
European Spine Journal
 

Accuracy of pedicle screw insertion in posterior scoliosis surgery: A comparison
between intraoperative navigation and preoperative navigation techniques

--Manuscript Draft--
 

Manuscript Number: ESJO-D-16-00789R2

Full Title: Accuracy of pedicle screw insertion in posterior scoliosis surgery: A comparison
between intraoperative navigation and preoperative navigation techniques

Article Type: Original Article

Keywords: Scoliosis  Computer assisted surgery  pedicle screw   Accuracy

Corresponding Author: Wei Zhang, MD
Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical
Sciences
Okayama City, Okayama JAPAN

Corresponding Author Secondary
Information:

Corresponding Author's Institution: Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical
Sciences

Corresponding Author's Secondary
Institution:

First Author: Wei Zhang, MD

First Author Secondary Information:

Order of Authors: Wei Zhang, MD

Tomoyuki Takigawa, Ph.D

YongGang Wu, Ph.D

Yoshihisa Sugimoto, Ph.D

Masato Tanaka, Ph.D

Toshifumi Ozaki, Ph.D

Order of Authors Secondary Information:

Funding Information:

Abstract: Purpose: This study was conducted to compare the efficacy and accuracy of
intraoperative navigation (O-arm or Arcadis navigation) and preoperative CT-based
navigation in adolescent idiopathic scoliosis (AIS) surgery.

Methods: Sixty-seven patients with scoliosis were grouped according to the method of
navigation used in their fixation surgeries. A total of 492 pedicle screws were implanted
in 27 patients using intraoperative navigation, and 626 screws were implanted in 40
patients using preoperative navigation. We analyzed the postoperative CT images for
pedicle violations using the Gertzbein classification.

Results: There was no statistical difference in the accuracy of pedicle screw placement
between two groups. However, in the apical region (the apex ± 2 vertebrae), the
accuracy of safe pedicle screw placement (grades 0, 1) was significantly higher in the
intraoperative navigation group than in the preoperative navigation group (94.8% vs
89.2%, respectively; P=0.035). Intraoperative navigation significantly diminished medial
perforation compared to preoperative navigation (P=0.027), and the number of screws
per vertebra that could be placed in the apical region was significantly higher in
intraoperative navigation group (P<0.001). In addition, the registration procedure and
insertion of one pedicle screw required 11.3 ± 2.1 minutes in the preoperative group,
but significantly decreased to 5.1 ± 1.1 minutes in the intraoperative group (P<0.001).
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Conclusions: Both preoperative CT-based and intraoperative navigation systems
provide sufficient accuracy and safety in pedicle screw insertion for AIS surgery.
However, intraoperative navigation systems facilitate pedicle screw insertion in the
apical region and reduce registration time during AIS surgery, which improves the
efficacy and accuracy of pedicle screw insertion.

Response to Reviewers: Please see attachment.
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Reviewers' comments: 

 

Reviewer #1: The authors addressed in their revision to all of the reviewers' comments. 

Nevertheless the Figure Legends and Figure 4 should be revised. 

In the legend to Fig 1 the different pictures a-d should be mentioned in the legend and should be 

explained.  

Legend Fig. 2: "Apical region the...". Please rewrite the sentence. The legend only refers to the last 

two diagramms. 

Fig.3: Please term the y-axis, and rewrite the legend. It is unclear. 

Fig.4: Whether the text nor the figure legend clarifies the benefit of this figure. What is the impact 

of the differentiation for the right and left position of pedicle screws? 

Thank you very much for your comment. 

I revised the legend as you mentioned.  

Fig. 3’s y-axis is termed as no. screws. 

As for Fig.4, in the result part. P4. L23-30 and discussion part. P5.L53-59 were explained in detail. 

Figure 4 shows that most common location of misplacement was around the apex vertebra (T7-9) of the 

curve and proximal thoracic spine at the apex of the thoracic curve (T3-T4) because of smaller and rotated 

apex pedicles of the curve. Another reason is that the apical region is the most rotated region in AIS, it 

is difficult to control the inclined angle when inserting pedicle screws without encroaching into the 

concave or convex sides. 

 

Figure lengend  

Fig. 1 Postoperative CT images assessment of the pedicle screw position in three-dimension (axial, 

coronal and sagittal positions) Grade 0, no perforation and the screw was completely contained in the 

pedicle (Fig.1a); Grade 1, perforations < 2 mm (Fig. 1b); Grade 2, perforations ≥ 2 but < 4 mm (Fig. 1c); 

Grade 3, perforations ≥ 4 mm (Fig. 1d), with grades 2 and 3 representing perforation. 

 

Fig. 2 The overall accuracy of pedicle screw placement and the distribution of pedicle screws position in 

two groups with 96.3% (474/492) in the intraoperative group, 94.4% (591/626) in the preoperative group; 

In the apical region, the pedicle screw accuracy rate was higher in the intraoperative group (94.8 %, 

199/210) compared to 89.2% (199/223) of the preoperative group (P=0.035) 

 

Fig. 3 The malpositioned pedicle screws were analyzed by modified Watanabe classification. The pedicle 

width were classified to A Large cancellous (≥4.5mm). B Small cancellous (≥1mm, but <4.5mm). C 

Cortical channel (<1mm) 

 

Fig. 4 Misplacement patterns of pedicle screws. The most location of misplacement was around the left 

of T7-9 of the curve. 

 

Reviewer #2: The revisions have been worthwhile and have improved the manuscript. 

Thank you very much for your comment. 

