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Abstract

Study Design: Systematic review and meta-analysis.

Objectives: To evaluate the accuracy of placement for cervical pedicle screws with and without the use of spinal
navigation.

Methods: A structured search was conducted in electronic databases without any language or date restrictions. Eligible
studies reported the proportion of accurately placed cervical pedicle screws measured on intraoperative or postoperative
3D imaging, and reported whether intraoperative navigation was used during screw placement. Randomized Studies
(MINORS) criteria were used to evaluate the methodological quality of how accuracy was assessed for cervical pedicle
screws.

Results: After screening and critical appraisal, 4697 cervical pedicle screws from 18 studies were included in the meta-analysis.
The pooled proportion for cervical pedicle screws with a breach up to 2 mm was 94% for navigated screws and did not differ
from the pooled proportion for non-navigated screws (96%). The pooled proportion for cervical pedicle screws placed
completely in the pedicle was 76% for navigated screws and did not differ from the pooled proportion for non-navigated screws
(82%). Intraoperative screw reposition rates and screw revision rates as a result of postoperative imaging also did not differ
between navigated and non-navigated screw placement.

Conclusions: This systematic review and meta-analysis found that the use of spinal navigation systems does not significantly
improve the accuracy of placement of cervical pedicle screws compared to screws placed without navigation. Future studies
evaluating intraoperative navigation for cervical pedicle screw placement should focus on the learning curve, postoperative
complications, and the complexity of surgical cases.
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Background

Placing pedicle screws in the cervical spine is technically
challenging. The cervical pedicle is narrow and critical
structures are close by such as the vertebral arteries, nerve
roots, and spinal cord. The incidence of complications
directly attributed to misplaced cervical pedicle screws
varies significantly (.0%-5.7%), and reported rates of
screw-related revision surgeries are low (1.0%-2.4%).1,2

However, complications caused by misplaced cervical
pedicle screws may be severe and irreversible, or even
lethal.3-7

Spinal navigation is an intraoperative guidance method
developed to gain more control during interventions such as
pedicle screw placement. Spinal navigation provides sur-
geons with continuous three-dimensional (3D) visual feed-
back on the position of a pedicle screw relative to the bony
anatomy of the spine throughout the procedure. Without
navigation, spine surgeons have to rely, apart from haptic
feedback, on static intraoperative – or postoperative – im-
aging that only provides feedback on a screw’s position
whenever an image is obtained.

Spinal navigation systems have shown potential to im-
prove on the accuracy of placement of pedicle screws and
reduce screw-related revision surgeries in the thoracic and
lumbar spine.8,9 However, because acquiring and main-
taining spinal navigation systems and their equipment is
expensive, discussion remains if their costs outweigh the
potential benefits.10-12 When used in high-risk surgical
anatomy, including the cervical spine, even relatively small
contributions in accuracy may justify the use of spinal
navigation systems.

We conducted a systematic review and meta-analysis to
evaluate the accuracy of placement for cervical pedicle screws
placed with the help of navigation compared with screws
placed without navigation.

Methods

The present review adhered to guidelines of Meta-analysis Of
Observational Studies in Epidemiology (MOOSE).13 The
protocol for this review was published in the PROSPERO
international prospective register of systematic reviews
[CRD42022307501].14 This review required no approval
from an international review board, and because no original
patient data was used, obtaining informed consent did not
apply to this study.

Search Strategy

We conducted a structured search to identify all articles re-
porting on cervical pedicle screw placement using the elec-
tronic databases PubMed, Embase and Cochrane, without any
language or date restrictions, on June 13, 2023. The following
keywords and their synonyms were combined: “fluoroscopy

or navigation or free-hand or robotic”, “pedicle screw” and
“cervical spine” (Supplement 1).

Selection Process

After duplicate removal using EndNote (The EndNote Team,
Philadelphia, USA, version X9), title and abstract of all
studies were independently assessed for eligibility by 2
authors (author 1 and author 2). If eligibility could not be
determined based on title and abstract, the full text was
reviewed. Any disagreements were resolved by consensus.
We used Rayyan systematic review software for the
screening of studies.15

Eligible studies evaluated the proportion of accurately
placed pedicle screws in the cervical spine. Studies had to
report what intraoperative imaging modality surgeons had
used during the surgery and if they had used navigation
equipment to place cervical pedicle screws. Accuracy of
placement of pedicle screws had to be measured on an in-
traoperative or postoperative 3D image (e.g., computed to-
mography (CT) or cone-beam CT (CBCT)). Studies had to
provide the proportion of cervical pedicle screws that
breached the pedicle wall with more or less than 2 milli-
meters (mm) in any direction, or with more or less than 50%
of the screw diameter in any direction as long as they used
screws with a diameter of 3.5-4.0 mm. If a study did not
report the screw diameter but assessed the accurate place-
ment of pedicle screws based on the percentage of the screw
diameter breaching the pedicle wall, the corresponding au-
thor of the pertaining study was contacted to provide screw
diameters.

Only studies with more than ten patients were included.
Studies that reported on other types of cervical screws, such as
lamina or lateral mass screws, were included as long as they
separately provided the accuracy of the cervical pedicle screws
placed. If it was unclear how many patients underwent cer-
vical pedicle screw fixation, we still included the study if we
could extract the number and accuracy of the cervical pedicle
screws placed.

No restrictions were applied regarding the technique for
screw placement used (e.g., free-hand or robotic), the surgical
approach (e.g., minimally invasive or open), or indication for
surgical treatment. Exclusion criteria were conference ab-
stracts, reviews, editorials, non-human or cadaveric studies,
studies not written in English, French, German or Spanish, and
studies for which a full text could not be retrieved.

Data Extraction and Quality Assessment

Two authors (BJJB and BEGB) independently assessed the
quality of each included study and extracted all data. Any
discordances between reviewers were discussed with a third
author (JJV) until consensus was achieved.

Data was collected for design and funding of the study,
patient demographics, indication for surgery, surgical
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approach, cervical levels treated, method used to place
pedicle screws, intraoperative imaging modalities and nav-
igation system used, method used to assess accuracy of
placement, and the accuracy of placement. Additionally, data
was collected for the number of intraoperatively repositioned
cervical pedicle screws and screws revised as a result of
postoperative imaging.

Cervical pedicle screws were classified as navigated
screws or non-navigated screws based on the intraoperative
guidance method used for pedicle screw placement. Nav-
igated screws were screws placed with the help of a nav-
igational system that intraoperatively provided the surgeon
with real-time 3D feedback of the screw position relative to
the bony anatomy of the vertebra. Non-navigated screws
were screws placed without the help of an intraoperative
navigational system, with the surgeon just relying on
visual/tactile feedback and/or static intraoperative imaging.
If studies reported data for both navigated and non-
navigated screws, the screws were divided into their re-
spective group.

Cervical pedicle screws placed with a patient-specific pre-
printed 3D guiding template for drilling or screwing were
analyzed as a separate group and were not included in the
primary analyses. When using a guiding template, surgeons
rely less on the guidance from intraoperative imaging to place
a pedicle screw, but they still receive essential patient-specific
positional feedback from the template itself, making it a
separate group not fitting our definition of navigated or non-
navigated screw placement.

The primary outcome was the proportion of cervical
pedicle screws placed completely in the pedicle or with a
minor breach. A minor breach was defined as screws
breaching the pedicle wall less than 2 mm or with less than
50% of the screw diameter in any direction. The 2 mm cut-off
was chosen because breaches less than 2 mm are normally
considered clinically irrelevant and breaches larger than
2 mm may cause clinical symptoms.16-18 If studies reported
the accuracy of placement before and after intraoperative
repositioning, we used the accuracy after intraoperative re-
positioning to allow for a valid comparison with studies only
reporting the postoperative accuracy of placement. Sec-
ondary outcomes were the number of cervical pedicle screws
placed completely within the pedicle, the number of screws
with a major breach defined as screws breaching the pedicle
more than 4 mm in any direction,17 the number of intra-
operatively repositioned screws, and the number of screws
revised as a result of postoperative imaging. All outcomes
were assessed separately for navigated and non-navigated
screws.

