real-time feedback of all instruments in space and in relation to anatomical structures [43]. AR allows for the identification of the parts of the vertebra (pars, pedicle, and disc) when they are not in the exact field of view, which enables the surgeon to more safely and confidently perform maneuvers for resection of tissue or bone [45]. Herniated discs and synovial cysts can be clearly differentiated from surrounding neural tissue and bony landmarks by color, allowing the optimal trajectory to reach the pathology to be determined [45].



As nerve injury during the transpsoas approach is the most common and potentially most devastating complication of the XLIF procedure, several studies have looked at defining “safe working zones” for the placement of the retractor [1,35,46,47,48]. These studies have shown that when approaching the lumbar spine from L3, L2, or L1, the psoas muscle should be split into the ventral three-quarters of the vertebral body to avoid nerve injury [49]. Since vascular and lumbar plexus nerve injuries are a major cause of morbidity in the lateral approach to the spine [33], visualization of these structures is of vital importance for increasing the safety of the procedure.



Intraoperative imaging enables fewer registration errors and allows accurate information to be obtained regarding 3D spine configuration. Use of unsophisticated nonlinear image registration approaches for compensation of spatial flexibility may lead to errors due to spinal flexibility [20]. In these cases, the importance of a low number of registration errors justifies the use of intraoperative imaging and, in particular, the radiation exposure for the patient. Limitations of our study are the small number of patients and the short follow-up times. A further limitation of our study is the non-homogeneity of the small sample, due to the inclusion of multiple pathologies (infectious, oncological, and degenerative diseases); however, in our experience, iCT with AR for the lateral approach has been shown to be suitable for all of the included pathologies. Although we present a limited number of cases, intraoperative imaging provided immediate intraoperative quality control, thus avoiding complications and allowing the evaluation of whether the aim of the surgery was met, i.e., providing information on the extent of tumor resection, or resection of the herniated disc, or whether implants were correctly placed according to the plan. A control group with non-iCT-navigated cases for lateral approaches to the spine could help provide an objective assessment of the use of iCT-based navigation and AR; however, we considered this to be impractical in a prospective setting because this would require not using iCT and AR for patients for whom the surgeon assessed that these techniques would increase patient safety and surgeon comfort.



A future possible upgrade to the use of intraoperative CT in lateral approaches to the spine is to define “safe-working zones”, with the segmentation of the lumbar plexus in the navigation workflow, thereby providing additional safety for the procedure in combination with neuromonitoring.




5. Conclusions


Intraoperative computed tomography with navigation and the implementation of augmented reality facilitates the application of lateral approaches to the spine for a variety of indications, including fusion procedures, tumor resection, spondylodiscitis, and herniated disc surgery. Intraoperative imaging provided immediate intraoperative quality control, thus avoiding complications and allowing evaluation of whether the aim of the surgery was met.








Supplementary Materials


The Video is available online at https://www.youtube.com/watch?v=j2Fozm28tqs.





Author Contributions


Conceptualization, M.P., C.N. and B.C.; methodology, M.P.; software, M.P.; validation, M.B., B.S., C.N., and B.C.; formal analysis, M.P.; investigation, M.P., B.S. resources, M.P., data curation, M.P.; writing—original draft preparation, M.P.; writing—review and editing, B.S., M.B., A.K., C.N., B.C. visualization, M.P. supervision, C.N. and B.C., project administration, C.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


We obtained ethics approval for prospective archiving clinical and technical data applying intraoperative imaging and navigation (study no. 99/18) from the local ethics committee at the University Hospital Marburg.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy restrictions.




Acknowledgments


Some of the results presented in this manuscript have been presented as an ePoster at the 15th Congress of German Spine Society (15. Jahrestagung der Deutschen Wirbelsäulengesellschaft-virtuell, 9–11 December 2020) under the title “Intraoperative CT-gestützte Navigation für laterale Zugänge zur Wirbelsäule in einer konsekutive Serie von 13 Patienten, https://www.1kcloud.com/ep15fc11321c634f/#0”, accessed date: 20 April 2021. We thank J. W. Bartsch, for proofreading the manuscript.




Conflicts of Interest


All authors certify that they have no affiliations with or involvement in any organization or entity with any financial interest (such as honoraria; educational grants; participation in speakers’ bureaus; membership, employment, consultancies, stock ownership, or other equity interest; and expert testimony or patent-licensing arrangements), or non-financial interest (such as personal or professional relationships, affiliations, knowledge, or beliefs) in the subject matter or materials discussed in this manuscript, with the exception that B. Carl and C. Nimsky received a speaker honorarium from Brainlab.




