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Study Design: Retrospective review.
Purpose: To determine the accuracy of thoracolumbar pedicle screw insertion with the routine use of three-dimensional (3D) intraop-
erative imaging and navigation over a large series of screws in an Asian population.
Overview of Literature: The use of 3D intraoperative imaging and navigation in spinal surgery is aimed at improving the accuracy of 
pedicle screw insertion. This study analyzed 2,240 pedicle screws inserted with the routine use of intraoperative navigation. It is one 
of very few studies done on an Asian population with a large series of screws.
Methods: Patients who had undergone thoracolumbar pedicle screws insertion using intraoperative imaging and navigation between 
2009 and 2017 were retrospectively analyzed. Computed tomography (CT) images acquired after the insertion of pedicle screws were 
analyzed for breach of the pedicle wall. The pedicle screw breaches were graded according to the Gertzbein classification. The breach 
rate and revision rate were subsequently calculated.
Results: A total of 2,240 thoracolumbar pedicle screws inserted under the guidance of intraoperative navigation were analyzed, and 
the accuracy of the insertion was 97.41%. The overall breach rate was 2.59%, the major breach rate was 0.94%, and the intraopera-
tive screw revision rate was 0.7%. There was no incidence of return to the operating theater for revision of screws.
Conclusions: The routine use of 3D navigation and intraoperative CT imaging resulted in consistently accurate pedicle screw place-
ment. This improved the safety of spinal instrumentation and helped in avoiding revision surgery for malpositioned screws.
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Introduction

The advent of three-dimensional (3D) intraoperative 
imaging and navigation in spinal surgery aims at improv-

ing the accuracy of spinal instrumentation and thereby 
minimize complications and enable better outcomes for 
patients [1,2]. The 3D navigation has been used as an ad-
junct in spinal instrumentation, and results accumulated 
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over the past 10 years have demonstrated better accuracy 
compared with freehand and fluoroscopic techniques [3-
5].

The use of 3D navigation in spinal instrumentation 
differs from one center to another, with some surgeons 
using it only for complex cases, whereas others using it 
routinely. In Tan Tock Seng Hospital, Singapore, we have 
adopted the routine use of 3D intraoperative imaging and 
navigation for thoracolumbar pedicle screw instrumenta-
tion.

In this study, we analyzed 2,240 pedicle screws inserted 
with the routine use of intraoperative navigation. Due to 
the differences in pedicle morphology between the Asian 
and Caucasian population [6], we believe that it is impor-
tant to specifically analyze the accuracy of spinal instru-
mentation in the Asian population as well. To our knowl-
edge, this is one of very few studies done on an Asian 
population with a large series of screws. This study is also 
a continuation of a former investigation with its prelimi-
nary data published in 2014 to reevaluate the results with 
a longer duration and substantially more data [7].

The aim of this study was to determine the accuracy of 
thoracolumbar pedicle screw insertion with the routine 
use of 3D intraoperative imaging and navigation over a 
large series of screws in an Asian population.

Materials and Methods

1. Navigation setup and surgical techniques

The O-arm (Medtronic, Minneapolis, MN, USA), a mo-
bile cone beam imaging system, was used for intraopera-
tive imaging. The O-arm has a dual-function of both two-
dimensional fluoroscopy and 3D volumetric imaging, 
being able to produce 3D images with quality close to 
those of computed tomography.

Patients were placed in the prone position during sur-
gery. The O-arm machine was fit with a sterile drape and 
centered over the relevant levels for pedicle screw inser-
tion. Once the spine was exposed, the reference array was 
clamped onto the spinous process of the vertebra one level 
above the uppermost instrumented vertebra to serve as a 
reference point for the navigation system. Subsequently, 
a spin of the O-arm machine was performed to obtain 
3D images, which is then automatically transferred to the 
navigation system (StealthStation S7 Navigation System;  
Medtronic). The surgical tools were then registered to the 

navigation system. The accuracy of the navigation was 
then verified by cross-checking the information displayed 
on the system with anatomical landmarks on the surgical 
field, such as the tip of a spinous process.

Intraoperative navigation was used to plan for the entry 
point, trajectory, screw length, and diameter before the 
insertion of pedicle screws. The desired entry point was 
decorticated with a high-speed drill, and the pedicle tract 
was created using a navigated pedicle probe, followed by 
navigated tapping. The pedicle screw was inserted to a 
suitable depth with the aid of a navigated screwdriver. The 
position and trajectory of the screws were observed in 
real-time on the monitor as it was advanced.

