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Object. Several retrospective studies have demonstrated higher accuracy rates and increased safety for navigated
pedicle screw placement than for free-hand techniques; however, the accuracy differences between navigation systems has not been extensively studied. In some instances, 3D fluoroscopic navigation methods have been reported to
not be more accurate than 2D navigation methods for pedicle screw placement. The authors of this study endeavored
to identify if 3D fluoroscopic navigation methods resulted in a higher placement accuracy of pedicle screws.
Methods. A systematic analysis was conducted to examine pedicle screw insertion accuracy based on the use
of 2D, 3D, and conventional fluoroscopic image guidance systems. A PubMed and MEDLINE database search was
conducted to review the published literature that focused on the accuracy of pedicle screw placement using intraoperative, real-time fluoroscopic image guidance in spine fusion surgeries. The pedicle screw accuracy rates were
segregated according to spinal level because each spinal region has individual anatomical and morphological variations. Descriptive statistics were used to compare the pedicle screw insertion accuracy rate differences among the
navigation methods.
Results. A total of 30 studies were included in the analysis. The data were abstracted and analyzed for the following groups: 12 data sets that used conventional fluoroscopy, 8 data sets that used 2D fluoroscopic navigation, and
20 data sets that used 3D fluoroscopic navigation. These studies included 1973 patients in whom 9310 pedicle screws
were inserted. With conventional fluoroscopy, 2532 of 3719 screws were inserted accurately (68.1% accuracy); with
2D fluoroscopic navigation, 1031 of 1223 screws were inserted accurately (84.3% accuracy); and with 3D fluoroscopic navigation, 4170 of 4368 screws were inserted accurately (95.5% accuracy). The accuracy rates when 3D
was compared with 2D fluoroscopic navigation were also consistently higher throughout all individual spinal levels.
Conclusions. Three-dimensional fluoroscopic image guidance systems demonstrated a significantly higher pedicle screw placement accuracy than conventional fluoroscopy or 2D fluoroscopic image guidance methods.
(http://thejns.org/doi/abs/10.3171/2013.11.SPINE13413)
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omputer-assisted navigation for the placement
of pedicle screws has been shown to result in increased placement accuracy, lower complication
rates, and improved functional outcome.23,52,56 Intraoperative image guidance has undergone a substantial evolution in recent years, and surgical spinal procedures have
been benefiting tremendously from the development of
high-resolution imaging systems because of advancements in stereotactic navigation. This technology has
evolved to allow surgeons to use real-time localization of
surgical anatomy in multiple views. Recent work in the
literature has suggested that lower rates of pedicle screw
misplacement occur when 3D navigation is used compared with 2D fluoroscopic image guidance;52 however,
other studies have also reported no differences between
2D and 3D fluoroscopic navigation methods in the rate
of pedicle screw misplacement.26,27 The present study
was undertaken to examine and compare the accuracy of
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•

pedicle screw placement using conventional, 2D, and 3D
volumetric fluoroscopic guidance techniques in patients
undergoing spinal fusion. The secondary objective was to
compare the rates of medial pedicle screw perforations in
2D versus 3D fluoroscopic navigation-assisted surgeries.

Methods
Search Strategy and Inclusion Criteria

A PubMed and MEDLINE database search was conducted to explore published literature that focused on the
accuracy of pedicle screw placement in spine surgeries. In
the database, the term “pedicle screw” was combined with
the following key words: fluoroscopy, virtual fluoroscopy,
Iso-C fluoroscopy, O-arm, 2D fluoroscopy, 3D fluoroscopy, intraoperative image guidance, and intraoperative
navigation. The search limits included human clinical
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studies, randomized controlled trials, comparative studies,
and evaluation studies published from 2002 to 2012. Publications written in English were considered for analysis.
The abstracts from the relevant searches were examined to sort articles that could clearly be excluded. Subsequently, full-text articles were extensively reviewed to
determine which publications were suitable for inclusion.
The references within the selected publications were also
manually searched to identify additional works for inclusion. To be included in the analysis, an article must have
reported accuracy-based results for pedicle screw placement in the living human spine and used conventional
fluoroscopy, 2D fluoroscopic navigation, or 3D fluoroscopic navigation to assist in pedicle screw placement.
Only results pertaining to the placement of pedicle screws
in the cervical, thoracic, or lumbar spine were included,
excluding other screw types such as lateral mass, odontoid, and iliosacral screws. Studies that focused primarily on atypical placement of pedicle screws (for example,
the in-and-out technique or parapedicular screw fixation)
were excluded from the analysis.58,62 No restrictions were
placed on the clinical conditions, age, revision surgeries,
surgical approach, or techniques. Further revisions were
made to exclude any papers that did not report the methods42 or grading system17,42,53 for assessing pedicle screw
placement accuracy or repeatedly reported previously
published results.9
The analysis of the selected papers was independently
performed by 2 authors (A.M. and A.V.) who used the previously predetermined criteria. Disagreements among the
reviewers were discussed until a consensus was reached.
If a consensus could not be reached, a third reviewer was
consulted. If an article investigated 2 or more fluoroscopic
techniques, the individual data sets were assigned to their
corresponding categories (that is, conventional fluoroscopy, 2D fluoroscopic navigation, or 3D fluoroscopic navigation).