References


	



Arnold, P.M.; Anderson, K.K.; McGuire, R.A. The lateral transpsoas approach to the lumbar and thoracic spine: A review. Surg. Neurol. Int. 2012, 3 (Suppl. S3), S198–S215. [Google Scholar] [CrossRef]

	



Ozgur, B.M.; Aryan, H.E.; Pimenta, L.; Taylor, W.R. Extreme Lateral Interbody Fusion (XLIF): A novel surgical technique for anterior lumbar interbody fusion. Spine J. 2006, 6, 435–443. [Google Scholar] [CrossRef]

	



Karikari, I.O.; Nimjee, S.M.; Hardin, C.A.; Hughes, B.D.; Hodges, T.R.; Mehta, A.I.; Choi, J.; Brown, C.R.; Isaacs, R.E. Extreme lateral interbody fusion approach for isolated thoracic and thoracolumbar spine diseases: Initial clinical experience and early outcomes. J. Spinal Disord. Tech. 2011, 24, 368–375. [Google Scholar] [CrossRef] [PubMed]

	



Lang, G.; Perrech, M.; Navarro-Ramirez, R.; Hussain, I.; Pennicooke, B.; Maryam, F.; Avila, M.J.; Härtl, R. Potential and Limitations of Neural Decompression in Extreme Lateral Interbody Fusion—A Systematic Review. World Neurosurg. 2017, 101, 99–113. [Google Scholar] [CrossRef] [PubMed]

	



Meredith, D.S.; Kepler, C.K.; Huang, R.C.; Hegde, V.V. Extreme Lateral Interbody Fusion (XLIF) in the Thoracic and Thoracolumbar Spine: Technical Report and Early Outcomes. HSS J. 2013, 9, 25–31. [Google Scholar] [CrossRef] [PubMed]

	



Formica, M.; Zanirato, A.; Cavagnaro, L.; Basso, M.; Divano, S.; Felli, L. Extreme lateral interbody fusion in spinal revision surgery: Clinical results and complications. Eur. Spine J. 2017, 26, 433–470. [Google Scholar] [CrossRef]

	



Liu, X.; Joseph, J.R.; Smith, B.W.; Saadeh, Y.; Park, P. Analysis of Intraoperative Cone-Beam Computed Tomography Combined With Image Guidance for Lateral Lumbar Interbody Fusion. Oper. Neurosurg. 2018, 14, 620–626. [Google Scholar] [CrossRef] [PubMed]

	



Soliman, H.; Fridley, J.; Telfeian, A.; Choi, D.B.; Galgano, M.; Kosztowski, T.; Gokaslan, Z.L.; Oyelese, A.A. Minimally Invasive, Far Lateral Lumbar Microdiscectomy with Intraoperative Computed Tomography Navigational Assistance and Electrophysiological Monitoring. World Neurosurg. 2019, 122, e1228–e1239. [Google Scholar] [CrossRef]

	



Hayama, S.; Nakano, A.; Nakaya, Y.; Baba, I.; Fujiwara, K.; Fujishiro, T.; Yano, T.; Usami, Y.; Kino, K.; Obo, T.; et al. The Evaluation of Indirect Neural Decompression After Lateral Lumbar Interbody Fusion Using Intraoperative Computed Tomography Myelogram. World Neurosurg. 2018, 120, e710–e718. [Google Scholar] [CrossRef]

	



Navarro-Ramirez, R.; Berlin, C.; Lang, G.; Hussain, I.; Janssen, I.; Sloan, S.; Askin, G.; Avila, M.J.; Zubkov, M.; Härtl, R. A New Volumetric Radiologic Method to Assess Indirect Decompression After Extreme Lateral Interbody Fusion Using High-Resolution Intraoperative Computed Tomography. World Neurosurg. 2018, 109, 59–67. [Google Scholar] [CrossRef]

	



Oyelese, A.A.; Fridley, J.; Choi, D.B.; Telfeian, A.; Gokaslan, Z.L. Minimally invasive direct lateral, retroperitoneal transforaminal approach for large L1–2 disc herniations with intraoperative CT navigational assistance: Technical note and report of 3 cases. J. Neurosurg. Spine 2018, 29, 46–53. [Google Scholar] [CrossRef]

	