Reviewer #3: The authors have made considerable changes to their manuscript and respected the 

reviewer´s previous comments. Changes have been made accordingly. 

However, a number of issues still persist.  

Authors R2



- The conclusions which are drawn from the manuscript are too brief. According to their findings, 

the discrepancy between both cohorts was not significant any more in terms of overall pedicle 

screw breach or patients safety. Thus, one of the conclusions should be that preoperative CT 

navigation provides sufficient accuracy and safety, equally to that of intraoperative image 

acquisition (as outlined on p.4, line3-4). This fact should be highlighted in the conclusion section 

of the abstract as well as the final conclusion of the manuscript.  

Thank you very much for your advice.  

We wanted to add this point in our manuscript. And this viewpoint that preoperative CT navigation 

provides sufficient accuracy and safety, equally to that of intraoperative navigation was highlighted in 

the conclusion as followed.  

Abstract P1 Line 29-30 and Conclusions P7 Line 16-17 

Both preoperative CT-based and intraoperative navigation systems provide sufficient accuracy and safety 

in pedicle screw insertion for AIS surgery. 

 

If every single vertebral body is referenced individually, there should not be any significant 

difference between the two groups. Thus, the authors should also highlight the fact that this risk 

of apical inaccuracy due to patient positioning is diminished if every single vertebral body is 

referenced. 

The authors are correct in their notion that intra-op CT is more accurate ONLY AND EXCLUSIVELY if 

one vertebral body is referenced and the surgeon aims to navigate the pedicle screws 2 vertebra 

cranially or caudally to the index level. 

Thank you very much for your comment. 

We agreed with your opinion that if every single vertebral body is referenced, the position variable 

leading to the errors could be diminished without significant difference but not totally avoiding the 

difference, comparing to the intra-op because point registration can’t cover the whole vertebrae surface, 

which may objectively bring somewhat differences between two groups. On the other hand, the both of 

navigation systems have greatly increased the accuracy rate (96.3% in intra-op VS 94.4% in pre-op) and 

reached a limit for increased placement accuracy of pedicle screws in scoliotic patients. The notion that 

intraoperative navigation in more accurate, especially “ONLY AND EXCLUSIVELY” will be corrected 

and revised in our manuscripts. 

 

One of the most striking facts that needs to be highlighted, and which was already assumed in the 

first review, is the fact that the discrepancies between both cohorts are most likely attributed to 

methodological issues and not to ´true´ differences in accuracy between preop and intraop CT 

acquisition. The authors highlight in their response to the reviewer #3 the following "Furthermore, 

in the preoperative navigation group, we primarily performed registration for the vertebra that we 

determined to be the most difficult for screw insertion during the preoperative evaluation. Screws 

were inserted into adjacent vertebrae above and below the registered vertebra when there was 

sufficient diameter for inserting the screw. This may be another reason leading perforation besides 

the positional alterations." 

This striking fact needs to be highlighted in the manuscript and is currently lacking. This fact 

questions the validity of the study overall.  

Thank you very much for your comment.  

We wanted to highlight this viewpoint in our manuscript discussion part as followed. 



Discussion part P5 Line 6-9 

During the preoperative evaluation, we performed registration for the vertebra that we determined to be 

the most difficult for screw insertion. However, we also inserted screws into adjacent vertebrae above 

and below the registered vertebra during surgery when there was sufficient diameter for inserting the 

screws, which, in addition to the positional alterations, may have led to screw perforation. 

 

- p. 2, M&M: The authors already display results, i.e. Cobb angles between both cohorts (line 43ff). 

The authors should provide the p-values for all of these cases. 

Thank you very much for your comment.  

We’d like to provide the specific p-values for these cases you mentioned in Table 1 and in the manuscripts.  

 

p.3, line51ff: 10 minutes per screw sounds fairly long for preoperative CT navigation. Anybody who 

is experienced with the referencing process should be able to perform the referencing process 

significantly faster. Perhaps a comparison of the overall surgical time between both courts may be 

more appropriate to delineating any true discrepancies between both cohorts. 

Thank you very much for your comment. 

In the preoperative group, the duration of registration one corpus vertebrate averaged 6 min and 15s 

(132–795s), but registration also requires a learning curve, so the duration of registration per corpus 

vertebrae averaged 2 min and 15s in last several cases, thus marking a significant shortening. On the 

contrary, the one scanning time of the O-arm and Arcadis is 1 min for 6-7 vertebrae and 1.25 min for 4-

5 vertebrae respectively. Moreover, each screwing time including preparing was no difference between 

both groups. Kotani et al [19] reports that the time for registration until complete insertion of one pedicle 

screw was 10.9±3.2 minutes in preoperative group and 5.4±1.1 minutes in intraoperative group.  

19. Kotani T, Akazawa T, Sakuma T, Koyama K, Nemoto T, Nawata K, Yamazaki A, Minami S (2014) 

Accuracy  of  Pedicle  Screw  Placement  in  Scoliosis  Surgery:  A  Comparison  

between Conventional Computed Tomography-Based and O-Arm-Based Navigation Techniques. 

Asian Spine J 8:331-338. doi: 10.4184/asj.2014.8.3.331 

 

- The ´implant density´ is an unfortunate term and should be changed. The discrepancies between 

both cohorts in terms of ´implant density´ can also not be attributed to the navigation system. Both 

navigation techniques provide sufficient accuracy in order to place pedicel screws at the apex. This 

fact should be highlighted in manuscript, it is independent of the navigation technique but solely 

surgeons’ preference. 

Thank you very much for your comment. 