Search Results

Results

The database search and review of references yielded
a total of 30 studies that were included in our analysis.
The data were abstracted and analyzed for the following
groups: 12 data sets that used conventional fluoroscopy,
8 data sets that used 2D fluoroscopic navigation, and 20
data sets that used 3D fluoroscopic navigation (Table 1).
The conventional fluoroscopy group contained studies
that used real-time fluoroscopy imaging without the use
of computer-aided navigation; the 2D navigation group
included studies that used virtual fluoroscopy; and the 3D
navigation group included studies that implemented IsoC fluoroscopy, O-arm fluoroscopy, or a combination of
these 2 techniques. These studies included 1973 patients
in whom 9310 pedicle screws were inserted in total.
Analyzing the quality of the published studies, we
identified only 1 randomized, controlled clinical trial38
(Table 1). The rest of the studies represented either Level
IV (observational studies) or Level III (observational studies with controls) data, based on the designation of levels
of evidence according to the Agency for Healthcare Research and Quality criteria: Level I, conclusive; Level II,
strong; Level III, moderate; Level IV, limited; and Level
V, indeterminate. The observational studies with controls
were classified as Level IV if their control group(s) was
not included in this analysis (for example, CT-based image guidance).
Accuracy

The accuracy of pedicle screw placement was examined according to the spinal levels that were treated, as
each spinal region has individual anatomical and morphological variations. The outcome measure that we analyzed
was the accuracy of pedicle screw placement, which was
categorized as either correct placement or misplacement.
For this analysis, a misplaced screw was defined as one
perforating the pedicle cortex to any degree. Additional
data extracted from the papers included the following parameters: number of patients, number of pedicle screws, instrumented vertebral levels, number of misplaced screws,
location of the misplacement, and the imaging technique
used for the assessment of screw placement accuracy.

With conventional fluoroscopy, a total of 2532 of
3719 screws were inserted accurately (68.1% accurate).
The percentage of misplaced screws ranged from 8.3%
to 50.3% (mean 23.6%). Considering the individual spinal levels, 188 of 271 cervical pedicle screws, 614 of 1209
thoracic pedicle screws, and 1544 of 2035 lumbosacral
screws were placed accurately (69.4%, 50.8%, and 75.9%
accuracy rates, respectively).
Using 2D fluoroscopic navigation, 1031 of 1223 screws
were inserted accurately (84.3% accurate). The percentage
of misplaced screws ranged from 5.0% to 26.3% (mean
16.1%). Considering the individual spinal levels, 22 of 30
cervical pedicle screws, 247 of 315 thoracic pedicle screws,
and 762 of 878 lumbosacral screws were placed accurately
(73.3%, 78.4%, and 86.8% accurate, respectively).
With 3D fluoroscopic navigation, 4170 of 4368 screws
were inserted accurately (95.5% accurate). The percentage
of misplaced screws ranged from 0.0% to 19.1% (mean
7.0%). Considering the individual spinal levels, 669 of
741 cervical pedicle screws, 509 of 546 thoracic pedicle
screws, and 1020 of 1055 lumbosacral screws were placed
accurately (90.3%, 93.2%, and 96.7% accurate, respectively).