Yu, J.Y.; Fridley, J.; Gokaslan, Z.; Telfeian, A.; Oyelese, A.A. Minimally Invasive Thoracolumbar Corpectomy and Stabilization for Unstable Burst Fractures Using Intraoperative Computed Tomography and Computer-Assisted Spinal Navigation. World Neurosurg. 2019, 122, e1266–e1274. [Google Scholar] [CrossRef] [PubMed]

	



Carl, B.; Bopp, M.; Saß, B.; Nimsky, C. Microscope-Based Augmented Reality in Degenerative Spine Surgery: Initial Experience. World Neurosurg. 2019, 128, e541–e551. [Google Scholar] [CrossRef]

	



Carl, B.; Bopp, M.; Chehab, S.; Bien, S.; Nimsky, C. Preoperative 3-Dimensional Angiography Data and Intraoperative Real-Time Vascular Data Integrated in Microscope-Based Navigation by Automatic Patient Registration Applying Intraoperative Computed Tomography. World Neurosurg. 2018, 113, e414–e425. [Google Scholar] [CrossRef]

	



Carl, B.; Bopp, M.; Saß, B.; Nimsky, C. Intraoperative computed tomography as reliable navigation registration device in 200 cranial procedures. Acta Neurochir. 2018, 160, 1681–1689. [Google Scholar] [CrossRef] [PubMed]

	



Carl, B.; Bopp, M.; Saß, B.; Voellger, B.; Nimsky, C. Implementation of augmented reality support in spine surgery. Eur. Spine J. 2019, 28, 1697–1711. [Google Scholar] [CrossRef] [PubMed]

	



Carl, B.; Bopp, M.; Saß, B.; Pojskic, M.; Nimsky, C. Augmented reality in intradural spinal tumor surgery. Acta Neurochir. 2019, 161, 2181–2193. [Google Scholar] [CrossRef] [PubMed]

	



Elbakri, I.A.; Kirkpatrick, I.D. Dose-Length Product to Effective Dose Conversion Factors for Common Computed Tomography Examinations Based on Canadian Clinical Experience. Can. Assoc. Radiol. J. 2013, 64, 15–17. [Google Scholar] [CrossRef] [PubMed]

	



Huda, W.; Ogden, K.M.; Khorasani, M.R. Converting Dose-Length Product to Effective Dose at CT. Radiology 2008, 248, 995–1003. [Google Scholar] [CrossRef] [PubMed]

	



Carl, B.; Bopp, M.; Saß, B.; Pojskic, M.; Gjorgjevski, M.; Voellger, B.; Nimsky, C. Reliable navigation registration in cranial and spine surgery based on intraoperative computed tomography. Neurosurg. Focus 2019, 47, e11. [Google Scholar] [CrossRef]

	



Tamura, Y.; Sugano, N.; Sasama, T.; Sato, Y.; Tamura, S.; Yonenobu, K.; Yoshikawa, H.; Ochi, T. Surface-based registration accuracy of CT-based image-guided spine surgery. Eur. Spine J. 2004, 14, 291–297. [Google Scholar] [CrossRef]

	



Tatsui, C.E.; Nascimento, C.N.G.; Suki, D.; Amini, B.; Li, J.; Ghia, A.J.; Thomas, J.G.; Stafford, R.J.; Rhines, L.D.; Cata, J.P.; et al. Image guidance based on MRI for spinal interstitial laser thermotherapy: Technical aspects and accuracy. J. Neurosurg. Spine 2017, 26, 605–612. [Google Scholar] [CrossRef]

	



Ji, S.; Fan, X.; Paulsen, K.D.; Roberts, D.W.; Mirza, S.K.; Lollis, S.S. Intraoperative CT as a registration benchmark for intervertebral motion compensation in image-guided open spinal surgery. Int. J. Comput. Assist. Radiol. Surg. 2015, 10, 2009–2020. [Google Scholar] [CrossRef]

	



Zhao, M.; Shi, B.; Chen, T.; Zhang, Y.; Geng, T.; Qiao, L.; Zhang, M.; He, L.; Zuo, H.; Wang, G. Axial MR diffusion tensor imaging and tractography in clinical diagnosed and pathology confirmed cervical spinal cord astrocytoma. J. Neurol. Sci. 2017, 375, 43–51. [Google Scholar] [CrossRef]

	



Zhao, J.; Liu, Y.; Fan, M.; Liu, B.; He, D.; Tian, W. Comparison of the Clinical Accuracy Between Point-to-Point Registration and Auto-Registration Using an Active Infrared Navigation System. Spine 2018, 43, E1329–E1333. [Google Scholar] [CrossRef] [PubMed]