In patients where a minimally invasive technique was 
applied, the spinous process of the vertebra above the 
uppermost instrumented vertebra was exposed using a 
short midline incision for the attachment of the reference 
array. The location of the skin incision was marked with a 
navigation probe with 5- to 7-cm virtual extension. After 
making a skin incision, a navigated Jamshidi needle was 
advanced through the pedicle into the vertebral body. A 
K-wire was passed through the hollow needle, after which 
the needle was removed. Sequential dilators were placed 
over the K-wires, followed by tapping. A cannulated 
pedicle screw was inserted. An intraoperative 3D scan was 
performed after inserting all the screws.

2. Data selection

Patients who had undergone spinal surgeries involving 
thoracolumbar pedicle screw insertion using 3D intraop-
erative navigation from February 2009 to October 2017 at 
Tan Tock Seng Hospital, Singapore, were retrospectively 
reviewed. Data collected from the review included demo-
graphic details, indication for surgery, intraoperative find-
ings, preoperative and postoperative neurological exami-
nation findings, and intraoperative 3D images. Patients 
who did not undergo a post-instrumentation 3D imaging 
or whose intraoperative 3D images were not saved in the 
system were excluded from the analysis.

3. Analysis of the accuracy of screw placement

The accuracy of the pedicle screw placement was evalu-
ated based on intraoperative 3D images acquired by the 
O-arm. The 3D axial images were analyzed for any medial 
or lateral breach of the pedicle wall. The pedicle breaches 
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were then graded according to the Gertzbein classification 
(grade 0, no breach; grade 1, <2 mm; grade 2, 2–4 mm; 
grade 3, >4 mm). The extent of the breach is measured in 
terms of the distance between the border of the pedicle 
wall that has been breached and the most extreme aspect 
of the pedicle screw medially or laterally. The breach rate 
of each grade and the overall breach rate were calculated. 
In addition, the breach rate of each individual vertebra 
was calculated.

4. Ethics approval

This research was approved by the Singapore National 
Healthcare Group Domain Specific Review Board (ap-
proval reference no., 2018/00732). Written informed 
consent is not necessary for patients with approval of the 
study by the ethics board of our institution.

Results

We analyzed a total of 2,240 thoracolumbar pedicle screws 
inserted under the guidance of intraoperative navigation. 
Fig. 1 shows the number of screws inserted at each level, 
and their respective breach rates are presented in Table 
1 and Fig. 2. The number of breaches and intraoperative 
revision surgeries for the various grades of breach are 
shown in Table 2. The accuracy of thoracolumbar pedicle 
screw insertion was 97.41% (grade 0) in the first pass. The 
overall breach rate was 2.59% (58 of 2,240 screws). In to-
tal, 37, 14, and seven screws were considered to be grades 
1, 2, and 3 breaches, respectively. Grades 2 and 3 breaches 
were considered to be major, with the major breach rate 
being 0.94%. Eleven of grade 2 breaches and five of grade 
3 breaches were revised intraoperatively, resulting in an 
intraoperative screw revision rate of 0.7%. Fig. 3 exem-
plifies the intraoperative images demonstrating a grade 
1 breach with no intraoperative revision performed and 
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Fig. 1. Number of screws inserted at each spinal level.

Fig. 2. Incidence of pedicle screw breach at each spinal level.

Table 1. Numbers of screws inserted and breaches of individual vertebra

Level No. of 
screws

Grade 1 
breach

Grade 2 
breach

Grade 3 
breach

Breach 
rate (%)

T1 59 0 0 0 0

T2 28 0 0 1 3.57

T3 29 1 0 0 3.45

T4 45 3 0 0 6.67

T5 55 1 0 0 1.82

T6 40 2 0 0 5.00

T7 42 0 2 0 4.76

T8 51 1 2 0 5.88

T9 46 0 4 0 8.70

T10 68 0 0 0 0.00

T11 85 2 0 0 2.35

T12 87 0 0 0 0

L1 79 1 0 0 1.27

L2 146 3 0 0 2.05

L3 250 4 0 2 2.40

L4 456 17 3 4 5.26

L5 470 1 3 0 0.85

S1 204 1 0 0 0.49

Total 2,240 37 14 7 2.59

Table 2. Breach rate and revision rate of grades 1–3 breaches

G�rade of breach No. of 
breaches

Intraoperative 
revisions

Breach 
rate (%)

Revision 
rate (%)

1 37 0 1.65 0

2 14 11 0.63 0.5

3 7 5 0.31 0. 2

Overall 58 16 2.59 0.7
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a grade 2 breach pre- and post-intraoperative revision. 
There was no incidence of return to the operating theater 
for revision surgery related to screw malposition. There 
were more lateral breaches (66%) than medial breaches 
(33%). Table 3 shows a detailed breakdown according to 
the grade of the breach.