Statistical Analysis

Comparison of Conventional, 2D, and 3D Fluoroscopic
Methods

Data Analysis

Accuracy was calculated as a percentage for nonmissing data only. The differences in the accuracy rates
of pedicle screw placement between the groups were analyzed using Fisher’s exact test. A p value < 0.05 was considered to be statistically significant.
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In comparison with conventional fluoroscopy without
the aid of computer navigation, both 2D and 3D fluoroscopic navigation had significantly greater pedicle screw
placement accuracy (p = 4.00 × 10-30 [2D] and p = 1.09
× 10-248 [3D]) (Fig. 1). Both methods of navigation also
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TABLE 1: Summary of studies involving pedicle screw insertion stratified by intraoperative placement technique*
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resulted in significantly higher accuracy rates for the individual thoracic (p = 1.39 × 10-19 [2D] and p = 5.26 × 10-77
[3D]) and lumbosacral (p = 7.71 × 10-12 [2D] and p = 6.89
× 10-59 [3D]) spinal regions compared with conventional
fluoroscopy. Additionally, 3D fluoroscopic navigation led
to significantly higher pedicle screw placement accuracy
in the cervical spine (p = 9.64 × 10-15 [3D navigation]);
however, the difference between the placement accuracies
of 2D fluoroscopic navigation and conventional fluoroscopy was not found to be statistically significant due to
the low number of cervical pedicle screws that had been
reported to be placed using 2D navigation (p = 0.834 [2D
navigation]).
Three-dimensional fluoroscopic navigation was also
found to be significantly more accurate for pedicle screw
placement than 2D fluoroscopic navigation (p = 2.77 ×
10-35). The differences in pedicle screw placement accuracy between 2D and 3D fluoroscopic navigation methods
were also statistically significant for the individual spinal levels. With 3D navigation, 9.7% of cervical pedicle
screws were incorrectly placed whereas 26.7% of the
screws were misplaced using 2D navigation (p = 8.29 ×
10-3). In the thoracic spine, 6.8% of pedicle screws were
misplaced when using 3D navigation whereas 21.6% were
misplaced when using 2D navigation (p = 5.09 × 10-10);
in the lumbosacral spine, 3.3% and 13.2% of the pedicle
screws were incorrectly placed when using 3D and 2D
fluoroscopic navigation techniques, respectively (p = 3.39
× 10-16).
Interestingly, when the accuracy rates of the two 3D
fluoroscopic navigation techniques, Iso-C 3D and O-arm
fluoroscopy, were compared, significantly higher pedicle
screw placement accuracy was observed when O-arm
fluoroscopy was used (p = 3.94 × 10-11). Of 1606 screws
placed using Iso-C 3D fluoroscopy, 1488 (92.7%) were
placed accurately. With O-arm fluoroscopy, 2682 (97.1%)
of 2762 pedicle screws were correctly placed.

Discussion
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TABLE 1: Summary of studies involving pedicle screw insertion stratified by intraoperative placement technique* (continued)
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Pedicle screws have become the mainstay of fusion
constructs and the proper placement of these structures
is crucial. Gross pedicle screw misplacement can lead to
neurological deficits, either on an immediate basis or, less
frequently, a delayed basis.4,7 Some degree of disagreement exists within the literature in regard to the necessity
of accurate pedicle screw placement within a given vertebral body. Many surgeons consider the majority of cortical
violations to be clinically silent depending on the location
and the length of penetration.4,11,13 However, even those
initially silent violations may be responsible for instability of the biomechanical construct,1 reduced fusion rates,1
or accelerated adjacent-level degeneration (H.Y. Seo et al.,
unpublished data [presented at the Annual Meeting of the
American Academy of Orthopedic Surgeons, 2011]). In
this retrospective long-term clinical study by Seo et al.,
the authors compared patients who underwent a subsequent lumbar fusion surgery for adjacent-level degeneration to control patients who did not require surgery. They
found a significantly higher score of facet joint violations
of the nonfused segment in the patient group that required
surgery. Clearly, precision in pedicle screw placement is
199
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Fig. 1. A comparison of the accuracy rates of pedicle screw placement for conventional fluoroscopy, 2D fluoroscopic navigation, and 3D fluoroscopic navigation. The mean pedicle screw accuracy rate for each method is represented by the horizontal
black lines. The gray boxes designate the interquartile range (1–3), and the error bars represent the minimum and maximum
values.

of utmost importance; however, misplacement rates have
been reported to range from 5% to 41% in the lumbar
spine and from 3% to 55% in the thoracic spine when using conventional techniques.2,6,45,61
In addition to higher pedicle screw placement accuracy, fluoroscopic navigation has also been reported
to reduce radiation exposure and improve intraoperative
scanning efficiency.50 Although, surgeons and patients
receive a significant amount of ionizing radiation due to
intraoperative scanning, experimental and clinical studies
have reported that radiation exposure is reduced with navigation-assisted fluoroscopy compared with conventional
fluoroscopy, especially if the doses received with confirmatory CT scans are taken into account.22 Furthermore,
the use of 2D or 3D image-guided navigation provides
advantages over other types of computer-guided surgical
navigation such as CT-based navigation. While CT-based
navigation requires extensive preoperative preparation,
including CT scanning, data transfer, and patient registration steps, fluoroscopy-based navigation allows for realtime, intraoperative imaging of patients’ anatomy without
time lost for data mapping.
Three-dimensional (and especially O-arm–based) intraoperative image guidance is perceived as the most expensive navigation method.35 However, a recent study by
Sanborn et al.43 directly compared the cost effectiveness of
O-arm intraoperative neuromonitoring and postoperative
CT imaging for the pedicle screw accuracy assessment in
patients undergoing at least 3-level lumbar fusions. The
calculations were based on 2011 Medicare reimbursement
rates, and because the surgical and hospital charges were
constant, they were not included in the calculations. The
cost for intraoperative navigation using O-arm imaging
was $233.35 per case with an additional $59.49 ± $24.93
if the cost of confirmatory scans was added. According
to the study, this was the most cost-effective method of
intraoperative monitoring, and the cost was significantly
less than performing postoperative CT scanning ($483.26
± $126.74) or intraoperative neuromonitoring ($725.94 ±
200