	



Ma, L.; Zhao, Z.; Chen, F.; Zhang, B.; Fu, L.; Liao, H. Augmented reality surgical navigation with ultrasound-assisted registration for pedicle screw placement: A pilot study. Int. J. Comput. Assist. Radiol. Surg. 2017, 12, 2205–2215. [Google Scholar] [CrossRef] [PubMed]

	



Edström, E.; Burström, G.; Omar, A.; Nachabe, R.; Söderman, M.; Persson, O.; Gerdhem, P.; Elmi-Terander, A. Augmented Reality Surgical Navigation in Spine Surgery to Minimize Staff Radiation Exposure. Spine 2020, 45, e45–e53. [Google Scholar] [CrossRef]

	



Schegerer, A.; Loose, R.; Heuser, L.J.; Brix, G. Diagnostic Reference Levels for Diagnostic and Interventional X-Ray Procedures in Germany: Update and Handling. Rofo 2019, 191, 739–751. [Google Scholar] [CrossRef] [PubMed]

	



Vilar-Palop, J.; Vilar, J.; Hernández-Aguado, I.; González-Álvarez, I.; Lumbreras, B. Updated effective doses in radiology. J. Radiol. Prot. 2016, 36, 975–990. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



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]

	



Soldozy, S.; Montgomery, S.; Sarathy, D.; Young, S.; Skaff, A.; Desai, B.; Sokolowski, J.; Sandhu, F.; Voyadzis, J.-M.; Yağmurlu, K.; et al. Diagnostic, Surgical, and Technical Considerations for Lumbar Interbody Fusion in Patients with Osteopenia and Osteoporosis: A Systematic Review. Brain Sci. 2021, 11, 241. [Google Scholar] [CrossRef] [PubMed]

	



Epstein, N.E. Extreme lateral lumbar interbody fusion: Do the cons outweigh the pros? Surg. Neurol. Int. 2016, 7 (Suppl. S25), S692–S700. [Google Scholar] [CrossRef]

	



Buric, J.; Conti, R.; Peressutti, S. Lumbar Lordosis Correction with Interbody Hyperlordotic Cages: Initial Experience, Learning Curve, Technical Aspects, and Complication Incidence. Int. J. Spine Surg. 2018, 12, 185–189. [Google Scholar] [CrossRef] [PubMed]

	



Walker, C.T.; Farber, S.H.; Cole, T.S.; Xu, D.S.; Godzik, J.; Whiting, A.C.; Hartman, C.; Porter, R.W.; Turner, J.D.; Uribe, J. Complications for minimally invasive lateral interbody arthrodesis: A systematic review and meta-analysis comparing prepsoas and transpsoas approaches. J. Neurosurg. Spine 2019, 30, 446–460. [Google Scholar] [CrossRef]

	



Rodgers, W.B.; Gerber, E.J.; Patterson, J. Intraoperative and early postoperative complications in extreme lateral interbody fusion: An analysis of 600 cases. Spine 2011, 36, 26–32. [Google Scholar] [CrossRef] [PubMed]

	



Yingsakmongkol, W.; Wathanavasin, W.; Jitpakdee, K.; Singhatanadgige, W.; Limthongkul, W.; Kotheeranurak, V. Psoas Major Muscle Volume Does Not Affect the Postoperative Thigh Symptoms in XLIF Surgery. Brain Sci. 2021, 11, 357. [Google Scholar] [CrossRef]

	



Burström, G.; Persson, O.; Edström, E.; Elmi-Terander, A. Augmented reality navigation in spine surgery: A systematic review. Acta Neurochir. 2021, 163, 843–852. [Google Scholar] [CrossRef]

	



Meola, A.; Chang, S.D. Letter: Navigation-Linked Heads-Up Display in Intracranial Surgery: Early Experience. Oper. Neurosurg. 2018, 14, e71–e72. [Google Scholar] [CrossRef] [PubMed]

	



Ghaednia, H.; Fourman, M.S.; Lans, A.; Detels, K.; Dijkstra, H.; Lloyd, S.; Sweeney, A.; Oosterhoff, J.H.; Schwab, J.H. Augmented and virtual reality in spine surgery, current applications and future potentials. Spine J. 2021. [Google Scholar] [CrossRef]

	