The Methodological Index for Non-Randomized Studies
(MINORS) criteria were used to assess the methodological
quality of included studies.19 The MINORS criteria comprise
a 12-item checklist. Items are scored zero if the item is not
reported, 1 if inadequately reported, or 2 if adequately re-
ported. Comparative studies can score a maximum of 24

points, and non-comparative studies can score 16 points.
Only studies comparing navigated cervical pedicle screw
placement with non-navigated cervical pedicle screw
placement were appraised as comparative studies, all other
studies as non-comparative studies. We adjusted the MI-
NORS criteria specifically for the primary outcome of the
current review; the radiological accuracy of placement.
Studies were only included in the meta-analysis if they in-
cluded a consecutive group of patients, assessed accuracy of
placement on intraoperative or postoperative CT or CBCT,
and reported that the accuracy of placement was assessed by
at least 1 independent observer. An independent observer
was considered a person who was not involved in the sur-
geries (Supplement 2).

Statistical Analysis

For navigated and non-navigated screws separately, the
proportion of cervical pedicle screws with an insignificant
breach was logit transformed for included studies. The
logit-transformed proportions were pooled by conducting a
meta-analysis via a generalized linear model using random
effects (generalized linear mixed model). A generalized
linear mixed model is preferred over classic meta-analyses
for single proportions (e.g., arcsine or Freeman-Tukey
double arcsine transformations) because it uses the exact
binomial within-study distribution instead of a normal
approximation. Additionally, a random-effect model better
captures the uncertainty resulting from heterogeneity
among studies than a fixed-effect model.20 The 2 pooled
proportions were compared using a Wald-type test by fitting
them into a fixed-effects meta-regression model. A fixed-
effects model was applied because the generalized linear
mixed models had already accounted for the (residual)
heterogeneity.21 Pooled proportions were back-transformed
and presented with a 95% confidence interval [95% CI].
Heterogeneity was assessed via the τ2, χ2, and I2 statistics.
Pooling and subsequent comparison of secondary outcomes
were performed using the same statistical methodology as
for the primary outcome.

Potential publication bias was assessed by generating
Doi plots using the Z-score on the vertical axis and the logit-
transformed proportion on the horizontal axis. We used the
LFK index to assess asymmetry in the Doi plots. The closer
the value of the LFK index to zero, the more symmetrical
the Doi plot is, and zero represents complete symmetry.
LFK indices beyond ±1 were deemed consistent with
asymmetry indicating publication bias. An LFK index >1
indicated positive publication bias, thus an overestimated
accuracy of placement, and an index <1 indicated negative
publication bias.22,23 All analyses were performed using R
4.0.3 software (The R Foundation for Statistical Comput-
ing, Vienna, Austria; ‘metafor’ and ‘metasens’ packages).
P-values less than .05 denoted a statistically significant
difference.
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Results

Study Selection

The literature search identified 4710 unique studies. After title
and abstract screening, 339 studies proceeded to full-text
screening. Ultimately, 67 studies met the inclusion criteria
(Figure 1).18,24-89

Study Characteristics

All 67 included studies were non-randomized observational
studies, of which 8 studies compared navigated screw
placement to non-navigated screw placement. Surgical ap-
proach was open in 57 studies, minimally invasive or open in 7
studies, and not specified in 4 studies. In all 7 studies where
patients were treated minimally invasively, surgeons used

navigation for screw placement. In 56 studies, screws were
placed with a free-hand technique, in ten studies with a 3D-
printed guiding template, and in 3 studies a robotic arm was
used (Table 1).

Overall, 37 studies assessed 4969 navigated screws re-
porting accuracy of placement rates of 79%-100% (e.g.,
screws placed completely in the pedicle or with a minor
breach), 30 studies assessed 6603 non-navigated screws re-
porting rates of 67%-100%, and ten studies assessed 1104
screws placed using a 3D-printed guiding template reporting
rates of 93%-100% (Supplement 3).

Critical Appraisal and Publication Bias

The mean MINORS score for the 8 comparative studies was
17.5 (SD 2.4; range 15-20). For the 29 non-comparing studies

Figure 1. Flow diagram illustrating the searches, screening, and included number of studies.
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assessing navigated screws, the mean MINORS score was
10.8 (SD 1.5; range 8-14), for the 22 studies assessing non-
navigated screws it was 11.5 (SD 1.3; range 9-14), and for the
ten studies assessing screws placed with a 3D-printed guiding
template it was 10.6 (SD 1.3; range 9-13).

After critical appraisal, 41 studies were excluded from the
primary analyses because they did not include a consecutive
group of patients or no independent observer assessed the
accuracy of placement of pedicle screws, and 8 studies
because they only assessed screws placed with a patient-
specific 3D-printed guiding template (Figure 1). Details on
the critical appraisal for each study can be found in
Supplement 4.

The Doi plots for the 18 studies included in the primary
analysis showed asymmetry for navigated screws (LFK in-
dex = 3.79), and for non-navigated screws (LFK index = 1.65),
indicating positive publication bias (Figure 2).

Screws Completely in the Pedicle orWith aMinor Breach

The exact number of patients included in the primary
analysis could not be calculated because 2 studies did not
report the number of patients undergoing cervical pedicle
screw placement (1254-1415 patients) (Table 2). Ten studies
assessed 1155 navigated screws of which 25%-53% were
placed in C1-C2 (2 studies did not separately report the
number of pedicle screws placed in C1-C2). Ten studies
assessed 3542 non-navigated screws of which 12% were
placed in C1-C2 (Supplement 5). The pooled proportion of
navigated screws completely in the pedicle or with a minor
breach was 94% [89%-97%], and the pooled proportion for

non-navigated screws was 96% [91%-98%]. The pooled
proportions did not differ significantly between the groups
(P = .582) (Figure 3).

Screws Completely in the Pedicle

Nine studies reported rates for screws placed completely in
the pedicle varying from 46% to 97% for 885 navigated
screws and nine studies of 61%-91% for 3473 non-
navigated screws (Table 2). The pooled proportion of
navigated screws completely in the pedicle was 76% [65%-
85%] and for non-navigated screws it was 82% [76%-86%].
The pooled estimates did not differ significantly between
the groups (P = .359) (Figure 4).

Screws With a Major Breach

Eight studies reported rates for majorly breaching screws of
0%-14% for 885 navigated screws and five studies of 0%-3%
for 525 non-navigated screws (Table 2). The pooled pro-
portion of majorly breaching navigated screws was 1.4%
[.4%-5.2%] and for severely deviating non-navigated screws it
was .4% [.1%-3.4%]. The pooled estimates did not differ
significantly between the groups (P = .357).

Screws Repositioned Intraoperatively

Six studies reported intraoperative screw reposition rates of
0%-11% for 791 navigated screws and five studies of 0%-
4% for 809 non-navigated screws (Table 2). The pooled
proportion for intraoperatively repositioned navigated

Figure 2. The Doi plots for the 18 studies included. Both Doi pots show asymmetry and indicate positive publication bias (an overestimated
accuracy of placement for navigated and non-navigated screws).
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screws was 1.3% [.2%-7.9%] and for non-navigated screws
it was .3% [.0%-3.2%] (Figure 5). The pooled estimates did
not differ significantly between the groups (P = .379).