$158.96). The authors concluded that the least costly alternative was also the most effective.43 Furthermore, if according to Hodges et al., an estimated 1% of patients would
require pedicle screw revision, the nationwide annual cost
was approximated to reach $40,595,000, not considering
the costs associated with morbidity.14 In another study, the
cost for a 2-hour spinal revision surgery was $23,762 when
costs to the surgery department, inpatient fees, and surgeon reimbursement were included.60
We analyzed existing reports in the literature published on the accuracy of spinal pedicle screw placement
with the assistance of conventional fluoroscopy or with
image guidance systems. All of the included studies are
recent publications, from 2004 to 2012, and the vast majority are either observational studies (Class IV evidence)
or observational studies with controls (Class III evidence)
with the exception of 1 randomized controlled clinical
trial.38 The quality of the published studies is quite low;
often the important information is not clear or is missing,
which impedes the generalizability of the results. From a
methodological standpoint, there is no uniformity in reporting on accuracy and much variability exists concerning what actually constitutes a misplaced screw. Different
screw misplacement grading systems are used to assess
the screw placement accuracy,24,25,32 but almost all of them
included the following categories: Grade 0, no pedicle
perforation; Grade 1, 0–2 mm; Grade 2, 2–4 mm; Grade
4, greater than 4 mm. In some of the reports, a breach of
less than 2 mm is not considered to reflect an incorrectly
positioned screw, and this type of screw position is commonly called Grade 1 and included within the number of
accurately placed screws.2,28 Additionally, some reports
only count intraoperatively repositioned screws or screws
that caused complications postoperatively to be malpositioned.14,54 Only a few studies stated whether inaccuracies
in screw placement were clinically significant, caused any
complications, or required an operation for repositioning.
However, there is no clear evidence that any degree of
pedicle breach is acceptable, especially if medial screw
J Neurosurg: Spine / Volume 20 / February 2014
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misplacements are considered. All of these factors make
the analysis and reporting of pedicle screw placement data
particularly difficult. Because the main objective of this
paper was to evaluate the accuracy of the intraoperative
guidance systems and not to analyze clinical implications
of pedicle screw misplacements, we included any degree
of unintentional pedicle cortex breach as misplacement.
We hope this approach presented a more balanced view
of the rates of accurate pedicle screw placement of the
varying fluoroscopic techniques and reduced the effects
of reporting variations.
In May 2005, the O-arm imaging system was granted
Food and Drug Administration marketing clearance for
intraoperative applications in surgical theaters and particularly for orthopedic applications based on the equivalency to the Iso-C system. The system is indicated for use
whenever the physician benefits from intraoperatively generated 3D information of high-contrast objects and anatomical structures. The 2D image guidance system only
offers navigation in coronal and sagittal planes, but clinically significant pedicle violations most often occur in the
medial plane. We were hoping to demonstrate the advantage of the 3D navigational systems in this regard, but the
majority of papers did not provide this information, and
a meaningful statistical analysis could not be performed
with the information that was available. This would be our
most important recommendation for future reports: report
not only the grading system describing misplacements but
also the location of pedicle screw perforations.
The reported data are generally observational and the
quality of reporting is quite low. The reports on the rates
of misplaced screws are not only affected by the definition
of misplacement but also by discrepancies in how screw
placement accuracy is assessed. Assessing the accuracy
of screw placement is best performed with CT scanning;
however, not all of the literature reported uses this method
or the imaging system used for screw accuracy assessment
is not reported. Therefore, the papers that did not report
the methods42 or grading system17,42,53 for assessing pedicle
screw placement accuracy were excluded from this analysis.
Our study design itself has limitations. Systematic
analyses are inherently affected by multiple confounding
factors that are difficult to control. However, due to the nature of the subject studied (different image guidance methods used in consecutive surgeries based on availability
during the certain time periods), prospective, randomized
studies are not always feasible. The strength of the analysis
will always depend on the quality and credibility of the
included studies, and systematic analysis studies could be
placed in the same category of evidence as prospective,
controlled studies. Prospective, controlled trials belong to
the highest hierarchy of evidence, but observational studies could provide a complementary and true representation of what is achieved in everyday medical practice compared with the special settings of a controlled trial. The
results of the study and conclusions with regard to the accuracy of pedicle screw insertion using different methods
of image guidance were mainly based on observational
studies. Although such evidence belongs to a lower category of recommendations, previous studies have found
that observational studies and randomized controlled triJ Neurosurg: Spine / Volume 20 / February 2014

