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Abstract Study Design Literature review.
Objective Several studies have shown that the accuracy of pedicle screw placement
significantly improves with use of computed tomography (CT)-based navigation
systems. Yet, there has been no systematic review directly comparing accuracy of
pedicle screw placement between different CT-based navigation systems. The objective
of this study is to review the results presented in the literature and compare CT-based
navigation systems relative only to screw placement accuracy.
Methods Data sources included CENTRAL, Medline, PubMed, and Embase databases.
Studies included were randomized clinical trials, case series, and case–control trials
reporting the accuracy of pedicle screws placement using CT-based navigation. Two
independent reviewers extracted the data from the selected studies that met our
inclusion criteria. Publications were grouped based on the CT-based navigation system
used for pedicle screw placement.
Results Of the 997 articles we screened, only 26 met all of our inclusion criteria and
were included in the final analysis, which showed a significant statistical difference
(p < 0.0001, 95% confidence interval 0.92 to 1.23) in accuracy of pedicle screw
placement between three different CT-based navigation systems. The mean (weighted)
accuracy of pedicle screws placement based on the CT-based navigation system was
found to be 97.20 � 2.1% in StealthStation (Medtronic, United States) and 96.1 � 3.9%
in VectorVision (BrainLab, Germany).
Conclusion This review summarizes results presented in the literature and compares
screw placement accuracy using different CT-based navigation systems. Although certain
factors such as the extent of the procedure and the experience and skills of the surgeon
were not accounted for, the differences in accuracy demonstrated should be considered by
spine surgeons and should be validated for effects on patients’ outcome.
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Introduction

Pedicle screw insertion for spine fusion surgery is very
common, and accurate screw placement is of utmost impor-
tance. Two of the most widely used techniques for pedicle
screw placement include conventional or freehand tech-
nique as well as computer-assisted surgery (CAS). Conven-
tional methods rely mainly on anatomical landmarks with or
without the assistance of radiologic imaging modalities to
localize the pedicle.1 Despite the use of different versions of
these techniques, several studies have reported high rates of
screw misplacement and cortical perforation.2,3 Screw mis-
placement can threaten the surrounding neurovascular
structures and can also affect the mechanical stability of
the entire construct, hence increasing the rate of revision
surgery and cost.4 New methods to improve pedicle screw
placement accuracy have led to the development of CAS.
Multiple studies have shown that the accuracy of pedicle
screw placement significantly improves with the use of CAS
as compared with conventional methods.5,6 Several types of
CAS systems have been developed including computed to-
mography (CT)-based navigation and fluoroscopic naviga-
tion.7 The CT-based navigation systems utilize a
preoperatively obtained CT data set as the source data and
register the patient intraoperatively with a frameless stereo-
tactic system to this data set. On the other hand, the
fluoroscopic navigation systems use intraoperative two- or
three-dimensional fluoroscopic images for the source data
and register the patient with a frameless stereotactic system
to these images.8

The CT-based CAS systems allow precise placement of
instruments by providing real-time feedback and anatomical
details of the unexposed or partially exposed pedicles, elimi-
nating the exposure to fluoroscopic radiation.9However, new
concerns about CT-navigated surgery have appeared, includ-
ingmovement of the registrationmarkers, the limited field in
multilevel procedures, the excessive preoperative prepara-
tion, as well as a steep learning curve.10 Although several
clinical studies have demonstrated high accuracy rates of
pedicle screw placement using CT-based navigation, none
analyzed the accuracy among different CT-based navigation
systems.

The present study is aimed at reviewing the literature on
CT-based navigation and comparing the accuracy of different
CT-based navigation systems. We hypothesize that the accu-
racy of pedicle screw placement would be similar between
CT-based navigation systems in the literature.

Materials and Methods

Publication Selection
An equivalent search strategy was performed to identify
relevant articles in the Cochrane Central Register of Con-
trolled Trials (CENTRAL), Medline, PubMed, and Excerpta
Medica Database (Embase). The following keywords and their
respective combinations were used in this search: “computed
tomographybased,” “spine,” and “navigation.” The searchwas
limited to English-language articles.