Molina, C.A.; Dibble, C.F.; Lo, S.-F.L.; Witham, T.; Sciubba, D.M. Augmented reality–mediated stereotactic navigation for execution of en bloc lumbar spondylectomy osteotomies. J. Neurosurg. Spine 2021, 34, 700–705. [Google Scholar] [CrossRef] [PubMed]

	



Molina, C.A.; Sciubba, D.M.; Greenberg, J.K.; Khan, M.; Witham, T. Clinical Accuracy, Technical Precision, and Workflow of the First in Human Use of an Augmented-Reality Head-Mounted Display Stereotactic Navigation System for Spine Surgery. Oper. Neurosurg. 2021, 20, 300–309. [Google Scholar] [CrossRef]

	



Burström, G.; Nachabe, R.; Persson, O.; Edström, E.; Elmi Terander, A. Augmented and Virtual Reality Instrument Tracking for Minimally Invasive Spine Surgery: A Feasibility and Accuracy Study. Spine 2019, 44, 1097–1104. [Google Scholar] [CrossRef]

	



Burström, G.; Buerger, C.; Hoppenbrouwers, J.; Nachabe, R.; Lorenz, C.; Babic, D.; Homan, R.; Racadio, J.M.; Grass, M.; Persson, O.; et al. Machine learning for automated 3-dimensional segmentation of the spine and suggested placement of pedicle screws based on intraoperative cone-beam computer tomography. J. Neurosurg. Spine 2019, 31, 147–154. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, I.; Cosar, M.; Kirnaz, S.; Schmidt, F.A.; Wipplinger, C.; Wong, T.; Härtl, R. Evolving Navigation, Robotics, and Augmented Reality in Minimally Invasive Spine Surgery. Glob. Spine J. 2020, 10, 22S–33S. [Google Scholar] [CrossRef] [PubMed]

	



Benglis, D.M.; Vanni, S.; Levi, A.D. An anatomical study of the lumbosacral plexus as related to the minimally invasive transpsoas approach to the lumbar spine. J. Neurosurg. Spine 2009, 10, 139–144. [Google Scholar] [CrossRef] [PubMed]

	



Houten, J.K.; Alexandre, L.C.; Nasser, R.; Wollowick, A.L. Nerve injury during the transpsoas approach for lumbar fusion. J. Neurosurg. Spine 2011, 15, 280–284. [Google Scholar] [CrossRef] [PubMed]

	



Dakwar, E.; Vale, F.L.; Uribe, J.S. Trajectory of the main sensory and motor branches of the lumbar plexus outside the psoas muscle related to the lateral retroperitoneal transpsoas approach. J. Neurosurg. Spine 2011, 14, 290–295. [Google Scholar] [CrossRef]

	



Guérin, P.; Obeid, I.; Gille, O.; Bourghli, A.; Luc, S.; Pointillart, V.; Cursolle, J.C.; Vital, J.-M. Safe working zones using the minimally invasive lateral retroperitoneal transpsoas approach: A morphometric study. Surg. Radiol. Anat. 2011, 33, 665–671. [Google Scholar] [CrossRef]








[image: Brainsci 11 00646 g001 550] 