Screws Revised as a Result of Postoperative Imaging

The rates of screws revised as a result of postoperative im-
aging were reported in 8 studies for 910 navigated screws
(0%-1%) and in 9 studies for 3271 non-navigated screws (0%-
9%) (Table 2). The pooled proportion for screw revision as a
result of postoperative imaging for navigated screws was .1%
[.0%-.8%] and for non-navigated screws it was .3% [.1%-.7%]
(Figure 6). The pooled estimates did not differ significantly
between the groups (P = .398).

Screws Placed With Patient-Specific 3D-Printed
Guiding Templates

In 2 studies cervical pedicle screws were placed with a patient-
specific 3D-printed template and an independent observer
assessed the accuracy of placement of pedicle screws in a

consecutive group of patients on CT. Both studies reported
that 98% of the screws were placed completely in the pedicle
(98 and 126 screws) and that 2% had a minor breach (both 2
screws) (Supplement 3).

Discussion

This systematic review and meta-analysis assessed the ac-
curacy of placement of cervical pedicle screws placed with
the help of intraoperative navigation compared with screws
placed without navigation. Eighteen non-randomized ob-
servational studies were included for analysis. The pooled
accuracy of placement did not differ between navigated and
non-navigated cervical pedicle screws, neither for screws
placed completely in the pedicle nor for screws with a breach
of <2 mm.

Multiple systematic reviews found that, with the help of
navigation equipment, more pedicle screws were placed
accurately in the thoracolumbar spine compared with
screws placed without navigation.8,9,90,91 Some systematic
reviews even included randomized controlled trials

Figure 3. Pooled proportions for the accuracy of placement of cervical pedicle screws with a breach up to 2mm. The pooled proportions did
not differ significantly (P = .582) between navigated and non-navigated screws.
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Figure 4. Pooled proportions for the accuracy of placement of cervical pedicle screws placed completely in the pedicle. The pooled
proportions did not differ significantly (P = .359) between navigated and non-navigated screws.

Figure 5. Pooled proportions for intraoperative cervical pedicle screw repositions. The pooled proportions did not differ significantly
(P = 0.379) between navigated and non-navigated screws.
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only.90,91 The current review did not find that the accuracy
of placement for cervical pedicle screws increased if
navigation equipment was used for screw placement. Most
included studies were retrospective and non-comparative.
Comparative studies allow for a more homogenous com-
parison of the screw placement accuracy, and may be less
heterogenous regarding indications for surgery and patient
characteristics. The current review identified 8 comparative
studies, of which 7 reported that the accuracy of placement
of cervical pedicle screw improved if surgeons used an
intraoperative navigation system. However, we could only
include 2 of the comparing studies in the meta-analysis,
because only those 2 included a consecutive group of pa-
tients, and reported that an independent observer assessed
the accuracy of placement. In addition, no comparative
study used randomization and, except for 1,81 all were case-
control studies. The 7 case-control studies compared pa-
tients treated with a recently acquired spinal navigation
system to a historical group of patients that underwent
cervical spinal fixation without navigation. Such studies are
prone to publication and selection bias, and their results
should be interpreted carefully. In particular, when infor-
mation is lacking regarding how and by whom the screw
placement accuracy was measured. For instance, reliable

accuracy measurement of cervical pedicle screws on CT
depends on proper scan acquisition and adequate reader
training.92

The complex setup of a navigation system before it can be
applied for cervical pedicle screw placement may partly
explain why surgeons do not seem to place screws more
accurately with intraoperative navigation. The cervical spine
is highly mobile,93 and, when operating, the surgical working
field is relatively small. Both the mobility of the cervical
spine and the small surgical working field demand secure
handling of navigational hardware such as the trackable
reference frame. During navigation setup, the reference
frame is attached to the patient and registered to the spine’s
bony anatomy with intraoperative imaging. After the reg-
istration, the navigation system’s cameras utilize the attached
reference frame to indirectly track the registered bony
anatomy. The mobility of the cervical spine requires sur-
geons to register the reference frame just before they start
using the navigation system, preferably after exposing the
bony surface of the vertebrae, to minimize the risk of relative
shifting of the frame to the vertebrae caused by surgical
manipulation.94 Also, the reference frame must be attached
as close to the target vertebrae as possible for optimal reg-
istration and navigation accuracy. When instrumenting on

Figure 6. Pooled proportions for postoperative cervical pedicle screw revisions. The pooled proportions did not differ significantly (P = .398)
between navigated and non-navigated screws.
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axial cervical levels, the position of the reference frame may
be less of a problem because the frame can be fixated outside
the surgical working field on the rigid Mayfield head holder.
However, when operating on subaxial levels, the reference
frame must remain within the surgical working field, attached
to the spinous process of for example the C2, T1, or T2
vertebrae. The proximity of the reference frame during
navigation forces surgeons to constantly pay attention to
avoid unnecessary touching and moving of the frame. If the
reference frame is accidentally bumped, the accuracy of the
navigation system may degrade.95 In addition, after place-
ment of every pedicle screw, surgeons should check if the
navigation system is still accurately tracking the vertebrae.
Every screw placement potentially causes relative movement
between individual cervical vertebrae and, thus, a relative
movement toward the reference frame.93,96 Therefore, sur-
geons must be familiar with the navigation system due to the
complex setup of cervical navigation.95,97 A slight oversight
can quickly degrade the navigation system’s accuracy and,
consequently, the accurate placement of cervical pedicle
screws.

Only focusing on radiologic placement accuracy to evaluate
the use of navigation equipment for cervical pedicle screw
placement may be too simplified. Outcomes related to the
patient or surgical procedure are far more essential than ra-
diologic outcome measures. Patients could also benefit from
fewer screw-related postoperative complications or less impact
of the surgery. Spine surgeons could also benefit if they could
treat more complex cases safely, or achieve a shorter or safer
learning curve for placing cervical pedicle screws. The present
review did not find that using navigation for cervical pedicle
screw placement resulted in fewer screw revisions as a result of
postoperative imaging but did identify some opportunities
where using navigation may be beneficial. Spinal navigation
systems may facilitate minimally invasive (percutaneous) sur-
gery in the cervical spine. In 7 studies, cervical pedicle screws
were placed via a minimally invasive approach, and in all of
these studies, navigation equipment was used during screw
placement. Spinal navigation systemsmay allow spine surgeons
to determine the entry point and trajectory for cervical pedicle
screws more easily, even without widely exposing the ana-
tomical landmarks and surrounding soft tissue, thus operating
via a minimal approach. Furthermore, without navigation, the
learning curve for accurate cervical pedicle screw placement is
long, and accurate placement strongly depends on the surgeon’s
experience.98-100 The learning curve for navigated cervical
pedicle instrumentation may be relatively safer and shorter with
appropriate training and familiarity with the navigation
system.18,30,36,42,48,59,60 Nevertheless, a spinal navigation sys-
tem is not a substitute for surgeon’s skills but rather an en-
hancement. Anatomical knowledge and competence regarding
cervical pedicle screw placement remain essential to conduct the
procedure safely. Surgeons cannot solely depend on a navi-
gation system and must also be able to perform/end the surgery
safely without navigation.

A cheaper alternative to intraoperative navigation for
cervical pedicle screw placement is using pre-printed 3D
templates for drilling or screwing, which was applied in ten
studies. The pre-printed templates are patient-specific, and
surgeons can place cervical pedicle screws accurately using
these templates even when the anatomy is complex. However,
the use of patient-specific templates can be time-consuming in
terms of production and intraoperative positioning. More
importantly, the opportunity to perform minimally invasive
surgery is limited as current templates require close contact
with the exposed bony surface.