We wanted to change the term “implant density” into “number of pedicle screws per vertebra”.  

I agreed with your opinion. With the development of navigation system with high quality imaging and 

real-time patient-match guide, surgeons challenge the small pedicle in AIS for good holding strength and 

correction force. 

 

- p.5 line 20: "Planning error rather than a navigational error" ? Not clear what the authors refer 

to. 

Thank you very much for your question. 

In our manuscripts, 45% (24/53) of misplaced pedicle screws were in pedicle channels of less than 3 mm, 

which could be considered a planning error rather than a navigational or technical error. Here planning 



error refer to preoperative planning error. When we decided to perform surgery for the AIS patients, the 

measurement and assessment of every vertebrae pedicles’ diameter were needed. If the diameter of 

pedicle less than 3 mm，there is high perforation risk relatively (the data shows in our another manuscripts, 

not published yet). Liu et al. [23] reported the perforation rate in AIS was15.7% for <3 mm pedicle 

channels. 

23. Liu Z, Jin M, Qiu Y, Yan H, Han X, Zhu Z (2016) The Superiority of Intraoperative O-arm Navigation-

assisted Surgery in Instrumenting Extremely Small Thoracic Pedicles of Adolescent Idiopathic 

Scoliosis: A Case-Control Study. Medicine (Baltimore) 95:e3581. 

doi:10.1097/MD.0000000000003581 

 

- The manuscript should be proof-read by a native English speaker as there are a number of 

language mistakes, i.e. 

p.5 line 1 "There is also interesting to reduce".... 

p5 line 18 "in which vertebra are mishappen" 

p.6 line 31 "in the future study" 

Thank you very much for your advice. 

Further polishing to improve the manuscript accuracy of the language was finished by a native English 

speaker. Some places you mentioned was as followed. 

p.5 line 1 "There is also interesting to reduce" was revised “Since misplaced screws can cause severe 

neurovascular injury……” 

p.5 line 18 "in which vertebra are misshappen" was revised as followed. 

It is possible that the disparity between the previous studies and the current study is due to our study’s 

focus on the scoliotic spine in which vertebrae are morphologically deformed. 

p.6 line 31 "in the future study" was replaced by “future studies should consider the ongoing equipment 

software updates and continually improving surgeon expertise in this field”. 

 

Reviewer #4: Each hint has been revised adequately. Congratulations to a nice work which is worthy 

to publicate! 

Thank you very much for your comments. 

 

Reviewer #6: I reviewed your paper entitled "Accuracy of pedicle screw insertion in posterior 

scoliosis surgery: A comparison between intraoperative navigation and preoperative navigation 

techniques".  

The aim is clearly stated in the introduction, and the text is clear and well structured. 

Although, I have two specific, methodological, concerns: 

*     You don't say a word about radiation dose, which is the true big issue of navigation in AIS 

patients, for both patients and surgeons. It is the major limitation, in my opinion 

*     The retrospective studies are not informative and they are not completely consistent with 

the "PICOT" rules. We cannot fairly compare two techniques with this methodology. 

I was initially not convinced about eligibility for publication, but then I changed my mind since more 

and more evidence is growing about the effectiveness of navigation, especially in dysplastic 

pedicles. You should stress this point, the usefulness of this technique in a specific field (e.g. NF, 

see the reference below), in the discussion. 

Additionally, you should at least mention the presence of alterative, intraoperative radiation free 



methods for screw placement in deformities, that is: 

1. the patient-matched guide. They seem to be promising, and the accuracy rate is higher than 90%. 

I think that this deserves a comment in the discussion. 

2. the robotic assisted pedicle screw placement 

You can refer to the following papers to open the discussion. 

 

Eur Spine J. 2016 Aug 9. [Epub ahead of print] 

Accuracy of patient-specific template-guided vs. free-hand fluoroscopically controlled pedicle 

screw placement in the thoracic and lumbar spine: a randomized cadaveric study. 

Farshad M1, Betz M2, Farshad-Amacker NA3, Moser M2. 

 

A prospective, randomized, controlled trial of robot-assisted vs freehand pedicle screw fixation in 

spine surgery. 

Kim HJ, Jung WI, Chang BS, Lee CK, Kang KT, Yeom JS. 

Int J Med Robot. 2016 Sep 27. doi: 10.1002/rcs.1779. [Epub ahead of print] 

Thank you very much for your comments. 

We agreed with your opinion to emphasis on usefulness of this technique in some specific fields in 

dysplastic pedicles of NF scoliosis et.al. Furthermore, we will mention the presence of alterative, 

intraoperative radiation free methods for screw placement in deformity you mentioned in discussion as 

followed. 

Discussion part P5 Line 18-19 

Furthermore, there is growing evidence on the safety and effectiveness of intraoperative navigation 

systems in specific fields such as dysplastic pedicles of NF-1 scoliosis [21]. 

Discussion part P6 Line 44 P7 Line1-6 

There are continual advances in technology and new inventions aimed at improving surgical technique. 

For example, template-guided pedicle screw placement has reached a 98% screw placement accuracy 

rate in cadaver models for the thoracolumbar spine and does not expose patients or medical personnel to 

intraoperative radiation exposure. With its use, there is the potential for eliminating intraoperative 

fluoroscopy [31]. Furthermore, the robotic-assisted pedicle screw fixation technique has been reported 

to reduce screw misplacement [32]. These techniques might become alternative, intraoperative, 

radiation-free methods for pedicle screw placement in deformities. 