Figure 1. Navigation accuracy check using tip of the navigation pointer. (A–C) In the divot of a skin fiducial (patient no. 10). (D–F) On the spine retractor (patient no. 10). (G–J) On the outer tumor surface (patient no. 10). (K,L) On the expandable vertebral body cage (patient no. 11). (M,N) On the lateral surface of the vertebra (patient no. 11). 
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Figure 2. A 62 year old female patient (patient no.10) with herniated thoracic disc Th 7/8, operation via a left lateral transpleural approach. (A) Overview visualization depicting the position of the microscope view in relation to the segmented vertebra, visualized in yellow color. (B) AR visualization with the outline of vertebra bodies T7 and T8 and herniated disc in red. (C) Probe’s-eye view with segmented structures in the MRI. (D) Segmented objects visualized separately in the target view. (E) Overview visualization depicting the microscope view position related to segmented vertebra. (F) AR visualization with the outline of vertebra bodies T7 and T8 and herniated disc in red after placement of spinal retractor. (G) Probe’s-eye view with segmented structures in the intraoperative CT. (H) Target view. 
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Figure 3. AR microscope view during the course of the surgery (same patient as in Figure 2). In yellow, the 3D outlines of the vertebra and in blue the segmented disc herniation are visualized by the HUD. (A) After retractor placement. (B) Removal of the sequester with a rongeur. (C) Mobilization of the disc fragment with the hook. (D) Following removal of the sequester, visualization of dura with outline of the extirpated disc. 
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Figure 4. Same patient as in Figure 2 and Figure 3. (patient no. 10), surgery via a left transpleural approach. MRI of the thoracic spine. (A) Preoperative T2 sagittal. (B) Preoperative T2 axial. (C) Postoperative T2 sagittal, which shows complete resection of the herniated disc. (D) Postoperative T2 axial. 
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Figure 5. A 52 year-old female patient (patient no. 9) with a L2 neurinoma operated via a left lateral retroperitoneal approach. Registration accuracy check is shown in Figure 1. (A) Overview visualization depicting the position of the microscope view in relation to the segmented tumor (orange), vertebra (violet), and aorta (purple). (B) Microscope video, AR visualization with the outline of the tumor in orange. (C) Probe’s-eye view with segmented structures in the iCT. (D) Segmented objects visualized separately in target view. 
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Figure 6. Same patient as in Figure 5 (patient no. 9). Microscope-based AR visualizing the tumor outline. (A) At the beginning of the tumor resection. (B) During the course of resection, with (C) Probe’s-eye view; (D) target view visualizing the displayed AR objects. (E) A 3D rendering of the iCT images illustrating how video frame is placed in relation to the image data. 
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Figure 7. Same patient as in Figure 5 (patient no. 9). MRI of the lumbar spine. (A) Preoperative axial post-contrast MRI of the lumbar spine shows large left-sided retroperitoneal tumor with origin in the left L1/2 neuroforamen. (B) Postoperative axial T2 MRI of the lumbar spine shows complete resection of the neurinoma at the three-month follow up. 
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Figure 8. A 46-year-old patient with large calcified herniated disc Th 7/8, who underwent previous surgery in an external hospital with left-sided hemilaminectomy Th7/8 (patient no. 15). Due to worsening of the paraparesis following the primary surgery, patient was transferred to our department. Left lateral transpleural approach with costotransversectomy and complete resection of the herniated disc was performed. Intraoperative CT scan used for navigation registration performed following implantation of the retractor in (A) axial, (B) sagittal, and (C) coronal view, with segmented herniated disc (blue), vertebra Th7 and Th8 (yellow), and the XLIF–retractor (green). Control CT scan for extent of resection in (D) axial, (E) sagittal, and (F) coronal view shows complete resection of the herniated disc following costotransversectomy via a left lateral transpleural approach. 
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Figure 9. Same patient as in Figure 8 (patient no. 15). Microscope-based AR visualizing the outline of the herniated disc and vertebra Th 7 and 8. (A) At the beginning of the discectomy. (B) During the course of discectomy. (C) Following drilling out the sequestrated disc with exposure of the dural sack with (D) probe’s-eye view; (E) target view visualizing the displayed AR objects. (F) A 3D rendering of the iCT images, illustrating how video frame is placed in relation to the image data. 
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Table 1. Patient characteristics and clinical results.
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Number

	
Age

	
Sex

	
Diagnosis

	
Preoperative

Symptoms

	
Procedure

	
Complications

	
Outcome






	
1

	
75

	
M

	
Adjacent segment disease L1/2 following spondylodesis L2-5 and implantation of expandable vertebral body cage at L2

	
Back pain, hip flexor paresis 4/5

	
1. Spondylodesis T9-S1

2. Removal of the L2

vertebral body implant, Corpectomy L1/2, Implantation of expandable vertebral body cage, left retroperitoneal approach

	
No

	
Regredient pain, no neurologic deficits following surgery




	
2

	
80

	
M

	
Spondylodiscitis L4/5 following surgery for right hip prothesis

	
Back pain

	
XLIF from right following Spondylodesis L4/5

	
No

	
Regredient pain, no neurologic deficits following surgery




	
3

	
66

	
F

	
Calcified

herniated disc Th 9/10

	
Ataxia

Paraparesis 4/5

	
Left lateral retropleural approach, sequestrectomy of the herniated disc

	
None

	
Improvement of ataxia following surgery




	
4

	
19

	
F

	
Giant aneurysmatic bone cyst Th 8/9

	
Back pain

	
1. Hemilaminectomy T8/9, Resection of the thoracic nerve origin

2. Tumor resection via left retropleural approach, Resection of 7/8 Rib with reconstruction of the thoracic wall

	
No

	
No pain, no deficits, and no recurrence at follow up




	
5

	
80

	
M

	
Instability following L1 vertebral body fracture and stabilization T11-L3

	
Back pain, Paraparesis 4/5

	
Corpectomy L1/2, Implantation of expandable vertebral body cage, left retroperitoneal approach