Two reviewers (A.N. and J.L.) independently screened the
titles and abstracts of all retrieved articles for eligibility. In the
case of disagreement, the reviewers discussed the inclusion
criteria until a common consensus was reached. The two
reviewers obtained and reviewed the articles using equiva-
lent data extraction methods.

Study Selection
Only studies meeting the inclusion criteria were considered
for analysis. The inclusion criteria used were: (1) all studies
(randomized clinical trials, case series, case–control studies)
with the exception of case reports; (2) studies using CT-based
navigation or cervical, thoracic, or lumbar pedicle screw
insertion; (3) studies identify the name of the CT-based
navigation system; (4) studies with a clear surgical interven-
tion technique; (5) studies using 2-mm increments to assess
the accuracy of pedicle screw placement; (6) human studies;
(7) CT-based navigation systems with accuracy reported in
three or more articles in the literature; (8) studies published
in 2004 and after. Articles depicting in vitro studies, cadaveric
studies, or biomechanical studies were excluded.

Data Extraction
Two independent reviewers extracted the data from the
selected studies. The final data extracted included number
of patients, manufacturer, number of pedicle screws placed in
each study, accuracy of the placed pedicle screws, and verte-
bral levels instrumented.

Statistical Analysis
The publications were grouped based on the CT-based navi-
gation systemused for pedicle screwplacement. The accuracy
of the pedicle screw placement was readjusted based on the
2-mm increments according to the work published by Aoude
et al.11 Screws perforated less than 2 mm were considered
optimally placed, and screws perforated more than 2 mm
were considered inaccurate. All means were weighted on the
number of the screws used to provide a better competitive
estimate. The descriptive statistics for screw placement accu-
racy according to the classification methods included the
overall number of screws, the total number of screws for each
manufacturer, weighted mean accuracy of pedicle screw
placement for each manufacturer, and the standard devia-
tion. The independent-samples t test was performed to assess
whether there was a difference in screw placement accuracy
between different CT-based navigation systems. A p value of
less than 0.05 was considered statistically significant. All
statistical analyses were performed using SPSS V.21 (IBM
Corporation, Armonk, New York, United States).

Results

The initial electronic search identified a total of 997 articles.
Only 92 were relevant to our topic (►Table 1). Of these 92,
only 26 articles met all of our inclusion criteria and were
included in the final analysis (►Fig. 1;►Table 2). We selected
publications based on several exclusion criteria. First, we
excluded publications that had an unclear methodology.
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Table 1 Studies that used CT-based navigation for pedicle screws placement

Author, year Number of
pedicle
screws

Accuracy of
the pedicle
screws (%)
(as published)

Manufacturer and system Method

Cervical

Costa al, 201528 67 92.5 StealthStation, Medtronic
(Minneapolis, Minnesota, United States)
(O-arm)

Other

Hott et al, 200429 96 97.9 StealthStation TREON (Medtronic) Other

Ishikawa et al, 201030 150 81.3 StealthStation, Sofamor Danek (Medtronic) Other

Ishikawa et al, 201131 108 88.9 StealthStation, Medtronic (O-arm) 2 mm

Ito et al, 200732 25 80 StealthStation TRIA navigation system
(Sofamor Danek, Medtronic)

2 mm

Kotani et al, 200333 78 98.7 StealthStation, Sofamor Danek (Medtronic) Other

Ludwig et al, 200034 50 82 StealthStation, Sofamor Danek (Medtronic) Other

Ludwig et al, 200035 37 75.7 StealthStation, Sofamor Danek (Medtronic) Other

Seichi et al, 200536 51 76.6 StealthStation, Sofamor Danek (Medtronic) 2 mm

Kumar Singh et al, 201437 52 98.1 StealthStation, Medtronic (O-arm) Other

Uehara et al, 201438 579 80 StealthStation TREON (Medtronic) Other

Richter et al, 200439 41 97.6 VectorVision (BrainLab, Germany) 2 mm

Tauchi et al, 201340 196 87.8 VectorVision (BrainLab) 2 mm

Holly and Foley, 200641 42 97.6 Siremobil Iso-C (3-D) C-arm
(Siemens, Germany) paired with
StealthStation TREON (Medtronic)