Limitations

Our review and meta-analysis must be interpreted in light of
their strengths and limitations. First, this systematic review
adhered to the PRISMA guidelines, and a study protocol
was pre-registered to PROSPERO. Second, we used a broad
search strategy focused on cervical pedicle screws, which
was carefully developed to ensure that no relevant articles
were missed, and after screening all articles, we found no
new studies via other identification methods. Third, the
large number of studies fitting our inclusion criteria allowed
for meta-analyses of only the 18 studies with highest
methodological quality. As a supplement, meta-analyses
were performed including all 59 studies (excluding the 8
studies that used a patient-specific 3D-printed guiding
template for screw placement). Our findings remained the
same for screws placed with a breach up to 2 mm although
the pooled proportion of screws placed completely in the
pedicle was higher when intraoperative navigation was used
(Supplement 6). The current meta-analyses may be limited
due to the heterogeneity of the included studies. Included
studies differed in study design, indications for surgery,
experience of the surgeons, surgical approach, and the
navigation system used. The 18 studies included in the
meta-analyses did not allow for sub-analyses for potential
confounders, such as minimally invasive surgery, if ro-
botics were used to insert pedicle screws, and the cervical
levels operated on. One study included in the meta-analyses
applied robotics, and in 2 studies minimally invasive sur-
gery was performed. For screws placed in the axial and
subaxial spine separately, the accuracy of placement rates
were added as a supplement (Supplement 5). In addition,
the Doi plots indicated positive publication bias, thus an
overestimated accuracy of placement for navigated and
non-navigated screws. Lastly, clinically relevant outcomes
such as postoperative complications, length of stay, blood
loss, and operating time were too heterogeneous to compare
between the included studies.

Future Research

Future studies assessing intraoperative navigation for cervical
pedicle screw placement should also focus on outcomes such
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as shortening the learning curve, reducing the complexity of
surgical cases, and performingminimally invasive procedures.
The years of experience as a spine surgeon and his/her fa-
miliarity with the navigation system should be taken into
account as well.

Conclusion

This systematic review and meta-analysis found that the use of
spinal navigation systems does not significantly improve the
accuracy of placement of cervical pedicle screws compared to
screws placed without navigation. However, spinal navigation
systems can facilitate interesting opportunities such as min-
imally invasive surgery. Future studies evaluating intra-
operative navigation for cervical pedicle screw placement
should focus on the learning curve, postoperative complica-
tions, and the complexity of surgical cases while using proper
methodology to assess and report accuracy of placement.
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24. Barsa P, Fr}ohlich R, Šercl M, Buchvald P, Suchomel P. The
intraoperative portable CT scanner-based spinal navigation: A
viable option for instrumentation in the region of cervico-
thoracic junction. Eur Spine J. 2016;25(6):1643-1650. doi:10.
1007/s00586-016-4476-6

25. Bertram U, Schmidt TP, Clusmann H, et al. Intraoperative
computed tomography–assisted spinal navigation in dorsal
cervical instrumentation: A prospective study on accuracy
regarding different pathologies and screw types. World
Neurosurg. 2021;149:e378-e385. doi:10.1016/j.wneu.2021.
02.014

26. Bohoun CA, Naito K, Yamagata T, Tamrakar S, Ohata K,
Takami T. Safety and accuracy of spinal instrumentation
surgery in a hybrid operating roomwith an intraoperative cone-
beam computed tomography. Neurosurg Rev. 2019;42(2):
417-426. doi:10.1007/s10143-018-0977-6

27. Bredow J, Oppermann J, Kraus B, et al. The accuracy of 3D
fluoroscopy-navigated screw insertion in the upper and
subaxial cervical spine. Eur Spine J. 2015;24(12):2967-2976.
doi:10.1007/s00586-015-3974-2

28. Cao L, Yang E, Xu J, et al. “Direct vision” operation of
posterior atlantoaxial transpedicular screw fixation for unstable

atlantoaxial fractures: A retrospective study. Medicine. 2017;
96(25):e7054. https://journals.lww.com/md-journal/Fulltext/
2017/06230/_Direct_vision__operation_of_posterior.10.aspx

29. Carl B, Bopp M, Pojskic M, Voellger B, Nimsky C. Standard
navigation versus intraoperative computed tomography navi-
gation in upper cervical spine trauma. Int J Comput Assist
Radiol Surg. 2019;14(1):169-182. doi:10.1007/s11548-018-
1853-0

30. Chachan S, Bin Abd Razak HR, Loo WL, Allen JC, Shree
Kumar D. Cervical pedicle screw instrumentation is more
reliable with O-arm-based 3D navigation: Analysis of cervical
pedicle screw placement accuracy with O-arm-based 3D
navigation. Eur Spine J. 2018;27(11):2729-2736. doi:10.1007/
s00586-018-5585-1

31. Habib N, Filardo G, Distefano D, Candrian C, Reinert M, Scarone
P. Use of intraoperative CT improves accuracy of spinal navi-
gation during screw fixation in cervico-thoracic region. Spine.
2021;46(8):530-537. doi:10.1097/BRS.0000000000003827

32. Harel R, Nulman M, Knoller N. Intraoperative imaging and
navigation for C1-C2 posterior fusion. Surg Neurol Int. 2019;
10:149. doi:10.25259/SNI_340_2019

33. Hecht N, Yassin H, Czabanka M, et al. Intraoperative com-
puted tomography versus 3D C-arm imaging for navigated
spinal instrumentation. Spine. 2018;43(5):370-377. https://
journals.lww.com/spinejournal/Fulltext/2018/03010/
Intraoperative_Computed_Tomography_Versus_3D_C_Arm.
17.aspx

34. Hey HWD, ZhuoWH, Tan YHJ, Tan JH. Accuracy of freehand
pedicle screws versus lateral mass screws in the subaxial
cervical spine. Spine Deform. 2020;8(5):1049-1058. doi:10.
1007/s43390-020-00119-z

35. Hojo Y, Ito M, Suda K, Oda I, Yoshimoto H, Abumi K. A
multicenter study on accuracy and complications of freehand
placement of cervical pedicle screws under lateral fluoroscopy
in different pathological conditions: CT-based evaluation of
more than 1,000 screws. Eur Spine J. 2014;23(10):2166-2174.
doi:10.1007/s00586-014-3470-0

36. Hur JW, Kim JS, Ryu KS, Shin MH. Accuracy and safety in
screw placement in the high cervical spine: Retrospective
analysis of O-arm–based navigation-assisted C1 lateral mass
and C2 pedicle screws. Clin Spine Surg. 2019;32(4):
E193-E199. https://journals.lww.com/jspinaldisorders/
Fulltext/2019/05000/Accuracy_and_Safety_in_Screw_
Placement_in_the_High.13.aspx

37. Inoue T, Wada K, Tominaga A, Tamaki R, Hirota T, Okazaki
K. O-arm assisted cervicothoracic spine pedicle screw
placement accuracy is higher than C-arm fluoroscopy. World
Neurosurg. 2022;158:e996-e1001. doi:10.1016/j.wneu.2021.
12.006

38. Ito Y, Sugimoto Y, Tomioka M, Hasegawa Y, Nakago K,
Yagata Y. Clinical accuracy of 3D fluoroscopy–assisted cer-
vical pedicle screw insertion: Clinical article. J Neurosurg
Spine. 2008;9(5):450-453. doi:10.3171/SPI.2008.9.11.450