 

21. Jin M, Liu Z, Liu X, Yan H, Han X, Qiu Y, Zhu Z (2016) Does intraoperative navigation improve the 

accuracy of pedicle screw placement in the apical region of dystrophic scoliosis secondary to 

neurofibromatosis type I: comparison between O-arm navigation and free-hand technique. Eur 

Spine J 25:1729-1737. doi: 10.1007/s00586-015-4012-0 

31. Farshad M, Betz M, Farshad-Amacker NA, Moser M (2016) Accuracy of patient-specific template-

guided vs. free-hand fluoroscopically controlled pedicle screw placement in the thoracic and 

lumbar spine: a randomized cadaveric study. Eur Spine J. doi: 10.1007/s00586-016-4728-5 

32. Kim HJ, Jung WI, Chang BS, Lee CK, Kang KT, Yeom JS (2016) A prospective, randomized, controlled   

trial of robot-assisted vs freehand pedicle screw fixation in spine surgery. Int J Med Robot. doi: 

10.1002/rcs.1779 
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Accuracy of pedicle screw insertion in posterior scoliosis surgery: A comparison 1 

between intraoperative navigation and preoperative navigation techniques 2 

 3 

 4 

 5 

Abstract 6 

Purpose: This study was conducted to compare the efficacy and accuracy of intraoperative navigation 7 

(O-arm or Arcadis navigation) and preoperative CT-based navigation in adolescent idiopathic scoliosis 8 

(AIS) surgery. 9 

 10 

Methods: Sixty-seven patients with scoliosis were grouped according to the method of navigation used 11 

in their fixation surgeries. A total of 492 pedicle screws were implanted in 27 patients using 12 

intraoperative navigation, and 626 screws were implanted in 40 patients using preoperative navigation. 13 

We analyzed the postoperative CT images for pedicle violations using the Gertzbein classification. 14 

 15 

Results: There was no statistical difference in the accuracy of pedicle screw placement between two 16 

groups. However, in the apical region (the apex ± 2 vertebrae), the accuracy of safe pedicle screw 17 

placement (grades 0, 1) was significantly higher in the intraoperative navigation group than in the 18 

preoperative navigation group (94.8% vs 89.2%, respectively; P=0.035). Intraoperative navigation 19 

significantly diminished medial perforation compared to preoperative navigation (P=0.027), and the 20 

number of screws per vertebra that could be placed in the apical region was significantly higher in 21 

intraoperative navigation group (P<0.001). Although there was no significant difference in coronal 22 

correction between the two groups, apical rotational correction was significantly higher with 23 

intraoperative navigation than with preoperative navigation (P<0.05), and this corresponded with a 24 

higher implant density in the apical region (P<0.05). In addition, the time required for the registration 25 

procedure and insertion of one pedicle screw was 11.3 ± 2.1 minutes in the preoperative group, but 26 

significantly decreased to 5.1 ± 1.1 minutes in the intraoperative group (P<0.001). 27 

 28 

Conclusions: Both preoperative CT-based and intraoperative navigation systems provide sufficient 29 

accuracy and safety in pedicle screw insertion for AIS surgery.  Intraoperative navigation systems 30 

facilitate pedicle screw insertion in the apical region and reduce registration time during AIS surgery, 31 

which improves the efficacy and accuracy of pedicle screw insertion. 32 

 33 

Keywords: Scoliosis; Computer assisted surgery; pedicle screw; Accuracy 34 

 35 

Introduction 36 

Suk et al. first proposed using segmental pedicle screws for the treatment of adolescent idiopathic 37 

scoliosis (AIS) [1]. Pedicle screws are widely used because of the excellent fixation achieved within a 38 

shorter fusion length and their three-dimensional correction force [2]. Furthermore, compared to 39 

standard hook and wire instrumentation, pedicle screw instrumentation offers a significantly better 40 

curve correction in posterior fusion for idiopathic thoracic scoliosis [1, 3]. Accurate placement of 41 

pedicle screws in scoliosis patients is very important but difficult because of the rotation of the corpus 42 

vertebrae as well as the difference in the radii of the pedicles, deviation of the spinal cord, and thinning 43 

of the pedicles, all of which increase the potential risk of screw misplacement [4]. Pedicle violations 44 
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from malpositioned screws can harm nearby vital structures. This risk has prompted surgeons to find a 1 

better strategy for screw placement. 2 

There are various navigation systems aimed at improving the accuracy of screw placement 3 

and avoiding neurovascular complications from screw misplacement. Clinical studies demonstrated 4 

improved accuracy in pedicle screw insertion when using a preoperative CT-based navigation system. 5 

The major limitation of this technique is associated with variable patient positioning. There has been a 6 

technological evolution in the past year with the use of intraoperative navigation. With this method of 7 

navigation, surgeons can avoid the position-variation problem and improve the efficacy of screw 8 

placement. Few published reports in the literature comparing these preoperative and intraoperative 9 

pedicle screw navigation systems for scoliosis surgery. We conducted the current study to assess and 10 

compare the efficacy and accuracy of intraoperative navigation (O-arm or Arcadis navigation) and 11 

preoperative CT-based navigation in AIS surgery and to analyze misplacement patterns of pedicle 12 

screws. 13 

 14 

Materials and Methods 15 

Subjects 16 

A retrospective study was conducted in patients with AIS who underwent surgical treatment at our 17 

hospital between January 2009 and June 2015. Inclusion criteria were (1) an AIS patient who 18 

underwent correction surgery, (2) single main thoracic or double thoracic curve patterns, and (3) an all 19 

pedicle screw-based posterior instrumentation. We excluded scoliosis patients who did not have AIS, 20 

who were surgically treated by an anterior approach or who had other curve patterns. 21 