als often agree.3 Systematic reviews of observational studies may help to reduce “a dangerous discrepancy between
the experts and the evidence.”30 It was estimated that about
a half of all meta-analyses are based on observational
studies,5 and they are equally important30,47 because the
sources of bias are minimized by performing systematic
reviews with predetermined inclusion criteria.49
Our analysis is limited by the fact that only studies
written in English were included. Several recent papers
written in Chinese or Japanese could not be included in
the analysis at the time, which could lead to a distorted
effect. However, within our current data set, we clearly
demonstrate that 3D fluoroscopic navigation techniques
result in higher pedicle screw placement accuracy than 2D
fluoroscopic navigation techniques, and both methods of
computer-assisted navigation are superior to conventional
fluoroscopy with free-hand screw placement, especially in
the thoracic region. These results are in agreement with
recent findings52 and in disagreement with the argument
that 3D fluoroscopy does not provide clear advantages
over 2D methods.26,27 Beyond expanding previous data
sets, we also demonstrate that differences in accuracy also
exist between 3D fluoroscopic navigation methods, as we
found O-arm fluoroscopy to be cumulatively more accurate than Iso-C 3D fluoroscopy. Clearly as these systems
are used in larger numbers of surgeries, the advantages of
the different platforms will become even more apparent
and allow a surgeon to weigh the advantages and disadvantages of each system for the best patient outcome.

Conclusions

The results of this analysis suggest a significantly
greater rate of pedicle screw placement accuracy in the
cervical, thoracic, and lumbosacral spine when intraoperative 3D fluoroscopic navigation is used instead of 2D
fluoroscopic navigation. Additionally, both 2D and 3D
methods of navigation produced superior pedicle screw
insertion accuracy rates compared with traditional fluoroscopy techniques.
Disclosure
Dr. Nelson is a consultant for Medtronic Navigation. Dr. Rajpal
is a consultant for Medtronic, LDR, and LANX.
Author contributions to the study and manuscript preparation
include the following. Conception and design: Mason, Villavicencio.
Acquisition of data: Mason, Paulsen, Babuska. Analysis and inter
pretation of data: Mason, Paulsen, Babuska, Burneikiene. Drafting
the article: Mason, Paulsen, Babuska, Villavicencio. Critically revis
ing the article: Mason, Rajpal, Burneikiene, Nelson, Villavicencio.
Reviewed submitted version of manuscript: Mason, Rajpal, Burnei
kiene, Nelson, Villavicencio. Approved the final version of the man
uscript on behalf of all authors: Mason. Statistical analysis: Paulsen,
Babuska. Study supervision: Mason, Burneikiene.
References
1. Açikbaş SC, Arslan FY, Tuncer MR: The effect of transpedicular screw misplacement on late spinal stability. Acta Neurochir (Wien) 145:949–955, 2003
2. Belmont PJ Jr, Klemme WR, Dhawan A, Polly DW Jr: In vivo
accuracy of thoracic pedicle screws. Spine (Phila Pa 1976)
26:2340–2346, 2001

