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Introduction

With the advent of percutaneous spinal surgery, new-generation 3D imaging systems are used to improve the accuracy of pedicular screw insertion, reducing the malpositioning rate of 1-15% [START_REF] Meng | Computer navigation versus fluoroscopy-guided navigation for thoracic pedicle screw placement: a meta-analysis[END_REF][START_REF] Noriega | Risk-benefit analysis of navigation techniques for vertebral transpedicular instrumentation: a prospective study[END_REF][START_REF] Ruatti | Interest of intra-operative 3D imaging in spine surgery: a prospective randomized study[END_REF][START_REF] Tajsic | Spinal navigation for minimally invasive thoracic and lumbosacral spine fixation: implications for radiation exposure, operative time, and accuracy of pedicle screw placement[END_REF]. This improvement, however, entails an extra radiation dose, depending on the navigation system, with a mean dose between 0.4 and 5.8 mSv [START_REF] Meng | Computer navigation versus fluoroscopy-guided navigation for thoracic pedicle screw placement: a meta-analysis[END_REF][START_REF] Noriega | Risk-benefit analysis of navigation techniques for vertebral transpedicular instrumentation: a prospective study[END_REF][START_REF] Ruatti | Interest of intra-operative 3D imaging in spine surgery: a prospective randomized study[END_REF][START_REF] Tajsic | Spinal navigation for minimally invasive thoracic and lumbosacral spine fixation: implications for radiation exposure, operative time, and accuracy of pedicle screw placement[END_REF][START_REF] Cordemans | Pedicle screw insertion accuracy in terms of breach and reposition using a new intraoperative cone beam computed tomography imaging technique and evaluation of the factors associated with these parameters of accuracy: a series of 695 screws[END_REF].

Surgivisio is a new 2D/3D imaging system providing real-time navigation for screw insertion.

It is easy to use and does not require blocking breathing during acquisition. We have been using it regularly since January 2018.

The aim of the present technical note was to describe the functioning of the Surgivisio system, and its advantages and limitations in percutaneous spinal surgery. Results for the first year of use were analyzed to assess accuracy of screw positioning, total surgery time and radiation dose.

Description of the technique

Patients were operated on under general anesthesia, in prone position on a radiotransparent carbon traction table (Allen, Massachusetts, USA). The Surgivisio system (Surgivisio, Gières, France) provides 2D and 3D intraoperative imaging and real-time navigation via a single platform. Navigation comprises 3 stages:

• Patient landmark positioning and C-arm centering

The landmark is fixed on the spinal processes by K-wires, usually 3, interconnected by a rigid fixation system. A single-use butterfly-shaped calibration phantom is positioned on the landmark (figure 1).

• Image acquisition and 3D reconstruction

An optimal C-arm trajectory is programmed so as to maximize reconstruction volume while avoiding collisions with the traction table and minimizing radiation dose by acquiring either 90 or 180 projections, as chosen by the surgeon. The team is protected behind a lead screen throughout this stage. The calibration phantom is automatically detected on each projection; the 3D image is reconstructed with compensation for any patient movement, including respiration (Figure 2).

• Navigation

The calibration phantom is replaced by an optical tracker, automatically fitted to the 3D imaging. Navigation uses a specific single-use trocar fitted with tracking devices (figure 3).

The surgeon can then navigate the trocar within the reconstructed images in real time to insert the pedicle screw. Screw length is measured on the trocar trajectory gradation in the reconstructed image (figure 4).

Pedicle fixation used the ES2 system (Stryker, Pusignan, France) or Longitude2 system (Medtronic, Boulogne-Billancourt, France), with cementable screws as necessary.

All patients undergoing Surgivisio-navigated percutaneous surgery between January and December 2018 were analyzed. Demographic and epidemiological data, Magerl fracture types, surgical indications and surgical strategies were collected [START_REF] Magerl | A comprehensive classification of thoracic and lumbar injuries[END_REF]. Surgery was performed by 3 surgeons experienced in spine surgery. Operating times, overall and per vertebra, were collected. Radiation diose (in milliSievert: mSv) was calculated for the whole procedure and per vertebra, using PCXMC 2.0 software (Stuk, Helsinki, Finland). Dose-area product (DAP) was calculated in Gy.cm 2 . Individual effective dose was assessed by Monte Carlo simulation [START_REF] Dedulle | Two-step validation of a Monte Carlo dosimetry framework for general radiology[END_REF]. Intraoperative screw repositioning and intra-and post-operative complications were reported. High-resolution millimetric-slice CT was performed postoperatively, with screw positioning assessed on the Heary and Gertzbein classifications by 2 independent observers [START_REF] Heary | Thoracic pedicle screws: postoperative computerized tomography scanning assessment[END_REF][START_REF] Gertzbein | Accuracy of pedicular screw placement in vivo[END_REF] as acceptable for Heary grade ≤ 3 or Gertzbein grade ≤ B [START_REF] Farah | Prospective Comparative Study in Spine Surgery Between O-Arm and Airo Systems: Efficacy and Radiation Exposure[END_REF]; in case of disagreement, the poorer grade was kept.

Statistical analysis used StatView 5.5 software (SAS Institute, Cary, NC, USA). Qualitative variables were compared on chi² and quantitative variables on Student test. The significance threshold was set at p <0.05. 