The study group included 27 patients who underwent intraoperative navigation-based 22 

insertion of 492 pedicle screws and 40 patients treated with preoperative navigation-based insertion of 23 

626 pedicle screws. The mean ages at the time of operation were 16.1 years (range 12–24 years) and 24 

16.2 years (range 13–25 years) for the intraoperative and preoperative groups, respectively. For each 25 

patient, we measured the number of pedicle screws, the number of pedicle screws per vertebra in the 26 

apical region (apex ± 2 vertebrae), and the coronal Cobb angle of the main thoracic curve and apical 27 

vertebra rotation (RAsag angle) [5] using pre- and postoperative full-length standing radiographs and 28 

CT, respectively (Table 1). We determined the following ratios:  29 

Correction Rate (%) 30 

= (Preoperative Cobb angle - Postoperative Cobb angle)*100/ Preoperative Cobb 31 

angle 32 

Derotation degree of the apex (%) 33 

= (Preoperative RAsag angle - Postoperative RAsag angle)*100/ Preoperative 34 

RAsag angle 35 

The mean Cobb angles of the major curve were 60.4 ± 14.6 in the intraoperative navigation group and 36 

59.5 ± 11.9 in the preoperative navigation group. The average numbers of pedicle screws were 37 

18.2 ± 3.1 in the intraoperative group and 15.7 ± 2.9 in the preoperative group. The same spine team 38 

with at least 10 years of operative experience in spinal deformity surgery performed all surgeries. 39 

Surgical Procedures 40 

All patients were positioned prone on the Jackson radiolucent spinal table (Mizuho OSI, 41 

Union City, CA). There was intraoperative neurological monitoring of all patients during their posterior 42 

correction surgeries. In the preoperative navigation group, we primarily performed registration for the 43 

vertebra that we determined to be the most difficult for screw insertion during the preoperative 44 
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evaluation. Screws were inserted into adjacent vertebrae above and below the registered vertebra when 1 

there was sufficient diameter for inserting the screw. In the intraoperative navigation group, after the 2 

intraoperative 3-Dimensional (3D) scan, the intraoperative navigation-based pedicle screw insertion 3 

could be performed without the need of any registration. The position and screw trajectory appeared on 4 

the monitor as it was advanced. Once all screws were in place, we did not re-evaluate their positions 5 

with a second intraoperative 3D scan so as to reduce the extra radiation exposure. 6 

The time from registration until complete insertion of one pedicle screw was measured in 7 

both groups. In the preoperative navigation group, the measurement time started from the point of 8 

registration set by touching the anatomic landmarks. In the intraoperative group, measurement time 9 

started when scanning of the vertebra began. Subsequently, we calculated the average time needed to 10 

insert one screw. 11 

Accuracy assessment of the pedicle screws 12 

Postoperative CT images (1.25- or 1-mm thickness) of the instrumented segments were used for 13 

analyzing pedicle breaches in both groups. We classified pedicle perforations as either medial or lateral 14 

according to the Gertzbein classification: grade 0, screws were completely within the pedicle (Fig. 1a); 15 

grade 1, perforation < 2 mm (Fig. 1b); grade 2, perforation between 2 and 4 mm (Fig. 1c); and grade 3, 16 

perforation ≥ 4 mm (Fig. 1d). Additionally, we classified grades 0 and 1 as acceptable, while grades 2 17 

and 3 were regarded as perforated. 18 

Statistical analysis 19 

Statistical verification was determined using SPSS for Windows (version 22.0; SPSS Inc., Chicago, IL, 20 

US). We analyzed malposition rates and basic descriptive statistics using Chi squared and Fisher exact 21 

tests and made comparisons between the groups using a Mann-Whitney U test. A p-value <0.05 was 22 

statistically significant. 23 

 24 

Results 25 

The angles of the main curve before and after surgery were similar between the two groups. The Cobb 26 

angle was corrected from 60.4° to 15.8° (correction ratio 74.6%) in the intraoperative group and from 27 

59.5° to 16.6° (correction ratio 72%) in the preoperative group. The difference between the two groups 28 

was not statically significant (P=0.410). The two groups were similar before surgery with respect to 29 

apical vertebra rotation. In the intraoperative group, the RAsag angle was corrected from 14.7° to 9.1° 30 

immediately following the operation, representing an overall rotation correction rate of 41.3%. In the 31 

preoperative group, the preoperative major curve of 14.7° was corrected to 11.2°, a correction rate of 32 

25.2 %. 33 

Statistical analysis showed that the apical rotation correction rate in the intraoperative 34 

group was significantly higher than that of the preoperative group (P<0.001). Moreover, the number of 35 

screws per vertebrae of the apical region in the intraoperative group was 1.7 ± 0.3 per vertebra, which 36 

was statistically higher than 1.3 ± 0.4 in the preoperative group (P<0.001). Despite there being no 37 

significant difference in the coronal correction rate between the two groups, the apical rotational 38 

correction was significantly higher in the intraoperative navigation group than in the preoperative 39 

navigation group and corresponded to the higher implant density in the apical region of the 40 

intraoperative group. Furthermore, the time from registration until complete insertion of one pedicle 41 

screw was 10.2 ± 3.1 minutes in the preoperative group, but it was significantly shortened to 5.6 ± 1.3 42 

minutes in the intraoperative navigation group (P<0.001). In addition, there was no statistical 43 

difference between the use of the O-arm and the Arcadis navigation units in the demographic data of 44 
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patients and accurate placement of screws (Data not shown). 1 