201

A. Mason et al.
3. Benson K, Hartz AJ: A comparison of observational studies
and randomized, controlled trials. Am J Ophthalmol 130:
688, 2000
4. Castro WH, Halm H, Jerosch J, Malms J, Steinbeck J, Blasius
S: Accuracy of pedicle screw placement in lumbar vertebrae.
Spine (Phila Pa 1976) 21:1320–1324, 1996
5. Egger M, Schneider M, Davey Smith G: Spurious precision?
Meta-analysis of observational studies. BMJ 316:140–144,
1998
6. Esses SI, Sachs BL, Dreyzin V: Complications associated with
the technique of pedicle screw fixation. A selected survey of
ABS members. Spine (Phila Pa 1976) 18:2231–2239, 1993
7. Foley KT, Holly LT, Schwender JD: Minimally invasive lumbar
fusion. Spine (Phila Pa 1976) 28 (15 Suppl):S26–S35, 2003
8. Fraser J, Gebhard H, Irie D, Parikh K, Härtl R: Iso-C/3-dimensional neuronavigation versus conventional fluoroscopy for
minimally invasive pedicle screw placement in lumbar fusion.
Minim Invasive Neurosurg 53:184–190, 2010
9. Fu TS, Chen LH, Wong CB, Lai PL, Tsai TT, Niu CC, et al:
Computer-assisted fluoroscopic navigation of pedicle screw
insertion: an in vivo feasibility study. Acta Orthop Scand 75:
730–735, 2004
10. Fu TS, Wong CB, Tsai TT, Liang YC, Chen LH, Chen WJ:
Pedicle screw insertion: computed tomography versus fluoroscopic image guidance. Int Orthop 32:517–521, 2008
11. Gautschi OP, Schatlo B, Schaller K, Tessitore E: Clinically relevant complications related to pedicle screw placement in thoracolumbar surgery and their management: a literature review
of 35,630 pedicle screws. Neurosurg Focus 31(4):E8, 2011
12. Guzey FK, Emel E, Hakan Seyithanoglu M, Serdar Bas N, Ozkan N, Sel B, et al: Accuracy of pedicle screw placement for
upper and middle thoracic pathologies without coronal plane
spinal deformity using conventional methods. J Spinal Disord
Tech 19:436–441, 2006
13. Hicks JM, Singla A, Shen FH, Arlet V: Complications of pedicle screw fixation in scoliosis surgery: a systematic review.
Spine (Phila Pa 1976) 35:E465–E470, 2010
14. Hodges SD, Eck JC, Newton D: Analysis of CT-based navigation system for pedicle screw placement. Orthopedics 35:
e1221–e1224, 2012
15. Hott JS, Deshmukh VR, Klopfenstein JD, Sonntag VK, Dickman CA, Spetzler RF, et al: Intraoperative Iso-C C-arm navigation in craniospinal surgery: the first 60 cases. Neurosurgery 54:1131–1137, 2004
16. Houten JK, Nasser R, Baxi N: Clinical assessment of percutaneous lumbar pedicle screw placement using the O-arm
multidimensional surgical imaging system. Neurosurgery 70:
990–995, 2012
17. Hubbe U, Kogias E, Vougioukas VI: Image guided percutaneous trans-pedicular screw fixation of the thoracic spine. A clinical evaluation. Acta Neurochir (Wien) 151:545–549, 2009
18. Ishikawa Y, Kanemura T, Yoshida G, Ito Z, Muramoto A, Ohno
S: Clinical accuracy of three-dimensional fluoroscopy-based
computer-assisted cervical pedicle screw placement: a retrospective comparative study of conventional versus computerassisted cervical pedicle screw placement. Clinical article. J
Neurosurg Spine 13:606–611, 2010
19. Ishikawa Y, Kanemura T, Yoshida G, Matsumoto A, Ito Z,
Tauchi R, et al: Intraoperative, full-rotation, three-dimensional
image (O-arm)-based navigation system for cervical pedicle
screw insertion. Clinical article. J Neurosurg Spine 15:472–
478, 2011
20. Ito Y, Sugimoto Y, Tomioka M, Hasegawa Y, Nakago K, Yagata Y: Clinical accuracy of 3D fluoroscopy-assisted cervical
pedicle screw insertion. Clinical article. J Neurosurg Spine
9:450–453, 2008
21. Kakarla UK, Little AS, Chang SW, Sonntag VK, Theodore N:
Placement of percutaneous thoracic pedicle screws using neuronavigation. World Neurosurg 74:606–610, 2010