Other

Liu et al, 201042 140 90.7 Stryker Spine Navigation System
(United States)

Other

Tian et al, 201343 80 100 Stryker Spine Navigation System Other

Zhang et al, 201144 144 96.5 Stryker Spine Navigation System Other

Thoracic

Allam et al, 201345 100 90 StealthStation, Medtronic (O-arm) Other

Jeswani et al, 201446 97 97.9 StealthStation TREON Plus and
StealthStation S7, Medtronic (O-arm)

Other

Lekovic et al, 200717 183 91.3 StealthStation, Medtronic Other

Mirza et al, 200347 74 94.6 StealthStation, Medtronic (O-arm) 2 mm

Nakanishi et al, 200948 264 95.8 StealthStation, Sofamor Danek
(Medtronic)

2 mm

Ughwanogho et al, 201249 300 97.3 CT-guided navigation using O-arm
(Medtronic)

Other

Youkilis et al, 200150 224 91.5 StealthStation treatment guidance platform
(Sofamor Danek Group, Inc., Medtronic)

2 mm

Dinesh et al, 201221 261 97.3 iCT-based image guidance system (BrainLab) Other

Han et al, 201051 92 95.7 VectorVision (BrainLab) Other

Rajasekaran et al, 200752 242 97.9 VectorVision (BrainLab) Other

Sakai et al, 200853 264 77.7 VectorVision (BrainLab) 2 mm

Kothe et al, 200154 54 100 SurgiGATE, STRATEC Medical,
Oberdorf, Germany

2 mm

Ebmeier et al, 200355 365 93.7 Tomoscan M-EG and the EasyGuideSpine
(Philips Medical Systems, Eindhoven,
The Netherlands)

Other

Sugawara et al, 201356 58 100 Ziostation (Ziosoft, Sweden) Other

(Continued)
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Table 1 (Continued)

Author, year Number of
pedicle
screws

Accuracy of
the pedicle
screws (%)
(as published)

Manufacturer and system Method

Nottmeier and Pirris, 201357 35 97.1 StealthStation S7, Medtronic (O-arm) 2 mm

Lumbosacral

Cho et al, 201258 82 90.2 StealthStation, Medtronic (O-arm) 2 mm

Costa et al, 201159 504 93.5 StealthStation TREON (Medtronic)
(with and without O-arm)

2 mm

Girardi et al, 199960 171 98.2 StealthStation, Medtronic Other

Houten et al, 201261 205 97.1 StealthStation (Medtronic Sofamor-Danek)
paired with O-arm

2 mm

Kim et al, 201462 290 96.6 StealthStation, Medtronic (O-arm) 2 mm

Lim et al, 200563 231 95.2 StealthStation, Sofamor Danek (Medtronic) 2 mm

Park et al, 201064 40 92.5 StealthStation TREON (Medtronic) 2 mm

Silbermann et al, 201165 187 98.9 StealthStation, Medtronic (O-arm) Other

Wood and Mannion, 201166 186 98.4 StealthStation, Medtronic (O-arm) Other

Yson et al, 201367 370 81.1 StealthStation, Medtronic (O-arm) Other

Amato et al, 201068 424 95 Light-speed CT unit
(GE Medical Systems, United States)

Other

Laine et al, 199769 139 95.7 Computer-assisted orthopedic surgery
(CAOS), Bern, Switzerland

Other

Cervical/thoracic

Lee et al, 200770 45 88.9 StealthStation, Fluronav (Medtronic) 2 mm

Bledsoe et al, 200971 150 93.3 Both VectorVision (BrainLab)
and the StealthStation TREON were used
(no differentiation)

Other

Richter et al, 200439 72 98.6 VectorVision (BrainLab) Other

Richter et al, 200524 167 97 VectorVision (BrainLab) 2 mm

Scheufler et al, 201172 248 85.9 Spine & Trauma iCT (BrainLab) Other

Patton et al, 201573 54 66.7 Siemens Definition Flash
(Siemens, Germany)

Other

Schnake et al, 200174 200 82.9 SurgiGATE Spine 2.1
(Medivision, Switzerland)