Accuracy rate of pedicle screw placement 2 

Figure 2 illustrates the assessment of pedicle screw insertion position after surgery. In the 3 

intraoperative navigation group, we deemed 474 (96.3%) of the 492 pedicle screw placements as safe 4 

(grades 0, 1), 16 (3.3%) as grade 2, and 2 (0.4%) as grade 3. In the preoperative navigation group, we 5 

regarded 591 (94.4%) of the 626 pedicle screw placements as safe, 30 (4.8%) as grade 2, and 5 (0.8%) 6 

as grade 3. There was no statistically significant difference between the two groups with respect to the 7 

accuracy rate of the pedicle screw placement（Table. 2）. 8 

In the two groups, a total of 433 pedicle screws were implanted in the apical regions of 9 

patients’ main curves. The accuracy of pedicle screw placement (grades 0, 1) was significantly higher 10 

in the intraoperative navigation group than in the preoperative navigation group (199/210, 94.8% vs 11 

199/223, 89.2%, respectively; P=0.035) (Fig. 2).  12 

Distribution of the malpositioned pedicle screws 13 

Overall, there was a significantly higher frequency of lateral perforation (36/1118, 3.2 %) than medial 14 

perforation (17/1118, 1.5 %). Furthermore, using intraoperative navigation significantly diminished the 15 

incidence of medial perforation (3/492, 0.6% vs 14/626, 2.2%, P=0.027), while there was no significant 16 

difference between the two groups with respect to lateral perforation (15/492, 3.0% vs. 21/626, 3.4%) 17 

(intraoperative vs. preoperative, respectively). (Table 3) We analyzed the pedicle channels for 18 

malpositioned pedicle screws using a modified classification originally described by Watanabe et al. [5] 19 

(Fig. 3). 20 

Misplacement patterns of pedicle screws 21 

Figure 4 shows our evaluation of the misplacement patterns of pedicle screws. The most common 22 

location of misplacement was around the apex vertebra (T7-9) of the curve. Moreover, some misplaced 23 

pedicle screws were in the proximal thoracic spine at the apex of the thoracic curve (T3-T4) whether it 24 

was a structural or nonstructural curve. This is because apex pedicles of both structural and 25 

nonstructural curves are smaller and more rotated. The direction of misplacement was commonly a 26 

medial breach on the convex side or a lateral breach on the concave side. 27 

Complications 28 

No intra- or postoperative neurovascular injury or adverse clinical consequences occurred as a result of 29 

pedicle perforation. Intraoperative neurological monitoring of all screws was normal, despite the 17 30 

screws that breached the medial cortex. 31 

 32 

Discussion 33 

Pedicle screws have become an invaluable form of instrumentation that enhances spine stability in the 34 

surgical correction of AIS. Pedicle screws can be used for fixation of all three columns of the spine, 35 

and they provide a uniform burden distribution, which decreases the possibility of fixation failure [1, 6]. 36 

However, the mechanics of AIS increases the difficulty of inserting pedicle screws because of the 37 

deformity of the vertebral bodies, their relatively narrower pedicles and the spinal cord shift to the 38 

concave side resulting in a limited epidural safe zone, especially at the apical region [6-10]. O′Brien et 39 

al. [8] reported that vertebral pedicles in patients with AIS have a windswept appearance in the apical 40 

region, precluding safe placement of pedicle screws. Liljenquist et al. [3] also confirmed that point. 41 

Moreover, clinical studies illustrated that the number of fixation points is important to the correction; 42 

more anchor points will achieve a better correction of the curve [11, 12]. 43 

During the past decade, various navigation systems have been applied in spinal surgery [13, 44 
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14]. The literature shows that preoperative CT navigation can achieve overall higher rates of accuracy 1 

in scoliosis patients [7, 15], and the incidence of screw misplacement decreased to approximately 4-6% 2 

with the use of preoperative CT navigation [7, 14-16]. In our study, the perforation rate was 5.6% using 3 

a CT-based navigation system, because the major limitation of this technique is associated with the 4 

variable positioning of the patient. During the preoperative evaluation, we performed registration for 5 

the vertebra that we determined to be the most difficult for screw insertion. However, we also inserted 6 

screws into adjacent vertebrae above and below the registered vertebra during surgery when there was 7 

sufficient diameter for inserting the screws, which, in addition to the positional alterations, may have 8 

led to screw perforation. Since misplaced screws can cause severe neurovascular injury, intraoperative 9 

spinal 3D imaging systems have been developed, such as the Arcadis system (Siemens, Medical 10 

Solutions, Erlangen, Germany) and the O-arm (Medtronic Navigation, Louisville, CO), which can 11 

improve the efficacy and accuracy of pedicle screw placement.  12 

A study of computerized, isocentric, 3-D fluoroscopy reported accuracy improvements in 13 

screw positioning and a decrease of the misplaced screw rate to 1.7% [17]. In addition, an international, 14 

multicenter, prospective study by Kelft et al. reported a 97.5 % accuracy rate of pedicle screw 15 

placement in the thoracic, lumbar and sacral spine using O-arm navigation [18]. Some studies reported 16 

a 3.1% misplacement rate in scoliosis and a 5.2% pedicle reinsertion rate in congenital scoliosis [19, 17 