202

22. Kim CW, Lee YP, Taylor W, Oygar A, Kim WK: Use of navi
gation-assisted fluoroscopy to decrease radiation exposure
during minimally invasive spine surgery. Spine J 8:584–590,
2008
23. Kosmopoulos V, Schizas C: Pedicle screw placement accuracy:
a meta-analysis. Spine (Phila Pa 1976) 32:E111–E120, 2007
24. Laine T, Schlenzka D, Mäkitalo K, Tallroth K, Nolte LP,
Visarius H: Improved accuracy of pedicle screw insertion with
computer-assisted surgery. A prospective clinical trial of 30
patients. Spine (Phila Pa 1976) 22:1254–1258, 1997
25. Learch TJ, Massie JB, Pathria MN, Ahlgren BA, Garfin SR:
Assessment of pedicle screw placement utilizing conventional
radiography and computed tomography: a proposed systematic
approach to improve accuracy of interpretation. Spine (Phila
Pa 1976) 29:767–773, 2004
26. Lee GY, Massicotte EM, Rampersaud YR: Clinical accuracy
of cervicothoracic pedicle screw placement: a comparison of
the “open” lamino-foraminotomy and computer-assisted techniques. J Spinal Disord Tech 20:25–32, 2007
27. Lekovic GP, Potts EA, Karahalios DG, Hall G: A comparison
of two techniques in image-guided thoracic pedicle screw
placement: a retrospective study of 37 patients and 277 pedicle
screws. J Neurosurg Spine 7:393–398, 2007
28. Liljenqvist UR, Halm HF, Link TM: Pedicle screw instrumentation of the thoracic spine in idiopathic scoliosis. Spine
(Phila Pa 1976) 22:2239–2245, 1997
29. Liu YJ, Tian W, Liu B, Li Q, Hu L, Li ZY, et al: Comparison
of the clinical accuracy of cervical (C2-C7) pedicle screw insertion assisted by fluoroscopy, computed tomography-based
navigation, and intraoperative three-dimensional C-arm navigation. Chin Med J (Engl) 123:2995–2998, 2010
30. Manchikanti L, Datta S, Smith HS, Hirsch JA: Evidence-based
medicine, systematic reviews, and guidelines in interventional
pain management: part 6. Systematic reviews and meta-analyses of observational studies. Pain Physician 12:819–850, 2009
31. Merloz P, Troccaz J, Vouaillat H, Vasile C, Tonetti J, Eid A,
et al: Fluoroscopy-based navigation system in spine surgery.
Proc Inst Mech Eng H 221:813–820, 2007
32. Mirza SK, Wiggins GC, Kuntz C IV, York JE, Bellabarba C,
Knonodi MA, et al: Accuracy of thoracic vertebral body screw
placement using standard fluoroscopy, fluoroscopic image
guidance, and computed tomographic image guidance: a cadaver study. Spine (Phila Pa 1976) 28:402–413, 2003
33. Nakashima H, Sato K, Ando T, Inoh H, Nakamura H: Comparison of the percutaneous screw placement precision of isocentric C-arm 3-dimensional fluoroscopy-navigated pedicle
screw implantation and conventional fluoroscopy method with
minimally invasive surgery. J Spinal Disord Tech 22:468–
472, 2009
34. Nottmeier EW, Fenton D: Three-dimensional image-guided
placement of percutaneous pedicle screws without the use of
biplanar fluoroscopy or Kirschner wires: technical note. Int J
Med Robot 6:483–488, 2010
35. Park P, Foley KT, Cowan JA, Marca FL: Minimally invasive
pedicle screw fixation utilizing O-arm fluoroscopy with computer-assisted navigation: feasibility, technique, and preliminary results. Surg Neurol Int 1:44, 2010
36. Patil S, Lindley EM, Burger EL, Yoshihara H, Patel VV: Pedicle screw placement with O-arm and stealth navigation. Orthopedics 35:e61–e65, 2012
37. Rajan VV, Kamath V, Shetty AP, Rajasekaran S: Iso-C3D navigation assisted pedicle screw placement in deformities of the
cervical and thoracic spine. Indian J Orthop 44:163–168,
2010
38. Rajasekaran S, Vidyadhara S, Ramesh P, Shetty AP: Randomized clinical study to compare the accuracy of navigated and
non-navigated thoracic pedicle screws in deformity correction
surgeries. Spine (Phila Pa 1976) 32:E56–E64, 2007
39. Rampersaud YR, Lee KS: Fluoroscopic computer-assisted

J Neurosurg: Spine / Volume 20 / February 2014

Intraoperative image guidance for pedicle screw placement

40.
41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

pedicle screw placement through a mature fusion mass: an assessment of 24 consecutive cases with independent analysis
of computed tomography and clinical data. Spine (Phila Pa
1976) 32:217–222, 2007
Rampersaud YR, Pik JH, Salonen D, Farooq S: Clinical accuracy of fluoroscopic computer-assisted pedicle screw fixation:
a CT analysis. Spine (Phila Pa 1976) 30:E183–E190, 2005
Ravi B, Zahrai A, Rampersaud R: Clinical accuracy of computer-assisted two-dimensional fluoroscopy for the percutaneous placement of lumbosacral pedicle screws. Spine (Phila Pa
1976) 36:84–91, 2011
Resnick DK: Prospective comparison of virtual fluoroscopy
to fluoroscopy and plain radiographs for placement of lumbar
pedicle screws. J Spinal Disord Tech 16:254–260, 2003
Sanborn MR, Thawani JP, Whitmore RG, Shmulevich M,
Hardy B, Benedetto C, et al: Cost-effectiveness of confirmatory techniques for the placement of lumbar pedicle screws.
Neurosurg Focus 33(1):E12, 2012
Schizas C, Michel J, Kosmopoulos V, Theumann N: Computer
tomography assessment of pedicle screw insertion in percutaneous posterior transpedicular stabilization. Eur Spine J 16:
613–617, 2007
Schwarzenbach O, Berlemann U, Jost B, Visarius H, Arm E,
Langlotz F, et al: Accuracy of computer-assisted pedicle screw
placement. An in vivo computed tomography analysis. Spine
(Phila Pa 1976) 22:452–458, 1997
Shin MH, Ryu KS, Park CK: Accuracy and safety in pedicle
screw placement in the thoracic and lumbar spines: comparison study between conventional C-arm fluoroscopy and navigation coupled with O-arm® guided methods. J Korean Neurosurg Soc 52:204–209, 2012
Shrier I, Boivin JF, Steele RJ, Platt RW, Furlan A, Kakuma
R, et al: Should meta-analyses of interventions include observational studies in addition to randomized controlled trials?
A critical examination of underlying principles. Am J Epidemiol 166:1203–1209, 2007
Silbermann J, Riese F, Allam Y, Reichert T, Koeppert H, Gutberlet M: Computer tomography assessment of pedicle screw
placement in lumbar and sacral spine: comparison between
free-hand and O-arm based navigation techniques. Eur Spine
J 20:875–881, 2011
Simunovic N, Sprague S, Bhandari M: Methodological issues
in systematic reviews and meta-analyses of observational studies in orthopaedic research. J Bone Joint Surg Am 91 (Suppl
3):87–94, 2009
Slomczykowski M, Roberto M, Schneeberger P, Ozdoba C,
Vock P: Radiation dose for pedicle screw insertion. Fluoroscopic method versus computer-assisted surgery. Spine (Phila
Pa 1976) 24:975–983, 1999
Sugimoto Y, Ito Y, Tomioka M, Shimokawa T, Shiozaki Y,
Mazaki T, et al: Upper lumbar pedicle screw insertion using
three-dimensional fluoroscopy navigation: assessment of clinical accuracy. Acta Med Okayama 64:293–297, 2010