2 mm

Thoracic/lumbar

Alhabib et al, 201175 34 79.4 StealthStation, Medtronic (O-arm) Other

Ammirati et al, 201376 82 97.6 Stealth Neuronavigation System
(Medtronic)

2 mm

Baaj et al, 201377 68 91.2 StealthStation, Medtronic (O-arm) Other

Eck et al, 201326 54 59.3 StealthStation, Medtronic (O-arm) 2 mm

Khotani et al, 201478 416 84.4 StealthStation, Medtronic (O-arm) 2 mm

Khotani et al, 201478 188 84.7 StealthStation, Medtronic

Kotani et al, 200779 57 98.2 StealthStation, Medtronic 2 mm

Larson et al, 201280 1,511 98.2 StealthStation, Medtronic (O-arm) Other

Larson et al, 201281 142 99.3 StealthStation, Medtronic (O-arm) Other

Larson et al, 201280 984 96.4 StealthStation, Medtronic (O-arm) Other

Merloz et al, 199882 80 90 StealthStation system (Sofamor-Danek) 2 mm

Oertel et al, 201183 278 96.8 StealthStation TREON, Medtronic (O-arm) 2 mm
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Table 1 (Continued)

Author, year Number of
pedicle
screws

Accuracy of
the pedicle
screws (%)
(as published)

Manufacturer and system Method

Patil et al, 201225 116 97.4 StealthStation, Medtronic (O-arm) 2 mm

Rivkin and Yocom, 201419 1,651 94.7 StealthStation, Medtronic (O-arm) 2 mm

Shin et al, 201220 106 93.4 StealthStation TREON, Medtronic (O-arm) Other

Tabaraee et al, 201384 80 93.6 StealthStation, Medtronic (O-arm) Other

Takahashi et al, 201085 265 92.1 StealthStation TREON, Sofamor Danek
(Medtronic)

2 mm

Van de Kelft et al, 201286 1,922 97.5 StealthStation, Medtronic (O-arm) Other

Waschke et al, 201387 2,422 94.5 StealthStation, Medtronic (O-arm) 2 mm

Cui et al, 201215 483 94.8 VectorVision Sky (BrainLab) 2 mm

Fan Chiang et al, 201288 102 96.1 BrainLab CT Navigation Other

Fu et al, 200810 76 94.8 VectorVision (BrainLab) 2 mm

Lee et al, 201389 932 96.8 VectorVision Sky (BrainLab) 2 mm

Scheufler et al, 201172,90 826 97.8 Spine & Trauma iCT (BrainLab) Other

Wang et al, 200891 140 96.4 VectorVision (BrainLab) Other

Tormenti et al, 201092 164 98.8 Image-guided workstation (Stryker) Other

Laine et al, 20005 219 95.4 SurgiGATE Spine 2.1 (Medvision) 2 mm

Carl et al, 200093 32 100 GE Navigation System
(GE Medical Systems, United States)

Other

Tabaraee et al, 201384 80 91.3 Medtronic O-arm System, Stealth
Navigation System (Medtronic)

Other

Amiot et al, 20006 294 94.6 Navitrack computer system
(Sulzer Orthopedics, Baar, Switzerland)

Other

Beck et al, 200994 406 93.1 Ziehm Vario 3D (Ziehm, Germany) Other

Austin et al, 200295 24 100 Optical Tracking System
(Radionics, United States)

Other

Schwarzenbach et al, 199796 150 88.7 Optotrak 3020 (Northern, Canada) coupled
with Orthopedic Surgery Planing System

Other

All levels

Costa et al, 201597 6,898 98.5 StealthStation TREON Plus and
StealthStation S7, Medtronic (O-arm)

Other

Hsieh et al, 201498 313 primary,
429 revision

94.2 (primary),
91.6 (revision)

StealthStation, Medtronic (O-arm) Other

Kim et al, 200199 45 93.3 StealthStation, Medtronic (O-arm) Other

Luo et al, 2014100 137 97.8 StealthStation, Medtronic (O-arm) Other

Santos et al, 201223 416 70 StealthStation, Medtronic (O-arm) Other

Hecht et al, 2016101 170 95.9 Airo CT Scanner (BrainLab) Other

Zausinger et al, 2009102 414 80.2 VectorVision (BrainLab) 2 mm

Kim et al, 200199 120 80.8 Optical Tracking System (Radionics) Other

Abbreviations: CT, computed tomography; iCT, intraoperative CT-based.
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Also, if a CT-based navigation system was employed in fewer
than three articles in the literature, we excluded the pub-
lications using that system. Finally, publications not using 2-
mm increments for pedicle screw accuracy assessment were
excluded as well. In total, the review allowed for analysis of a
total of 9,289 screws placed in the cervical, thoracic, lumbar,
and sacral vertebrae in a total of 1,641 patients.