20]. Furthermore, there is growing evidence on the safety and effectiveness of intraoperative navigation 18 

systems in specific fields such as dysplastic pedicles of NF-1 scoliosis [21]. In the present study, 84.3% 19 

of the screws in the intraoperative group were accurately placed in the pedicle with no pedicle 20 

encroachment, and 96.3% were graded as safe（grades 0, 1）. It is possible that the disparity between the 21 

previous studies and the current study is due to our study’s focus on the scoliotic spine in which 22 

vertebrae are morphologically deformed. In the present study, 45% (24/53) of misplaced pedicle screws 23 

were in pedicle channels of less than 3 mm, which could be considered a planning error rather than a 24 

navigational or technical error. Such planning errors may be another reason for a high perforation rate. 25 

Akazawa et al. reported that the perforation rate of pedicle screw placement in AIS was 31.5% for <1 26 

mm pedicle channels and 12.5% for <2 mm pedicle channels [22]. Liu et al. reported the perforation 27 

rate in AIS was15.7% for <3 mm pedicle channels [23]. This high failure rate for thin pedicle channels 28 

indicates that surgeons should plan and avoid these thin pedicles for screw insertion [22]. 29 

Misplacement in pedicle channels >3 mm was attributed to technical error. 30 

When considering technical error in the current study, the incidence of perforation was 3.4 % 31 

(21/626) in the preoperative group, which was inferior to the 1.6 % (8/492) of the intraoperative group. 32 

When comparing our two intraoperative navigation units (O-arm vs Arcadis), there was no statistical 33 

difference. Moreover, the pedicle screw accuracy rate on the apical region was higher in the 34 

intraoperative navigation group (94.8%, 199/210) than the preoperative navigation group (89.2%, 35 

199/223) (P=0.035), and the incidence of medial perforation was particularly high in the preoperative 36 

CT-based navigation group. 37 

Instrumentation within the apical region is necessary to establish a well-balanced spine and 38 

to correct the deformity in the coronal and sagittal planes and achieve derotation in the axial plane [24, 39 

25]. Suk et al. [6] also observed less screw pullouts and pedicle fractures during rod derotation 40 

maneuvers when there was a higher implant density on the concave side, which brought an additional 41 

curve correction of 10% for the instrumented thoracic curve. In the present study, the more pedicle 42 

screws implant did not result in greater Cobb angle correction ratios or a statistically significant 43 

difference in the Cobb angle correction ratios between the two groups. However, the apical derotation 44 
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ratios were significantly different (P<0.001). The apical region instrumentation is the only difference in 1 

instrumentation between the two groups, and the more prominent rotational correction rate in the 2 

intraoperative navigation group may be due to this instrumentation pattern. 3 

As to the misplacement pattern of the pedicle screws, the apical vertebra was at about T7-9, 4 

and we experienced a higher perforation rate at the apical region compared to the overall perforation 5 

rate in this study. Since the apical region is the most rotated region in AIS, it is difficult to control the 6 

inclined angle when inserting pedicle screws without encroaching into the concave or convex sides. 7 

Moreover, some of the misplaced pedicle screws were in the apex of the superiorly adjacent curve 8 

(T3-T5) because of the smaller pedicles in apex vertebrae, whether the curves are structural or 9 

nonstructural. Parent et al. [26] measured the mean and standard deviations for each thoracic level in 10 

both scoliotic and normal specimens and found that there is minimal pedicle width in the T3-5 region, 11 

especially in the T4 right pedicle. 12 

Furthermore, both groups had medial breaches on the convex side and lateral breaches on 13 

the concave side. In AIS, the vertebral body is rotated toward the convex side with a shift of the spinal 14 

cord to the concave side, leaving a safe zone on the convex side. This might lead the surgeon, after 15 

making the screw hole, to overcompensate slightly and misdirect the screw during tapping in an 16 

attempt to prevent medial perforation and spinal cord injury but, thereby, increasing the chance of the 17 

less risky lateral perforation [27]. A lateral wall that is thinner than the medial wall on the concave side 18 

compared to the convex side [4] also helps explain the frequent lateral breaching on the concave side. 19 

In the present study, there were no neural or vascular complications in patients from either 20 

group. Gertzbein and Robbins [28] found that even in patients with medial transgression of more than 4 21 

mm at T8, only 2/6 had neurologic deficits and these resolved completely within 6 months. Moreover, 22 

in our study, the mean loss of correction was less than 1° at a 35-month follow-up (range from 6 to 76 23 

months) in both groups. 24 

Another major benefit of intraoperative navigation is the decreased pedicle insertion time. 25 

The time required for the registration procedure and insertion of one pedicle screw was 11.3 ± 2.1 26 

minutes in the preoperative group, but only 5.1 ± 1.1 minutes in the intraoperative group because the 27 

surgeon can avoid the time-consuming repetitive calibration for each vertebra. 28 

This study had several limitations and drawbacks. The main limitation was that it was a 29 

nonrandomized study because of its retrospective nature. A prospective study comprising a larger 30 

subject population could fully establish the advantage of intraoperative navigation over preoperative 31 

navigation in pedicle screw fixation. Secondly, future studies should consider the ongoing equipment 32 

software updates and continually improving surgeon expertise in this field. Thirdly, we did not have the 33 

data on radiation dose for both study groups, although a prospective clinical study [29] was in progress 34 

to determine the radiation dose of CT-based computer preoperative navigation and Iso-C Arcadis 35 

intraoperative navigation systems. The radiation dose in CT-based preoperative navigation is a median 36 

of 432 mGy and only 152 mGy with an Iso-C intraoperative navigation system. Zhang et al [30] 37 

reported that the O-arm™ in 3D scan acquisition mode delivers approximately half the radiation dose 38 

of a 64-slice CT scanner. Because the initial data on the O-arm navigation was insufficient regarding its 39 

radiation exposure, we calculated the radiation dose for the last six patients in which we used the 40 