	
No

	
Improvement of pain, no deficits following surgery




	
6

	
77

	
M

	
Instability following kyphoplasty of T12 and stabilization T11-L1 due to T12 fracture

	
Back pain, Paraparesis 4/5

	
Corpectomy T12, Implantation of expandable vertebral cage, left retropleural approach

	
No

	
Improvement of pain, no deficits following surgery




	
7

	
F

	
76

	
L2 breast cancer metastasis

	
Back pain

	
1. L1-3 stabilization

2. Corpectomy L2, implantation of expandable vertebral cage, left retroperitoneal approach

	
No

	
Improvement of pain, no deficits following surgery




	
8

	
M

	
51

	
Herniated disc T8/9 with myelopathy

	
Back pain, paraparesis 3/5, urinary incontinence

	
1. Partial resection of the herniated disc via posterior approach with right costotransversectomy

2. Resection of the remaining disc via left retropleural approach

3. Stabilization T8-9

	
No

	
No pain and no deficits following surgery




	
9

	
F

	
52

	
L2 Neurinoma

	
Back and hip pain

	
Resection of neurinoma via left retroperitoneal approach

	
No

	
No pain, no deficits, and no tumor recurrence at follow up




	
10

	
F

	
63

	
Herniated disc T 7/8 with myelopathy

	
Worsening of back pain due to chronic pain syndrome following multiple spine surgeries, ataxia

	
Left lateral retropleural approach, sequestrectomy of the herniated disc

	
No

	
Chronic pain syndrome with moderate improvement, no ataxia, no deficits at follow up




	
11

	
F

	
51

	
Giant cell tumor of T12

	
Back pain, paraparesis 3/5, urinary incontinence

	
Left lateral retropleural approach, corpectomy T12, implantation of expandable cage

	
No

	
No pain, no deficits, and no tumor recurrence at follow up




	
12

	
F

	
71

	
T12 fracture

	
Back pain, paraparesis 3/5

	
1. Left lateral retropleural approach, corpectomy Th12, implantation of expandable cage

2. Th11-L1 stabilization

	
No

	
Death 5 weeks following surgery due to pneumonia, exacerbation of COPD and cardiorespiratory failure




	
13

	
F

	
50

	
Calcified herniated disc T10/11 with myelopathy and spinal canal stenosis

	
Back pain, paraparesis 2/5, urinary and stool incontinence

	
1. Dorsal stabilization T10-11 with spinal canal decompression

	
Pleural effusion in the field of the lateral operative approach, treated with thorax drainage

	
Improvement of back pain and paraparesis (4/5) with urinary incontinence, no stool incontinence 6 months following surgery




	
2. Left lateral retropleural approach, partial resection of the herniated disc

	
Hematoma on 10th day following surgery with evacuation of hematoma in the dorsal operative field




	
3. Reoperation through left retropleural approach, placement of thorax drainage due to chambered pleural effusion and complete resection of the calcified disc

	
Dorsal wound revision due to healing deficit 4 weeks following surgery;




	
14

	
F

	
48

	
Schwannoma Th11/12

	
Back pain

	
1. Resection of T12 nerve root via dorsal approach.

2. Left lateral transpleural approach, resection of the tumor

	
None

	
Improvement of back pain following surgery




	
15

	
F

	
46

	
Calcified herniated disc Th 7/8

	
Back, pain, paraparesis

	
Left lateral retropleural approach, constotransversectomy, total resection of the herniated disc

	
None

	
Improvement of back pain and paraparesis following surgery




	
16

	
M

	
38

	
Calcified herniated disc Th 9/10

	
Back pain, paraparesis

	
Left lateral retropleural approach, costotransversectomy, subtotal resection of the herniated disc

	
None

	
Improvement of back pain and paraparesis following surgery
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Table 2. Scan length and DLP of scout and registration scan, and total effective dose with fused image datasets with iCT registration and visualized objects in augmented reality.






Table 2. Scan length and DLP of scout and registration scan, and total effective dose with fused image datasets with iCT registration and visualized objects in augmented reality.