Imaging modalities were used to assess pedicle screw
accuracy in all 26 articles. The majority of the studies used
postoperative CT scan to assess pedicle screw placement
accuracy (69.2%). The remainder of studies used O-arm with
orwithout CTscan to assess pedicle screwplacement accuracy.

Our analysis showed that 18 of 26 publications used the
StealthStation navigation system (Medtronic, Minneapolis,
Minnesota, United States) and 8 used the VectorVision
navigation system (BrainLab, Germany). For all publica-
tions, the screws were classified as “safe/optimal” if they
breeched pedicles by 2 mm or less and “unsafe” if they
breeched more than 2 mm. In all, 6,716 screws were placed
using the StealthStation navigation system and 2,573
screws were placed using the VectorVision navigation
system. Of these subgroups, 414 screws were placed in
the cervical and thoracolumbar area, 212 in the cervico-
thoracic area, 6,675 in the thoracolumbosacral area, 421
solely cervical, 1,039 pedicle screws solely lumbar, and 528
for spine deformity.

Our review revealed that of the 9,289 pedicle screws, a
total of 853 (9.2%) had reported pedicle breeches. Of these,
561 (65.8%) breeches were less than 2 mm and 292 (34.2%)
were more than 2 mm.

Finally, the mean (weighted) overall accuracy of all pedicle
screw placements was 96.90 � 2.7%. The mean (weighted)
accuracy of pedicle screw placement based on the CT-based
navigation systemwas 97.20 � 2.1% in the StealthStation and
96.1 � 3.9% in the VectorVision. With regard to the 2-mm
increment grading system, the results showed a significant
statistical difference between different navigation systems
(p < 0.0001, 95% confidence interval ¼ 0.92 to 1.23). The
descriptive statistics for screw placement accuracy of the
two navigation systems using the 2-mm increment are
presented in ►Table 3.

Discussion

Comparing computer navigation systems in orthopedics is
not uncommon; yet, most are not related to spine surger-
ies.12,13 Honl et al compared acetabular cup orientation
between five different computer-assisted navigation systems
for total hip arthroplasty and demonstrated significant differ-
ences among them.12 In addition, Carli et al compared the
accuracy of intraoperative measurements to postoperative
tibial and femoral alignment in two different computer-

Fig. 1 Graphical depiction of the systematic article selection process used. Abbreviation: CT, computed tomography.
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assisted systems for total knee arthroplasty and found a
significant difference in the outcome as well.13 Interestingly,
several clinical studies have demonstrated high accuracy
rates of pedicle screw placement using CT-based navigation
compared with other methods, such as freehand technique
and fluoroscopic navigation.14,15 However, a critical aspect of
the operative procedure was not taken into account, which is
the type of computer navigation system being used. The
review by Gelalis et al included a total of seven different
CT-based navigation systems by different manufacturers that
have been used for pedicle screw placement.14 Nevertheless,
the study did not report any comparison in the accuracy of
each of the systems. To our knowledge, our study is the first
study to compare the accuracy of pedicle screw placement
between different computer navigation systems. Our results
showed that there is a difference in the accuracy of pedicle
screw placement among different CT-based navigation sys-
tems. It should be stressed that although the accuracy is
significantly different between the CT-based navigation sys-
tems, the difference is minimal. Despite that, such a small
difference might affect patients’ outcome, especially in spine
surgery, where the driving purpose of CT-based navigation is
to decrease the incidence of unwanted complications.