O-arm. The radiation dose of one intraoperative 3D scan was approximately 238 mGy (range 144–323 41 

mGy). The radiation dose during intraoperative navigation is much better than what is incurred during 42 

preoperative CT navigation. 43 

There are continual advances in technology and new inventions aimed at improving 44 
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surgical technique. For example, template-guided pedicle screw placement has reached a 98% screw 1 

placement accuracy rate in cadaver models for the thoracolumbar spine and does not expose patients or 2 

medical personnel to intraoperative radiation exposure. With its use, there is the potential for 3 

eliminating intraoperative fluoroscopy [31]. Furthermore, the robotic-assisted pedicle screw fixation 4 

technique has been reported to reduce screw misplacement [32]. These techniques might become 5 

alternative, intraoperative, radiation-free methods for pedicle screw placement in deformities. 6 

There are few studies that compare the accuracy of pedicle screw placement in AIS patients 7 

between intraoperative and preoperative navigation techniques, which is a limitation when studying 8 

pedicle screw placement. A prospective study comprising a larger subject population could fully 9 

establish the advantage of intraoperative navigation over preoperative navigation in pedicle screw 10 

fixation. Nevertheless, this study demonstrates that an intraoperative navigation system is accurate and 11 

efficient than preoperative CT-based navigation techniques for pedicle screw placement in the apical 12 

region of AIS surgery. 13 

 14 

Conclusions 15 

Both preoperative CT-based and intraoperative navigation systems provide sufficient 16 

safety and accuracy in pedicle screw insertion for the treatment of AIS. Intraoperative navigation 17 

systems facilitate pedicle screw insertion in AIS patients improving efficiency safety and accuracy of 18 

pedicle screw placement, especially in the apical region of the scoliotic spine compared to preoperative 19 

navigation. Moreover, intraoperative navigation makes more screws safely inserted in the apical region, 20 

which contributes to the derotation rate of the apex. 21 

 22 

Ethical Approval was admitted by our hospital Ethics committee. 23 
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Figure lengends 1 

 2 

Fig. 1 Postoperative CT images assessment of the pedicle screw position in three-dimension (axial, 3 

coronal and sagittal positions) Grade 0, no perforation and the screw was completely contained in the 4 

pedicle (Fig.1a); Grade 1, perforations < 2 mm (Fig. 1b); Grade 2, perforations ≥ 2 but < 4 mm (Fig. 5 

1c); Grade 3, perforations ≥ 4 mm (Fig. 1d), with grades 2 and 3 representing perforation. 6 

 7 

 8 

Fig. 2 The overall accuracy of pedicle screw placement and the distribution of pedicle screws position 9 

in two groups with 96.3% (474/492) in the intraoperative group, 94.4% (591/626) in the preoperative 10 

group. In the apical region, the pedicle screw accuracy rate was higher in the intraoperative group 11 

(94.8 %, 199/210) compared to 89.2% (199/223) of the preoperative group (P=0.035) 12 

 13 

 14 

Fig. 3 The malpositioned pedicle screws were analyzed by modified Watanabe classification. The 15 

pedicle width were classified to A. Large cancellous (≥4.5mm); B. Small cancellous (≥1mm, but 16 

<4.5mm); C. Cortical channel (<1mm) 17 

 18 

 19 

Fig. 4 Misplacement patterns of pedicle screws. The most location of misplacement was around the left 20 

of T7-9 of the curve. 21 
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Table 1   Demographic data of the patients in two groups 

 Intraoperative Group Preoperative Group P 

No. of patients 27 40  

Sex of patients 3M/24F 5M/35F  

Age at operation 16.1±3.2 (12-24) 16.2±2.2 (13-25) 0.819 

Pre-op Cobb angle of Major curve 60.4±14.6 (39-102) 59.5±11.9 (41-89) 0.634 

Post-op Cobb angle of Major curve 15.8±8.1 (4-35) 16.6±7.8 (4-39) 0.878 

Cobb angle correction ratio (%) 74.6±9.5 (59.2-92.1) 72±11.3 (47.9-91.3) 0.410 

No. of pedicle screw 18.2±3.1 15.7±2.9 ** 0.002 

Apical region    

No. of pedicle screw in the apical region 7.8±1.6 5.6±1.6 † <0.001 

No. pedicle screws per vertebra 1.7±0.3 1.3±0.4 † <0.001 

* Statistically significant using Mann-Whitney U test **: P<0.01, †: P<0.001 

 

Table 1



Table 2 Distribution of screws position in two groups 

 Intraoperative navigation group Preoperative navigation group 

 Concave side Convex side  Total Concave side Convex side Total 

Grade 0 183 232  415 239 292 531 

Grade 1 44 15  59 23 37 60 

Grade 2 10 6  16 14 16 30 

Grade 3 1 1  2 3 2 5 

Total 238 254  492 279 347 626 

 

Table 2



Table 3 Distribution of violated cortex by misplaced screw in two groups  

 Intraoperative navigation group Preoperative navigation group 

 Concave side Convex side Total Concave side Convex side Total 

Anterior 0 0 0 0 0 0 

Lateral 10 5 15 13 8 21 

Medial 1 2 3 4 10  14 * 

Total 11 7 18 17 18 35 

* Statistically significant using Chi squared and Fisher exact tests P< 0.05 

 

Table 3
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