Discussion

As demonstrated in our study, which involved multiple 
surgeons with different years of experience, the use of 
spinal navigation resulted in a homogeneously high level 
of accuracy of pedicle screw placement. We observed that 
97.4% of the screws in our series were successfully im-
planted in the first pass, which provided the best pull-out 
strength compared with screws that require revision. Over 
the past decade, spinal navigation has been more widely 
adopted for several reasons. Navigation offers multiple 
benefits such as greater accuracy, enhanced optimal fixa-

tion, and increased safety [2,8,9]. It also provides greater 
confidence in case of screws of a larger diameter and length 
to be inserted in a more medial trajectory [7,10], thereby 
providing optimal fixation in complex cases such as sco-
liosis, malignancy, osteoporosis, and deformity correction 
[11]. Furthermore, navigation provides increased safety 
with a reduction in the occurrence of neurological inju-
ries as reported in the literature [8]. In the lumbar region 
where the pedicles are wider, a more medially angulated 
screw could be planned with navigation, thus enhancing its 
pull-out strength. The addition of an intraoperative O-arm 
check scan also ensures that no patient needs to return to 
the operating theater for malpositioned screw(s). There-
fore, the primary advantage of intraoperative navigation is 
the safe and accurate screw insertion on the first attempt 
itself, thereby reducing the risk of a pedicle breach or an 
injury to the nearby neural or vascular structures, as well 
as the need for screw revision [7,12-14].

The accuracy obtained in this study is comparable 
to that of other studies. A similar study conducted by 
Waschke et al. [15] analyzed 2,422 screws and obtained 
a 94.5% accuracy with no reported revision surgeries. 
Another study performed by Rivkin and Yocom [16] in-
volving 1,651 screws reported a 94.7% accuracy with a 
1.5% revision surgery rate. In addition, van de Kelft et al. 
[5] analyzed 1,922 screws and obtained an accuracy rate 
of 97.5% with a 1.8% screw revision rate and no reported 
revision surgeries. A meta-analysis performed by Tian 
and Xu [17] analyzing more than 7,500 screws inserted 
with navigation reported an accuracy close to 91%, and 
another study done by Gelalis et al. [2] analyzing 1,635 
screws reported an accuracy of 89%–100%.

In comparison, the accuracy of freehand technique 
reported in the literature straddled across a wide range 
from 71.9% to 98.3% [18-21], the difference of which is 

Fig. 3. (A) Grade 1 lateral breach of right pedicle screw. (B) Grade 2 lateral breach of right pedicle screw and grade 2 medial breach of left pedicle 
screw—pre-revision. (C) Breaches shown in Fig. 3B post-revision.

A B C

Table 3. Direction of breaches

Direction of breach No. of breach (%)

Medial breach

Grade 1 12

Grade 2 7

Grade 3 0

Sub-total 19 (33)

Lateral breach

Grade 1 25

Grade 2 7

Grade 3 7

Sub-total 39 (67)

Total 58 (100)
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likely due to the heterogeneity of case complexity and the 
surgeon’s experience. The use of freehand technique also 
has a significant learning curve as it was observed that the 
accuracy increased when compared across the period of 
study [18]. Meanwhile, the accuracy of the fluoroscopy 
technique reported in the literature ranges from 57.0% to 
92.2% [10,22-24]. These data indicate that intraoperative 
navigation provides greater accuracy in pedicle screw in-
sertion than freehand technique and fluoroscopy.

A recent study conducted by Soh et al. [6] on pedicle 
morphology and pedicle width size in an Asian popula-
tion found the narrowest pedicles to be located in the 
mid-thoracic region from T3 to T9. We found a certain 
degree of correlation between this and the breach rates 
in our study, with an increased rate of breach in the mid-
thoracic region as shown in Table 1. The study conducted 
by Soh et al. [6] also reported that the narrowest pedicles 
were of the T4 (2.9±1 mm) and T5 (3.1±1.1 mm) verte-
brae. However, our breach rates do not correlate perfectly 
with this, with breaches in T9 vertebra found to be the 
most common in our study with a breach rate of 8.7%. On 
the other hand, breach rates of the T4 and T5 vertebrae 
were 6.67% and 1.82%, respectively. However, there is a 
need to analyze a greater number of screws in the mid-
thoracic region to show a more reliable trend. Regarding 
the analysis of the direction of screw perforation, our 
study revealed a greater number of lateral breaches than 
medial breaches, with the majority of lateral breaches 
being of grade 1, which could be due to an “in-out-in” 
configuration planned by the surgeon, as well as the sur-
geon aiming the screw more laterally to prevent a medial 
breach and thus avoid the risk of spinal cord injury.