The overall weighted mean accuracy in our review was
96.90 � 2.7% in 9,289 pedicle screws placed in the different
regions of the spine. These results are consistent with previ-
ous reported results that used different criteria for accuracy
assessment.5,14 Gelalis et al did a systematic review compar-
ing the freehand technique, fluoroscopy-guided, fluoroscopy-
based navigation, and CT-based navigation.14 Their overall
accuracy of pedicle screw placement using CT-based naviga-
tion ranged from 89 to 100%, according to 2-mm increments.
On the other hand, Li et al concluded that there is no
significant difference between the conventional techniques
and CT-based navigation.16 Interestingly, Lekovic et al con-
cluded that different imaging guidance modalities were not
associated with an increased rate of pedicle breakout or the
severity of the breakout.17

Numerous factors have been identified to play an impor-
tant role in the accuracy of pedicle screw placement without
taking into account the type of CT-based navigation system.
Of these factors, this technique was reported to be associated
with a learning curve, which exists for almost every new
surgical technique. Wood and McMillen examined the rela-
tionship between the learning curve and the accuracy of
pedicle screw placement. The study concluded that the
accuracy of pedicle screw placement improves as the surgeon
becomes more familiar with the technique.18 A more recent
study by Rivkin and Yocom, who used the StealthStation
navigation system in their study, reported a steeper learning
curve. They suggested that �15 to 30 cases are required to
consistently attain breach rates that are similar to what is
reported in the literature.19

Surgical techniques and the dimension of the surgical
object is another important factor. Lekovic et al reported
that the incidence of unintended screw perforations mainly
depends on the pedicle diameter.17 Several other factors can
have a confounding effect on pedicle screw accuracy as well.
The extent of the surgery can have an effect on the accuracy.
For example, Shin et al explained that using the O-arm in
conjunction with the StealthStation navigation system, al-
though reported to provide the largest field of view among
intraoperative image-guided applications, is still insufficient
to properly performmultilevel surgery. A single scan can only
yield images for a maximum of four spinal segments. There-
fore, multiple scans are required in multilevel surgeries,
which can create longer operative times and can lead to a
compromise in screw accuracy.20

Furthermore, as previously stated, some vertebra seg-
ments are more difficult to operate on than others. Thoracic
spine surgery has been shown in the literature to be a difficult
and demanding surgery.20,21 The anatomical differences be-
tween the thoracic and lumbar vertebra lead to different
maximal acceptable translational and rotational errors.22

Another confounding factor in attaining an accurate assess-
ment of the rates of pedicle screw misplacement is the wide
variability of assessment tools. Some surgeons undertake
routine radiographs postoperatively and others undertake
CT scanning and O-arm, which is by far more sensitive to
minor screw breeches.23 Other factors that can be attributed
to this difference include the involvement of different patient
demographics, different surgical techniques, and the range in
the complexity of the surgery. In our review, 69.2% of the
articles used postoperative CT scan. However, the rest of the
articles used radiographs and the O-arm. Aoude et al con-
cluded that 2-mm increments are the most widely accepted
for determining pedicle screw placement accuracy.11 Using
the 2-mm increments, it is possible to compare CT-based
navigation systems with one another by assessing the accu-
racy of pedicle screw placement in each system. This com-
parison is important, because themore accurate the CT-based
navigation is, the more confident the surgeon can be.

Although it is accepted today that intraoperative CT-based
navigation systems are more accurate than conventional
methods, the significant variations in accuracy of CT-based
navigation systems reported in the literature remain

Table 3 Descriptive statistics for pedicle screw accuracy
comparing different CT-based navigation systems

Descriptive statistics StealthStation,
Medtronic,
United States
(%)

VectorVision,
BrainLab,
Germany
(%)