39. Jiang L, Dong L, Tan M, Yang F, Yi P, Tang X. Accuracy
assessment of atlantoaxial pedicle screws assisted by a novel

1034 Global Spine Journal 14(3)

https://doi.org/10.1007/s00586-015-3853-x
https://doi.org/10.1097/00007632-199001000-00004
https://doi.org/10.1097/00007632-199001000-00004
https://doi.org/10.1097/01.brs.0000192297.07709.5d
https://doi.org/10.1046/j.1445-2197.2003.02748.x
https://doi.org/10.1002/jrsm.1348
https://doi.org/10.1002/jrsm.1348
https://doi.org/10.1080/00220973.2018.1561404
https://doi.org/10.1080/00220973.2018.1561404
https://doi.org/10.1016/j.jclinepi.2014.03.003
https://doi.org/10.1016/j.jclinepi.2014.03.003
https://journals.lww.com/ijebh/Fulltext/2018/12000/A_new_improved_graphical_and_quantitative_method.3.aspx
https://journals.lww.com/ijebh/Fulltext/2018/12000/A_new_improved_graphical_and_quantitative_method.3.aspx
https://journals.lww.com/ijebh/Fulltext/2018/12000/A_new_improved_graphical_and_quantitative_method.3.aspx
https://doi.org/10.1007/s00586-016-4476-6
https://doi.org/10.1007/s00586-016-4476-6
https://doi.org/10.1016/j.wneu.2021.02.014
https://doi.org/10.1016/j.wneu.2021.02.014
https://doi.org/10.1007/s10143-018-0977-6
https://doi.org/10.1007/s00586-015-3974-2
https://journals.lww.com/md-journal/Fulltext/2017/06230/_Direct_vision__operation_of_posterior.10.aspx
https://journals.lww.com/md-journal/Fulltext/2017/06230/_Direct_vision__operation_of_posterior.10.aspx
https://doi.org/10.1007/s11548-018-1853-0
https://doi.org/10.1007/s11548-018-1853-0
https://doi.org/10.1007/s00586-018-5585-1
https://doi.org/10.1007/s00586-018-5585-1
https://doi.org/10.1097/BRS.0000000000003827
https://doi.org/10.25259/SNI_340_2019
https://journals.lww.com/spinejournal/Fulltext/2018/03010/Intraoperative_Computed_Tomography_Versus_3D_C_Arm.17.aspx
https://journals.lww.com/spinejournal/Fulltext/2018/03010/Intraoperative_Computed_Tomography_Versus_3D_C_Arm.17.aspx
https://journals.lww.com/spinejournal/Fulltext/2018/03010/Intraoperative_Computed_Tomography_Versus_3D_C_Arm.17.aspx
https://journals.lww.com/spinejournal/Fulltext/2018/03010/Intraoperative_Computed_Tomography_Versus_3D_C_Arm.17.aspx
https://doi.org/10.1007/s43390-020-00119-z
https://doi.org/10.1007/s43390-020-00119-z
https://doi.org/10.1007/s00586-014-3470-0
https://journals.lww.com/jspinaldisorders/Fulltext/2019/05000/Accuracy_and_Safety_in_Screw_Placement_in_the_High.13.aspx
https://journals.lww.com/jspinaldisorders/Fulltext/2019/05000/Accuracy_and_Safety_in_Screw_Placement_in_the_High.13.aspx
https://journals.lww.com/jspinaldisorders/Fulltext/2019/05000/Accuracy_and_Safety_in_Screw_Placement_in_the_High.13.aspx
https://doi.org/10.1016/j.wneu.2021.12.006
https://doi.org/10.1016/j.wneu.2021.12.006
https://doi.org/10.3171/SPI.2008.9.11.450


drill guide template. Arch Orthop Trauma Surg. 2016;136(11):
1483-1490. doi:10.1007/s00402-016-2530-9

40. Kaneyama S, Sugawara T, Sumi M. Safe and accurate mid-
cervical pedicle screw insertion procedure with the patient-
specific screw guide template system. Spine. 2015;40(6):
E341-E348. https://journals.lww.com/spinejournal/Fulltext/
2015/03150/Safe_and_Accurate_Midcervical_Pedicle_Screw.
7.aspx

41. Kim SU, Roh BI, Kim SJ, Kim SD. The clinical experience of
computed tomographic-guided navigation system in c1-2 spine
instrumentation surgery. J Korean Neurosurg Soc. 2014;56(4):
330-333. doi:10.3340/jkns.2014.56.4.330

42. Kisinde S, Hu X, Hesselbacher S, Satin AM, Lieberman IH.
Robotic-guided placement of cervical pedicle screws: Feasi-
bility and accuracy. Eur Spine J. 2022;31(3):693-701. doi:10.
1007/s00586-022-07110-4

43. Komatsubara T, Tokioka T, Sugimoto Y, Ozaki T. Minimally
Invasive Cervical Pedicle Screw Fixation by a Posterolateral
Approach for Acute Cervical Injury ; 2016. www.
clinicalspinesurgery.com

44. Shree Kumar D, Ampar N, Wee Lim L. Accuracy and reli-
ability of spinal navigation: An analysis of over 1000 pedicle
screws. J Orthop. 2020;18:197-203. doi:10.1016/j.jor.2019.
10.002

45. Kwon JW, Arreza EO, Suguitan AA, et al. Medial pedicle pivot
point using preoperative computed tomography morphometric
measurements for cervical pedicle screw insertion: A novel
technique and case series. J Clin Med. 2022;11(2):396. doi:10.
3390/jcm11020396

46. Lang Z, Tian W, Liu Y, Liu B, Yuan Q, Sun Y. Minimally
invasive pedicle screw fixation using intraoperative 3-
dimensional fluoroscopy-based navigation (CAMISS tech-
nique) for hangman fracture. Spine. 2016;41(1):39-45. https://
journals.lww.com/spinejournal/Fulltext/2016/01000/
Minimally_Invasive_Pedicle_Screw_Fixation_Using.9.aspx

47. Lee BJ, KimM, Jeong SK, et al. Comparison of the accuracy of
C1 pedicle screw fixation using fluoroscopy and free-hand
techniques in patients with posterior arch thickness of less than
4 mm.Oper Neurosurg. 2020;19(4):429-435. doi:10.1093/ons/
opaa067

48. Lee JS, Son DW, Lee SH, Ki SS, Lee SW, Song GS. Com-
parative analysis of surgical outcomes of C1–2 fusion spine
surgery between intraoperative computed tomography image
based navigation-guided operation and fluoroscopy-guided
operation. J Korean Neurosurg Soc. 2020;63(2):237-247.
doi:10.3340/jkns.2019.0172

49. Lee SH, KimKT, Abumi K, Suk KS, Lee JH, Park KJ. Cervical
pedicle screw placement using the “key slot technique”: The
feasibility and learning curve. Clin Spine Surg. 2012;25(8):
415-421. https://journals.lww.com/jspinaldisorders/Fulltext/
2012/12000/Cervical_Pedicle_Screw_Placement_Using_
the__Key.2.aspx

50. Liu B, Liu X, Shen X,Wang G, Chen Y. The “slide technique” -
A novel free-hand method of subaxial cervical pedicle screw

placement. BMC Muscoskel Disord. 2020;21(1):399. doi:10.
1186/s12891-020-03420-0

51. Lu S, Xu YQ, Lu WW, et al. A novel patient-specific navi-
gational template for cervical pedicle screw placement. Spine.
2009;34(26):E959-E966. https:/ / journals. lww.com/
spinejournal/Fulltext/2009/12150/A_Novel_Patient_Specific_
Navigational_Template_for.19.aspx

52. Mahesh B, Upendra B, Raghavendra R. Acceptable errors with
evaluation of 577 cervical pedicle screw placements. Eur Spine
J. 2020;29(5):1043-1051. doi:10.1007/s00586-020-06359-x