Despite the benefits of intraoperative navigation, po-
tential drawbacks do exist. The routine use of intraopera-
tive navigation remains contested in some centers as it 
has not shown to add significant value for simple cases 
[8,25,26]. It also leads to increased operative time and 
involves added costs to patients and healthcare systems. 
Furthermore, the use of navigation involves a steep learn-
ing curve, and when used in only complex surgical cases, 
surgeons may lack the experience and technical expertise 
required to ensure favorable outcomes in those complex 
cases [16,27,28]. However, the routine use in both simple 
and complex cases can help surgeons overcome this steep 
learning and become more efficient with its use over time. 
A subanalysis of our dataset divided into three equivalent 
groups according to the date of instrumentation demon-

strated a decrease in breach rate from 3.89% in the earliest 
group to 2.82% in the middle group and 1.07% in the lat-
est group. This reflects our learning curve and reinforces 
that proper training is required whenever we embrace 
new technology. There are also a few pitfalls that could 
render the navigation inaccurate. The navigation refer-
ence array has to be attached to a fixed point throughout 
the surgery and any deviation of the reference array could 
result in a navigational error. As the accuracy of the navi-
gation system is crucial, it has to be verified after image 
acquisition and automatic registration of surgical tools, 
and precautions should be taken to not dislodge it during 
surgery. Any manipulation of the patient should be done 
with great care to ensure no movement of the vertebra at 
the level of instrumentation in relation to the reference 
array. In the case of any movement or deviation of the 
reference array, the reference array should be repositioned 
and the imaging repeated. There is also a possibility of 
incorrect registration of tools or error in selecting the 
length of the instrument or extension on the computer 
system. Moreover, we have observed that the imaging of 
the C7 and T1 levels has a poorer resolution, more so with 
obesity. However, the images are generally still sufficiently 
clear to guide the instrumentation. Therefore, we feel that 
surgeons who wish to include spinal navigation as a part 
of their surgical armamentarium should use it regularly 
to keep up with the skill of using navigation, not just for 
the surgeons but also importantly for the supporting staff 
such as scrub nurses and radiographers.

In addition to the numerous benefits of navigation, 
we found it to be a good teaching tool in a recent study 
performed at our institution [29]. It allows surgeons in 
training to correlate the surface anatomy to the internal 
bony anatomy. Navigation enables them to “see through” 
the surface landmarks. It is not a substitute to a sound 
understanding of anatomy. It enhances the learning of the 
anatomy. It gives beginners the confidence to advance the 
pedicle finder and tap and insert the pedicle screws. The 
experience in placing a pedicle screw with navigation sub-
sequently serves as a foundation to learning the freehand 
technique. Trainees transition from looking at the naviga-
tion screen to paying attention to the trajectory of their 
instrument relative to the surface anatomy, and they also 
have the privilege of cross-checking with the navigation 
monitor when in doubt. Navigation allows the learning of 
a complex skill without compromising patient’s safety. The 
end result is a spinal surgeon who is capable of both free-
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hand and navigated instrumentation.
A few limitations exist in our study. Although the in-

traoperative O-arm scans consisted of 3D views, namely 
axial, sagittal, and coronal, only the axial views were up-
loaded to the picture archiving and communication sys-
tem due to constraint of space. Therefore, only the axial 
images were available for analysis in our study. Therefore, 
it is possible that some superior or inferior breaches might 
not be detectable on the axial views. Second, some sur-
geons who were confident with their instrumentation did 
not repeat a post-instrumentation O-arm scan (to reduce 
patient’s exposure to radiation). Therefore, some cases of 
navigated pedicle screws were excluded from our study 
due to the absence of a post-instrumented scan. Third, 
the outcomes were not compared between different types 
of pathology and surgical techniques (open versus mini-
mally invasive technique), which may affect breach rates. 
These data will be collected in future studies for analysis.

To summarize, our study demonstrated that the rou-
tine use of navigation and intraoperative 3D scanning for 
thoracolumbar spinal instrumentation was effective in 
improving safety. There was no significant neurovascular 
injury due to screw malposition in our series, and the 
few screws with significant breaches were revised during 
the index surgery, thereby avoiding a revision surgery for 
screw malposition.

Conclusions

Our analysis of a series of 2,240 thoracolumbar pedicle 
screw insertions revealed that spinal instrumentation 
using 3D intraoperative imaging and navigation allows 
for accurate and safe placement of pedicle screws. We 
observed a 97.41% accuracy of screw placement, a major 
breach rate of 0.93%, and an intraoperative screw revision 
rate of 0.7%. There was no incidence of return to the op-
erating theater for revision surgery. The 3D intraoperative 
imaging and navigation can be considered as a safe and 
effective adjunct for spinal instrumentation particularly 
for complex cases.
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