Mean 98.71 95.82

Weighted mean 97.20 96.10

Median accuracy 98.30 98.14

Minimum accuracy 94.51 87.80

Maximum accuracy 100 100

Accuracy range 5.50 12.24

Interquartile accuracy
range

4.03 3.01

Standard deviation 2.10 3.90

Abbreviation: CT, computed tomography.
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ambiguous. Numerous studies even stated that no pedicle
breaches occurred. Using the 2-mm increment method,11

both Richter et al24 and Patil et al,25 among several other
studies that met our inclusion criteria, reported 100% accu-
racies. Richter et al used the VectorVision navigation system
and evaluated 167 screws.24 Patil et al used the StealthSta-
tion navigation system and evaluated 116 screws.25 Some
studies had much lower accuracy rates, like a study by Eck et
al,26 which reported an accuracy of 59.3% while using the
StealthStation navigation system. The present study’s statis-
tical analysis shows that the differences in the weighted
mean accuracy rates between different CT-based navigation
system manufacturers are significant. The mean accuracy of
pedicle screw placement based on the CT-based navigation
system was found to be 97.20 � 2.1% for StealthStation and
96.1 � 3.9% for VectorVision. Surgeons must keep in mind
that despite many other factors, the accuracy of their pedicle
screw insertion can be affected bywhich navigation system is
employed. Future studies should consider the technology
behind these navigation systems and try to determine how
they differ and what permits one manufacturer to be more
accurate than the other. Doing so can present the opportuni-
ty of providing the best technology in spinal navigation,27

therefore decreasing the need for revision surgeries and
potentially reducing complication rates and negative
outcomes.22

Given all these factors that may influence the accuracy of
pedicle screwplacementwhen using intraoperative CT-based
navigation systems, the present study shows that accuracy is
significantly affected, depending on the company of the
navigation system used in surgery. Therefore, despite the
steep learning curve and the extent of the procedure, this
study is the first in the literature that shows that no matter
how experienced a surgeon is, their outcomes can be affected
by the navigation system.

The cervical spine has a complex anatomy and a relatively
greater mobility when compared with the lumbar or thoracic
spine, which may have affected the accuracy of screw place-
ment. The statistical analysiswas repeated after excluding the
publications that reported screw placement in the cervical
vertebrae. The statistical difference remained significant.
Additionally, we repeated the analysis after excluding mo-
dalities that create CT-like images (image quality lower than
the standard CT scan), such as the O-arm, which may have
affected the accuracy as well. The results again remained
statistically different.

There are several limitations in this study. A certain degree
of heterogeneity exists among the studies included in the
literature review. Certain patient factors remained unaccount-
ed for when considering statistical difference between naviga-
tion systems, such as patients’ age, body mass index, sex, and
demographic characteristics. The extent of the procedure, the
experience and skills of the surgeon, the indication of surgery,
and the length and diameter of the screws also remained
unaccounted for. Medtronic’s navigation system models were
notably the most prevalent in the literature. This fact is
reflected in ►Table 2, which shows that 18 (69.2%) articles
that satisfied our inclusion criteria utilized navigation system

models made by the company Medtronic and assessed a total
of 6,716 pedicle screws. Future studies should try to incorpo-
rate more articles in the statistical analysis and more evenly
distribute them among the sample groups.

Doing a study comparing different technologies can be a
difficult task, as technological advancements are constantly
beingmade, especially in the rapidly evolving field of surgery.
Another limitation that must be considered is that the
software and hardware of these CT-based navigation systems
have undergone updates throughout the selected period of
this study. This discrepancy of software and hardware is
another source of heterogeneity among the studies that
met our inclusion criteria. However, the changes in these
systemswithin the period of these studies appear to be subtle
enough in their function and performance, such that the
accuracy rates were not significantly affected.

Furthermore, it must be noted that to show the actual
accuracy of a navigation system, the planned trajectory of a
screw should be compared with the final screw position.
Nevertheless, the only available information about the accu-
racy of different CT-navigation systems is the final screw
position, which may be misleading in certain situations,
because surgeons can achieve optimal screw position by
changing the planned trajectory that was proposed by the
navigation system.

Also, future studies should look into other perioperative
factors, such as blood loss, radiation exposure, operation
time, and registration time, and a cost–benefit analysis
should be done to justify the use of navigation systems.

We present a systematic literature review of CT-based CAS
for pedicle screw placement. This review summarizes the
results presented in the literature and compares the CT-based
navigation systems to one another, relative to
screw placement accuracy. We believe this study to be the
first to compare the accuracy of different CT-based navigation
systems in spine surgery. Our study shows that a significant
statistical difference exists between these navigation sys-
tems, which affects accuracy. The goal of this study is to
show that differences between systems exist and should be
considered when using CT-based navigation systems.
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