53. Miyamoto H, Uno K. Cervical pedicle screw insertion using a
computed tomography cutout technique: Technical note.
J Neurosurg Spine. 2009;11(6):681-687. doi:10.3171/2009.6.
SPINE09352

54. Mueller CA, Roesseler L, Podlogar M, Kovacs A, Kristof RA.
Accuracy and complications of transpedicular C2 screw
placement without the use of spinal navigation. Eur Spine J.
2010;19(5):809-814. doi:10.1007/s00586-010-1291-3

55. Oikonomidis S, Beyer F, Meyer C, Baltin CT, Eysel P, Bredow
J. Insertion angle of pedicle screws in the subaxial cervical
spine: The analysis of computed tomography-navigated in-
sertion of pedicle screws. Asian Spine J. 2020;14(1):66-71.
doi:10.31616/ASJ.2019.0053

56. Park JH, Lee JY, Lee BH, Jeon HJ, Park SW. Free-hand
cervical pedicle screw placement by using para-articular
minilaminotomy: Its feasibility and novice neurosurgeons’
experience. Global Spine J. 2021;11(5):662-668. doi:10.1177/
2192568220919089

57. Pham MH, Bakhsheshian J, Reid PC, Buchanan IA,
Fredrickson VL, Liu JC. Evaluation of C2 pedicle screw
placement via the freehand technique by neurosurgical
trainees. J Neurosurg Spine. 2018;29(3):235-240. doi:10.3171/
2018.1.SPINE17875

58. Pu X, Yin M, Ma J, et al. Design and application of a novel
patient-specific three-dimensional printed drill navigational
guiding in atlantoaxial pedicle screw placement. World
Neurosurg. 2018;114:e1-e10. doi:10.1016/j.wneu.2017.11.042

59. Rienmüller A, Buchmann N, Kirschke JS, et al. Accuracy of CT-
navigated pedicle screw positioning in the cervical and upper
thoracic region with and without prior anterior surgery and
ventral plating. Bone Joint Lett J. 2017;99-B(10):1373-1380.
doi:10.1302/0301-620X.99B10.BJJ-2016-1283.R1

60. Satake K, Kanemura T, Ito K, et al. Pedicle screw placement
with use of a navigated surgical drill at subaxial cervical
spine. J Clin Neurosci. 2021;88:28-33. doi:10.1016/j.jocn.
2021.03.009

61. Scheufler KM, Franke J, Eckardt A, Dohmen H. Accuracy of
image-guided pedicle screw placement using intraoperative
computed tomography-based navigation with automated
referencing, part I: Cervicothoracic spine. Neurosurgery.
2011;69(4):782-795. Discussion 795. doi:10.1227/NEU.
0b013e318222ae16

62. Sciubba DM, Noggle JC, Vellimana AK, et al. Radiographic
and clinical evaluation of free-hand placement of C-2 pedicle

Bindels et al. 1035

https://doi.org/10.1007/s00402-016-2530-9
https://journals.lww.com/spinejournal/Fulltext/2015/03150/Safe_and_Accurate_Midcervical_Pedicle_Screw.7.aspx
https://journals.lww.com/spinejournal/Fulltext/2015/03150/Safe_and_Accurate_Midcervical_Pedicle_Screw.7.aspx
https://journals.lww.com/spinejournal/Fulltext/2015/03150/Safe_and_Accurate_Midcervical_Pedicle_Screw.7.aspx
https://doi.org/10.3340/jkns.2014.56.4.330
https://doi.org/10.1007/s00586-022-07110-4
https://doi.org/10.1007/s00586-022-07110-4
http://www.clinicalspinesurgery.com
http://www.clinicalspinesurgery.com
https://doi.org/10.1016/j.jor.2019.10.002
https://doi.org/10.1016/j.jor.2019.10.002
https://doi.org/10.3390/jcm11020396
https://doi.org/10.3390/jcm11020396
https://journals.lww.com/spinejournal/Fulltext/2016/01000/Minimally_Invasive_Pedicle_Screw_Fixation_Using.9.aspx
https://journals.lww.com/spinejournal/Fulltext/2016/01000/Minimally_Invasive_Pedicle_Screw_Fixation_Using.9.aspx
https://journals.lww.com/spinejournal/Fulltext/2016/01000/Minimally_Invasive_Pedicle_Screw_Fixation_Using.9.aspx
https://doi.org/10.1093/ons/opaa067
https://doi.org/10.1093/ons/opaa067
https://doi.org/10.3340/jkns.2019.0172
https://journals.lww.com/jspinaldisorders/Fulltext/2012/12000/Cervical_Pedicle_Screw_Placement_Using_the__Key.2.aspx
https://journals.lww.com/jspinaldisorders/Fulltext/2012/12000/Cervical_Pedicle_Screw_Placement_Using_the__Key.2.aspx
https://journals.lww.com/jspinaldisorders/Fulltext/2012/12000/Cervical_Pedicle_Screw_Placement_Using_the__Key.2.aspx
https://doi.org/10.1186/s12891-020-03420-0
https://doi.org/10.1186/s12891-020-03420-0
https://journals.lww.com/spinejournal/Fulltext/2009/12150/A_Novel_Patient_Specific_Navigational_Template_for.19.aspx
https://journals.lww.com/spinejournal/Fulltext/2009/12150/A_Novel_Patient_Specific_Navigational_Template_for.19.aspx
https://journals.lww.com/spinejournal/Fulltext/2009/12150/A_Novel_Patient_Specific_Navigational_Template_for.19.aspx
https://doi.org/10.1007/s00586-020-06359-x
https://doi.org/10.3171/2009.6.SPINE09352
https://doi.org/10.3171/2009.6.SPINE09352
https://doi.org/10.1007/s00586-010-1291-3
https://doi.org/10.31616/ASJ.2019.0053
https://doi.org/10.1177/2192568220919089
https://doi.org/10.1177/2192568220919089
https://doi.org/10.3171/2018.1.SPINE17875
https://doi.org/10.3171/2018.1.SPINE17875
https://doi.org/10.1016/j.wneu.2017.11.042
https://doi.org/10.1302/0301-620X.99B10.BJJ-2016-1283.R1
https://doi.org/10.1016/j.jocn.2021.03.009
https://doi.org/10.1016/j.jocn.2021.03.009
https://doi.org/10.1227/NEU.0b013e318222ae16
https://doi.org/10.1227/NEU.0b013e318222ae16


screws: Clinical article. J Neurosurg Spine. 2009;11(1):15-22.
doi:10.3171/2009.3.SPINE08166

63. Shimokawa N, Takami T. Surgical safety of cervical pedicle
screw placement with computer navigation system. Neurosurg
Rev. 2017;40(2):251-258. doi:10.1007/s10143-016-0757-0

64. Shin HK, Jeon SR, Roh SW, Park JH. Benefits and pitfalls of
O-arm navigation in cervical pedicle screw. World Neurosurg.
2022;159:e460-e465. doi:10.1016/j.wneu.2021.12.077

65. Sugimoto Y, Hayashi T, Tokioka T. Minimally invasive cer-
vical pedicle screw fixation via the posterolateral approach for
metastatic cervical spinal tumors. Spine Surg Relat Res. 2017;
1(4):218-221. doi:10.22603/ssrr.1.2016-0025

66. Sugimoto Y, Ito Y, Tomioka M, et al. Vertebral rotation during
pedicle screw insertion in patients with cervical injury. Acta
Neurochir. 2010;152(8):1343-1346. doi:10.1007/s00701-010-
0665-y

67. Tanaka M, Kadiri V, Sonawane S, et al. Comparative evalu-
ation of screw accuracy and complications of new C-arm free
O-arm navigated minimally invasive cervical pedicle screw
fixation (MICEPS) with conventional cervical screw fixation.
Interdiscip Neurosurg. 2021;25:101278. doi:10.1016/j.inat.
2021.101278