Results

Between

Discussion

This new all-in-one navigation system combining 2D and 3D depending on the report, rates range between 89% and 100% [START_REF] Gelalis | Accuracy of pedicle screw placement: a systematic review of prospective in vivo studies comparing free hand, fluoroscopy guidance and navigation techniques[END_REF]. The learning curve may account for the present cases of medial breach, which occurred early in our experience [START_REF] Rivkin | Thoracolumbar instrumentation with CT-guided navigation (Oarm) in 270 consecutive patients: accuracy rates and lessons learned[END_REF][START_REF] Rahmathulla | Intraoperative image-guided spinal navigation: technical pitfalls and their avoidance[END_REF].

Mean radiation dose per vertebra was 0.61 mSv, comparable to or lower than with other systems. Farah et al., comparing O-arm versus Airo, reported mean doses of respectively 1.04 mSv and 3.9 mSv [START_REF] Farah | Prospective Comparative Study in Spine Surgery Between O-Arm and Airo Systems: Efficacy and Radiation Exposure[END_REF]. According to Noriega et al., the extra irradiation entailed by navigation is justified by the significant decrease in malpositioning (3.6%) compared to the conventional technique (10.3%) [START_REF] Noriega | Risk-benefit analysis of navigation techniques for vertebral transpedicular instrumentation: a prospective study[END_REF]. As the team leaves the operating room or is protected behind a lead screen during acquisition, irradiation concerns only intraoperative fluoroscopy.

Surgivisio 3D reconstructions can use 90 or 180 projections. In our early experience, we systematically used 180, but now mainly use 90, without qualitative impairment of reconstruction. The present sample size did not allow subgroup analysis of this factor, and a larger cohort would be needed to extend the results.

Mean operating time per vertebra was 29.3 minutes, which was longer than for Ruatti et al., who reported a mean 21 minutes per vertebra in conventional surgery, but this is to be set against better precision: Ruatti et al. had 24% malpositioning in percutaneous surgery [START_REF] Ruatti | Interest of intra-operative 3D imaging in spine surgery: a prospective randomized study[END_REF]. A study is underway to compare intraoperative radiation dose with and without the Surgivisio system. After the first year of use and the learning curve, we now use Surgivisio regularly in degenerative surgery, with promising results, including for interbody implantation.

Applications for degenerative surgery and deformities are currently under assessment.

The Surgivisio system is an effective new navigation tool for pedicular screwing in minimally invasive spine surgery, with acceptable mean radiation dose and operating time per vertebra.
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 1 Figure 1: Single use "butterfly" calibration phantom positioned ion patient landmark.
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 2 Figure 2: Surgivisio 3D reconstruction, axial, coronal and sagittal slices (acquisition of 90
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 3 Figure 3: Single use navigation hardware. Left to right: navigation trocar, optical tracker,
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 4 Figure 4: Trocar navigation and fitting trocar trajectory on reconstruction images. The space
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 5 Figure 5: Distribution of (a) navigated vertebrae and (b) Magerl fracture types [6].
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 5a Figure 5a: Distribution of the fractured levels

  

  

  

  January and December 2018, 29 patients, for 87 vertebrae and 173 pedicle screws,

	Mean DAP was 8.07±5.73 Gy.cm² (range, 1.85-22.27 Gy.cm²). Mean effective dose (E PCXMC
	ICRP 103) was 1.97±1.52 mSv (range, 0.54-6.27 mSv). Mean surgeon dose was 0.88±0.78
	mSv (range, 0.11-3.82 mSv) and mean dose per vertebra was 0.61±0.55 mSv (range, 0.16-

underwent Surgivisio-navigated percutaneous surgery. Demographic and clinical data, surgical indications and fracture distribution and classification are shown in Table

1

and figure 5. Mean surgery time was 95±37.1 min (range, 39-180 min) per procedure and 29.3±18.7 min (range, 12-90 min) per vertebra. Mean number of vertebrae per procedure was 3±1 (range, 2-5). Twenty of the 29 patients underwent postoperative high-resolution millimetric CT, assessing 112 screws. On the Heary and Gertzbein classifications, 95.5% of screws (107/112) were acceptably positioned

[START_REF] Heary | Thoracic pedicle screws: postoperative computerized tomography scanning assessment[END_REF][START_REF] Gertzbein | Accuracy of pedicular screw placement in vivo[END_REF]

. Only 5 of the 25 cortical breakages involved medial breach: i.e., 5/112 (4%). Results are shown in Table
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.

2.43 mSv).

No intraoperative screw repositioning was necessary. There were no complications or revision surgeries during follow-up.

Table 1 :

 1 Demographic data.

	Mean

Table 2 :

 2 Pedicle screw positioning according to the Heary and Gertzbein classifications[START_REF] Heary | Thoracic pedicle screws: postoperative computerized tomography scanning assessment[END_REF][START_REF] Gertzbein | Accuracy of pedicular screw placement in vivo[END_REF].

	HEARY CLASSIFICATION	POSITIONING, n =112 (%)
	GRADE 1	87 (78%)
	GRADE 2	13 (12%)
	GRADE 3	7 (6%)
	GRADE 4	5 (4%)
	GRADE 5	0 (0%)
	GERTZBEIN CLASSIFICATION	
	GRADE A	87 (78%)
	GRADE B	20 (18%)
	GRADE C	5 (4%)
	GRADE D	0 (0%)
	GRADE E	0 (0%)