J Neurosurg: Spine / Volume 20 / February 2014

52. Tian NF, Huang QS, Zhou P, Zhou Y, Wu RK, Lou Y, et al:
Pedicle screw insertion accuracy with different assisted methods: a systematic review and meta-analysis of comparative
studies. Eur Spine J 20:846–859, 2011
53. Tormenti MJ, Kostov DB, Gardner PA, Kanter AS, Spiro RM,
Okonkwo DO: Intraoperative computed tomography imageguided navigation for posterior thoracolumbar spinal instrumentation in spinal deformity surgery. Neurosurg Focus
28(3):E11, 2010
54. Upendra BN, Meena D, Chowdhury B, Ahmad A, Jayaswal A:
Outcome-based classification for assessment of thoracic pedicular screw placement. Spine (Phila Pa 1976) 33:384–390,
2008
55. Van de Kelft E, Costa F, Van der Planken D, Schils F: A prospective multicenter registry on the accuracy of pedicle screw
placement in the thoracic, lumbar, and sacral levels with the
use of the O-arm imaging system and StealthStation Navigation. Spine (Phila Pa 1976) 37:E1580–E1587, 2012
56. Verma R, Krishan S, Haendlmayer K, Mohsen A: Functional
outcome of computer-assisted spinal pedicle screw placement:
a systematic review and meta-analysis of 23 studies including
5,992 pedicle screws. Eur Spine J 19:370–375, 2010
57. Villavicencio AT, Burneikiene S, Bulsara KR, Thramann JJ:
Utility of computerized isocentric fluoroscopy for minimally
invasive spinal surgical techniques. J Spinal Disord Tech 18:
369–375, 2005
58. Vougioukas VI, Weber J, Scheufler KM: Clinical and radiological results after parapedicular screw fixation of the thoracic
spine. J Neurosurg Spine 3:283–287, 2005
59. Waschke A, Walter J, Duenisch P, Reichart R, Kalff R, Ewald
C: CT-navigation versus fluoroscopy-guided placement of pedicle screws at the thoracolumbar spine: single center experience of 4,500 screws. Eur Spine J 22:654–660, 2013
60. Watkins RG, Gupta A, Watkins RG: Cost-effectiveness of
image-guided spine surgery. Open Orthop J 4:228–233, 2010
61. Welch WC, Subach BR, Pollack IF, Jacobs GB: Frameless
stereotactic guidance for surgery of the upper cervical spine.
Neurosurgery 40:958–964, 1997
62. Yang YL, Zhou DS, He JL: Comparison of isocentric C-arm
3-dimensional navigation and conventional fluoroscopy for C1
lateral mass and C2 pedicle screw placement for atlantoaxial
instability. J Spinal Disord Tech 26:127–134, 2013

Manuscript submitted April 30, 2013.
Accepted November 14, 2013.
Please include this information when citing this paper: published
online December 20, 2013; DOI: 10.3171/2013.11.SPINE13413.
Address correspondence to: Alexander Mason, M.D., Justin Park
er Neurological Institute, 4743 Arapahoe Ave., Ste. 202, Boulder,
CO 80303. email: mason@bnasurg.com.

203