68. Tian W, Weng C, Liu B, et al. Posterior fixation and fusion of
unstable Hangman’s fracture by using intraoperative three-
dimensional fluoroscopy-based navigation. Eur Spine J.
2012;21(5):863-871. doi:10.1007/s00586-011-2085-y

69. Tofuku K, Koga H, Komiya S. Cervical pedicle screw insertion
using a gutter entry point at the transitional area between the
lateral mass and lamina. Eur Spine J. 2012;21(2):353-358. doi:
10.1007/s00586-011-1969-1

70. Tokioka T, Oda Y. Minimally invasive cervical pedicle screw
fixation (MICEPS) via a posterolateral approach. Clin Spine
Surg. 2019;32(7):279-284. https://journals.lww.com/
jspinaldisorders/Fulltext/2019/08000/Minimally_Invasive_
Cervical_Pedicle_Screw_Fixation.3.aspx

71. Wada K, Tamaki R, Inoue T, Hagiwara K, Okazaki K. Cervical
pedicle screw insertion using O-arm-based 3D navigation:
Technical advancement to improve accuracy of screws. World
Neurosurg. 2020;139:e182-e188. doi:10.1016/j.wneu.2020.
03.171

72. Wang F, Li CH, Liu ZB, et al. The effectiveness and safety of 3-
dimensional printed composite guide plate for atlantoaxial
pedicle screw: A retrospective study. Medicine. 2019;98(1):
e13769-e13769. doi:10.1097/MD.0000000000013769

73. Wang Y, Xie J, Yang Z, et al. Computed tomography as-
sessment of lateral pedicle wall perforation by free-hand
subaxial cervical pedicle screw placement. Arch Orthop
Trauma Surg. 2013;133(7):901-909. doi:10.1007/s00402-013-
1752-3

74. Wu YS, Lin Y, Zhang XL, et al. Management of hangman’s
fracture with percutaneous transpedicular screw fixation. Eur
Spine J. 2013;22(1):79-86. doi:10.1007/s00586-012-2578-3

75. Yeom JS, Buchowski JM, Park KW, Chang BS, Lee CK, Riew
KD. Undetected vertebral artery groove and foramen violations
during C1 lateral mass and C2 pedicle screw placement. Spine.

2008;33(25):E942-E949. https:/ / journals. lww.com/
spinejournal/Fulltext/2008/12010/Undetected_Vertebral_
Artery_Groove_and_Foramen.26.aspx

76. Yukawa Y, Kato F, Ito K, et al. Placement and complications of
cervical pedicle screws in 144 cervical trauma patients using
pedicle axis view techniques by fluoroscope. Eur Spine J.
2009;18(9):1293-1299. doi:10.1007/s00586-009-1032-7

77. Zausinger S, Scheder B, Uhl E, Heigl T, Morhard D, Tonn JC.
Intraoperative computed tomography with integrated naviga-
tion system in spinal stabilizations. Spine. 2009;34(26):
2919-2926. https://journals.lww.com/spinejournal/Fulltext/
2009/12150/Intraoperative_Computed_Tomography_With_
Integrated.15.aspx

78. Zhang K, Chen H, Chen K, Yang P, Yang H, Mao H. O-arm
navigated cervical pedicle screw fixation in the treatment of
lower cervical fracture-dislocation. Orthop Surg. 2022;14(6):
1135-1142. doi:10.1111/os.13227

79. Wu C, Deng J, Wang Q, et al. Comparison of perpendicular to
the coronal plane versus medial inclination for C2 pedicle
screw insertion assisted by 3D printed navigation template.
Orthop Surg. 2022;15:563-571. doi:10.1111/os.13535

80. Takamatsu N, Manabe H, Yokoo Y, et al. Comparison between
O-arm navigation and conventional fluoroscopic guidance in
corrective posterior fixation for cervical spinal injury. J Med
Invest. 2022;69(3.4):273-277. doi:10.2152/jmi.69.273

81. Su XJ, Lv ZD, Chen Z, et al. Comparison of accuracy and
clinical outcomes of robot-assisted versus fluoroscopy-guided
pedicle screw placement in posterior cervical surgery. Global
Spine J. 2022;12(4):620-626. doi:10.1177/2192568220960406

82. Niu G, Cheng J, Liu L, et al. Individualized 3D printed
navigation template-assisted atlantoaxial pedicle screws vs.
free-hand screws for the treatment of upper cervical fractures.
Front Surg. 2022;9:932296. doi:10.3389/fsurg.2022.932296

83. Li K, Miao J, Han Y, Lan J. Freehand regional techniques for
subaxial cervical pedicle screw placement. Internet J Spine
Surg. 2022;16(5):863-867. doi:10.14444/8339

84. Farshad M, Spirig JM, Winkler E, et al. Template guided
cervical pedicle screw instrumentation. N Am Spine Soc J.
2022;10:100120. doi:10.1016/j.xnsj.2022.100120

85. Zhou LP, Zhang RJ, Zhang WK, et al. Clinical application of
spinal robot in cervical spine surgery: Safety and accuracy of
posterior pedicle screw placement in comparison with con-
ventional freehand methods. Neurosurg Rev. 2023;46(1):118.
doi:10.1007/s10143-023-02027-y

86. Gan G, Kaliya-Perumal AK, Yu CS, Nolan CP, Oh JYL. Spinal
navigation for cervical pedicle screws: Surgical pearls and
pitfalls. Global Spine J. 2021;11(2):196-202. doi:10.1177/
2192568220902093

87. Tauchi R, Imagama S, Sakai Y, et al. The correlation between
cervical range of motion and misplacement of cervical pedicle
screws during cervical posterior spinal fixation surgery using a
CT-based navigation system. Eur Spine J. 2013;22(7):
1504-1508. doi:10.1007/s00586-013-2719-3

88. V Rajan V, Kamath V, Shetty AP, Rajasekaran S. Iso-C3D
navigation assisted pedicle screw placement in deformities of

1036 Global Spine Journal 14(3)

https://doi.org/10.3171/2009.3.SPINE08166
https://doi.org/10.1007/s10143-016-0757-0
https://doi.org/10.1016/j.wneu.2021.12.077
https://doi.org/10.22603/ssrr.1.2016-0025
https://doi.org/10.1007/s00701-010-0665-y
https://doi.org/10.1007/s00701-010-0665-y
https://doi.org/10.1016/j.inat.2021.101278
https://doi.org/10.1016/j.inat.2021.101278
https://doi.org/10.1007/s00586-011-2085-y
https://doi.org/10.1007/s00586-011-1969-1
https://journals.lww.com/jspinaldisorders/Fulltext/2019/08000/Minimally_Invasive_Cervical_Pedicle_Screw_Fixation.3.aspx
https://journals.lww.com/jspinaldisorders/Fulltext/2019/08000/Minimally_Invasive_Cervical_Pedicle_Screw_Fixation.3.aspx
https://journals.lww.com/jspinaldisorders/Fulltext/2019/08000/Minimally_Invasive_Cervical_Pedicle_Screw_Fixation.3.aspx
https://doi.org/10.1016/j.wneu.2020.03.171
https://doi.org/10.1016/j.wneu.2020.03.171
https://doi.org/10.1097/MD.0000000000013769
https://doi.org/10.1007/s00402-013-1752-3
https://doi.org/10.1007/s00402-013-1752-3
https://doi.org/10.1007/s00586-012-2578-3
https://journals.lww.com/spinejournal/Fulltext/2008/12010/Undetected_Vertebral_Artery_Groove_and_Foramen.26.aspx
https://journals.lww.com/spinejournal/Fulltext/2008/12010/Undetected_Vertebral_Artery_Groove_and_Foramen.26.aspx
https://journals.lww.com/spinejournal/Fulltext/2008/12010/Undetected_Vertebral_Artery_Groove_and_Foramen.26.aspx
https://doi.org/10.1007/s00586-009-1032-7
https://journals.lww.com/spinejournal/Fulltext/2009/12150/Intraoperative_Computed_Tomography_With_Integrated.15.aspx
https://journals.lww.com/spinejournal/Fulltext/2009/12150/Intraoperative_Computed_Tomography_With_Integrated.15.aspx
https://journals.lww.com/spinejournal/Fulltext/2009/12150/Intraoperative_Computed_Tomography_With_Integrated.15.aspx
https://doi.org/10.1111/os.13227
https://doi.org/10.1111/os.13535
https://doi.org/10.2152/jmi.69.273
https://doi.org/10.1177/2192568220960406
https://doi.org/10.3389/fsurg.2022.932296
https://doi.org/10.14444/8339
https://doi.org/10.1016/j.xnsj.2022.100120
https://doi.org/10.1007/s10143-023-02027-y
https://doi.org/10.1177/2192568220902093
https://doi.org/10.1177/2192568220902093
https://doi.org/10.1007/s00586-013-2719-3