	Number
	Protocol
	Scout Scan DLP (mm)
	Scout Scan Length (mm)
	iCT Scan DLP (mGy.cm)
	iCT Scan Length (mm)
	Total DLP (mGy.cm)
	Total ED (mSv)
	Visualized Objects in Augmented Reality





	1
	L-spine
	82.00944
	265.9999
	639.47850
	126
	721.48794
	14.29
	-



	2
	L-Spine 50%
	34.18377
	286
	210.19560
	94.999888
	244.37937
	4.84
	-



	3
	T-Spine 30%
	27.81074
	223
	242.90090
	104
	270.71164
	4.82
	-



	4
	T-spine 30%
	21.53883
	160.9999
	315.9917
	160
	337.53053
	6.01
	-



	5
	L-spine 30%
	18.20057
	127.9999
	438.00650
	127
	456.20707
	9.03
	-



	6
	T-Spine
	107.99710
	273
	437.70600
	93
	545.7031
	9.71
	-



	7
	L-Spine 70%
	12.34
	192.00
	167.04
	167.00
	179.38
	3.55
	vertebral body replacement, screws and rods, T12, L1, L2, L3, L4,



	8
	T-Spine 70%
	35.59999
	300.00
	164.75950
	188.00
	200.36
	3.57
	spinal cord, spinal canal, C1, C2, C3, C4, C5, C6, C7, T1, T2, T3, T4,T5, T6, T7, T8, T9, T10, T11, T12, disc hernation



	9
	L-Spine 70%
	13.80420
	221.00
	127.95180
	168.00
	141.76
	2.81
	tumor, T12,L1, L2, L3, L4, kidney, vessels



	10
	T-Spine 70%
	51.66633
	286.00
	437.57950
	248.00
	489.25
	8.71
	T7, T8



	11
	T-Spine 70%
	19.82
	144.00
	145.00
	117.00
	164.82
	3.10
	L3, L4, nerve root



	12
	T-Spine 70%
	24.74
	190
	201.82
	164
	226.56000
	4.03
	Vertebral body T10, T11, T12, L1, L2, implant, clamp



	13
	T-Spine 90%
	18.1
	127
	54.11
	79
	72.21000
	1.29
	Vertebral body T10,11, T10, T11, screws, disc herniation



	14
	T-Spine 70%
	-
	-
	112.11
	116
	112.11
	2.00
	Vertebral body T10, T11, T12, L1, tumor, aorta, spinal cord



	15
	T-Spine 70%
	-
	-
	423.83
	202
	423.83
	7.54
	Vertebral body T7,8, herniated disc



	16
	T-Spine 70%
	-
	-
	748.1259
	162
	748.1259
	13.32
	Vertebral body T9, T10, disc herniation, spinal cord










[image: Table] 





Table 3. Scan length and DLP of scout and control scan, and total effective dose with fused image datasets with iCT registration and visualized objects in augmented reality.






Table 3. Scan length and DLP of scout and control scan, and total effective dose with fused image datasets with iCT registration and visualized objects in augmented reality.
















	Number
	Control Scan
	Protocol
	Scout Scan DLP (mGy.cm)
	Scout Scan Length (mm)
	iCT Scan DLP (mGy.cm)
	iCT Scan Length (mm)
	Total DLP (mGy.cm)
	Total ED (mSv)





	1
	-
	-
	-
	-
	-
	-
	-
	-



	2
	-
	-
	-
	-
	-
	-
	-
	-



	3
	Herniated disc extent of resection control
	T-Spine 30%
	25.99
	205
	289.63
	134
	315.62000
	5.62



	4
	-
	
	
	
	
	
	
	



	5
	Implant control
	L-spine 30%
	18.20057
	127.9999
	438.00650
	127
	456.20707
	9.03



	6
	-
	
	
	
	
	
	
	



	7
	Implant control
	L-Spine 70%
	13.7
	219
	150.26
	145
	163.96000
	3.25



	8
	-
	T-Spine 70%
	19.52
	141
	106.39
	103
	125.91000
	2.24



	9
	-
	-
	-
	-
	-
	-
	-
	-



	10
	-
	-
	-
	-
	-
	-
	-
	-



	11
	Tumor resection and implant control
	T-Spine 70%
	23.56
	181
	161.31
	136
	184.87000
	3.29



	12
	Implant control
	T-Spine 70%
	23.66
	182
	180.32
	141
	203.98000
	3.63



	13
	-
	-
	-
	-
	-
	-
	-
	-



	14
	-
	-
	-
	-
	-
	-
	-
	-



	15
	Herniated disc extent of resection control
	T-Spine
	-
	-
	935.32
	133
	935.32
	16.65



	16
	-
	-
	-
	-
	-
	-
	-
	-
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