the cervical and thoracic spine. Indian J Orthop. 2010;44(2):
163-168. doi:10.4103/0019-5413.62083

89. Yoshii T, Hirai T, Sakai K, Inose H, Kato T, Okawa A. Cervical
pedicle screw placement using intraoperative computed to-
mography imaging with a mobile scanner gantry. Eur Spine J.
2016;25(6):1690-1697. doi:10.1007/s00586-016-4508-2

90. Matur AV, Palmisciano P, Duah HO, Chilakapati SS, Cheng JS,
Adogwa O. Robotic and navigated pedicle screws are safer and
more accurate than fluoroscopic freehand screws: A systematic
review and meta-analysis. Spine J. 2023;23:197-208. Pub-
lished online 2022. doi:10.1016/j.spinee.2022.10.006

91. Li HM, Zhang RJ, Shen CL. Accuracy of pedicle screw
placement and clinical outcomes of robot-assisted technique
versus conventional freehand technique in spine surgery from
nine randomized controlled trials: A meta-analysis. Spine.
2020;45(2) :E111-E119. ht tps : / / journals . lww.com/
spinejournal/Fulltext/2020/01150/Accuracy_of_Pedicle_
Screw_Placement_and_Clinical.17.aspx

92. Kim HS, Heller JG, Hudgins PA, Fountain JA. The accuracy of
computed tomography in assessing cervical pedicle screw
placement. Spine. 2003;28(21):2441-2446. https://journals.
lww.com/spinejournal/Fulltext/2003/11010/The_Accuracy_
of_Computed_Tomography_in_Assessing.3.aspx

93. Bogduk N, Mercer S. Biomechanics of the cervical spine. I:
Normal kinematics. Clin Biomech. 2000;15(9):633-648. doi:
10.1016/s0268-0033(00)00034-6

94. Navarro-Ramirez R, Lang G, Lian X, et al. Total navigation in
spine surgery; A concise guide to eliminate fluoroscopy using a

portable intraoperative computed tomography 3-dimensional
navigation system. World Neurosurg. 2017;100:325-335. doi:
10.1016/j.wneu.2017.01.025

95. Wallace N, Schaffer NE, Freedman BA, et al. Computer-
assisted navigation in complex cervical spine surgery: Tips
and tricks. J Spine Surg. 2020;6(1):136-144. doi:10.21037/jss.
2019.11.13

96. Lange N,Meyer B,Meyer HS. Navigation for surgical treatment
of disorders of the cervical spine –A systematic review. J Orthop
Surg. 2021;29(1_suppl):23094990211012865. doi:10.1177/
23094990211012865

97. Richter M, Cakir B, Schmidt R. Cervical pedicle screws:
Conventional versus computer-assisted placement of cannu-
lated screws. Spine. 2005;30(20):2280-2287. doi:10.1097/01.
brs.0000182275.31425.cd

98. Yoshimoto H, Sato S, Hyakumachi T, Yanagibashi Y, Kanno T,
Masuda T. Clinical accuracy of cervical pedicle screw insertion
using lateral fluoroscopy: A radiographic analysis of the
learning curve. Eur Spine J. 2009;18(9):1326-1334. doi:10.
1007/s00586-009-1109-3

99. Jung YG, Jung SK, Lee BJ, et al. The subaxial cervical pedicle
screw for cervical spine diseases: The review of technical
developments and complication avoidance. Neurol Med -Chir.
2020;60(5):231-243. doi:10.2176/nmc.ra.2019-0189

100. Dickerman RD, Reynolds AS, Stevens Q, Zigler J. Cervical
pedicle screws vs. lateral mass screws: Uniplanar fatigue
analysis and residual pullout strengths. Spine J. 2007;7(3):384.
doi:10.1016/j.spinee.2007.01.002

Bindels et al. 1037

https://doi.org/10.4103/0019-5413.62083
https://doi.org/10.1007/s00586-016-4508-2
https://doi.org/10.1016/j.spinee.2022.10.006
https://journals.lww.com/spinejournal/Fulltext/2020/01150/Accuracy_of_Pedicle_Screw_Placement_and_Clinical.17.aspx
https://journals.lww.com/spinejournal/Fulltext/2020/01150/Accuracy_of_Pedicle_Screw_Placement_and_Clinical.17.aspx
https://journals.lww.com/spinejournal/Fulltext/2020/01150/Accuracy_of_Pedicle_Screw_Placement_and_Clinical.17.aspx
https://journals.lww.com/spinejournal/Fulltext/2003/11010/The_Accuracy_of_Computed_Tomography_in_Assessing.3.aspx
https://journals.lww.com/spinejournal/Fulltext/2003/11010/The_Accuracy_of_Computed_Tomography_in_Assessing.3.aspx
https://journals.lww.com/spinejournal/Fulltext/2003/11010/The_Accuracy_of_Computed_Tomography_in_Assessing.3.aspx
https://doi.org/10.1016/s0268-0033(00)00034-6
https://doi.org/10.1016/j.wneu.2017.01.025
https://doi.org/10.21037/jss.2019.11.13
https://doi.org/10.21037/jss.2019.11.13
https://doi.org/10.1177/23094990211012865
https://doi.org/10.1177/23094990211012865
https://doi.org/10.1097/01.brs.0000182275.31425.cd
https://doi.org/10.1097/01.brs.0000182275.31425.cd
https://doi.org/10.1007/s00586-009-1109-3
https://doi.org/10.1007/s00586-009-1109-3
https://doi.org/10.2176/nmc.ra.2019-0189
https://doi.org/10.1016/j.spinee.2007.01.002

	Accurate Placement and Revisions for Cervical Pedicle Screws Placed With or Without Navigation: A Systematic Review and Met ...
	Background
	Methods
	Search Strategy
	Selection Process
	Data Extraction and Quality Assessment
	Statistical Analysis

	Results
	Study Selection
	Study Characteristics
	Critical Appraisal and Publication Bias
	Screws Completely in the Pedicle or With a Minor Breach
	Screws Completely in the Pedicle
	Screws With a Major Breach
	Screws Repositioned Intraoperatively
	Screws Revised as a Result of Postoperative Imaging
	Screws Placed With Patient-Specific 3D-Printed Guiding Templates

	Discussion
	Limitations
	Future Research

	Conclusion
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	Supplemental Material
	References


