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Abstract

Introduction With the advances and improvement of
computer-assisted surgery devices, computer-guided pedi-
cle screws insertion has been applied to the lumbar, thoracic
and cervical spine. The purpose of the present study was to
perform a systematic review of all available prospective
evidence regarding pedicle screw insertion techniques in
the thoracic and lumbar human spine.

Materials and methods We considered all prospective in
vivo clinical studies in the English literature that assessed
the results of different pedicle screw placement techniques
(free-hand technique, fluoroscopy guided, computed
tomography (CT)-based navigation, fluoro-based naviga-
tion). MEDLINE, OVID, and Springer databases were used
for the literature search covering the period from January
1950 until May 2010.

Results 26 prospective clinical studies were eventually
included in the analysis. These studies included in total
1,105 patients in which 6,617 screws were inserted. In the
studies using free-hand technique, the percentage of the
screws fully contained in the pedicle ranged from 69 to
94%, with the aid of fluoroscopy from 28 to 85%, using CT
navigation from 89 to 100% and using fluoroscopy-based
navigation from 81 to 92%. The screws positioned with
free-hand technique tended to perforate the cortex medi-
ally, whereas the screws placed with CT navigation guid-
ance seemed to perforate more often laterally.
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Conclusions In conclusion, navigation does indeed exhi-
bit higher accuracy and increased safety in pedicle screw
placement than free-hand technique and use of fluoroscopy.
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Introduction

The advances of technology in terms of imaging have
widened the field of image guidance in several surgical
techniques. It is well established that image-guidance
techniques have improved the clinical results in various
fields such as knee, hip and spine surgery.

Computer-guided pedicle screws insertion was primarily
applied to the lumbar spine. Classic free-hand technique for
screw positioning is based on vertebral bone landmarks for
screw insertion without the assistance of any intraoperative
imaging as fluoroscopic guided technique uses a C-arm for
screw insertion and positioning evaluation. Newer tech-
niques such as computed tomography and fluoroscopy-based
navigation were also introduced. With the advances and
improvement of computer-assisted surgery devices, the
application of pedicle screws has been expanded to the
thoracic and cervical spine. This eliminated the need of
multiple fluoroscopic images to update instrument posi-
tioning and also improved significantly pedicle screw
insertion accuracy [1-5].

Because of close proximity to spinal canal and sur-
rounding vessels, misplacement of pedicle screw can lead
to disastrous complications, thus accurate and safe place-
ment of the screw within the pedicle is a crucial step during
surgery. High pedicle screw misplacement rates, various
pedicle morphometry and vertebral body size variations

@ Springer



248

Eur Spine J (2012) 21:247-255

have led to a search of image-guided systems to improve
the surgical accuracy of pedicle screw insertion.

Although pedicle screw fixation is a well-established
technique for the lumbar spine, pedicle screws have been
used with caution in the thoracic spine due to its complex
anatomy and the decreased pedicle dimensions. These
unique characteristics of thoracic spine have highlighted
the value of precision in pedicle placement during spine
surgery. In vitro and in vivo studies in which conventional
surgical techniques were used, have reported pedicle screw
misplacement rates from 5 to 41% for the lumbar spine and
3-55% for thoracic spine [6-9]. It is generally shown that
the percentage of incorrect placement of pedicle screws can
be remarkably high. It is also believed that the extent of
misplacement could be related to damage of the nervous
elements [6]. Even experienced surgeons misdirect the
screws medially in 5% and inferolaterally in 15% of the
cases when using standard fluoroscopic imaging [10]. It has
been shown that medial pedicle perforation more than
4 mm may endanger the neural elements presenting neu-
rological deficits. Although there is not strong evidence in
the literature ensuring that pedicle violation less than 2 mm
is safe, most surgeons consider it as safe zone of pedicle
perforation [11, 12]. Therefore, the importance of accuracy
in screw placement meaning that the screw is fully inclu-
ded in the pedicle and there is no cortex violation has been
recognized early.

Computed tomography-based navigation and fluoro-
scopic-based navigation with its two and three-dimensional
options are the most popular spine navigation systems.
These image-guided modalities have increased the pedicle
screw placement accuracy and reduced the imaging intra-
operative time and radiation exposure [1, 4, 10]. Recently,
a trend of better accuracy in the thoracic spinal level with
the assistance of computed tomography compared to the
2D fluoroscopy-based navigation has been reported [13].

The purpose of the present study was to perform a
systematic review of the English literature prospective
evidence regarding pedicle screw insertion techniques in
the thoracic and lumbar human spine.

Materials and methods
Identification and eligibility of relevant studies

We considered all prospective in vivo clinical studies that
assessed the results of pedicle screw placement techniques
regardless of the etiology for surgery. All types of studies
(case series, case control, randomized controlled trials) were
considered eligible for the systematic review. A detailed
description of the technique of screw insertion (free-hand
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technique, fluoroscopy guided, CT-based navigation, flu-
oro-based navigation) should be available. All studies
should have a postoperative CT evaluation of pedicle screw
placement with a detailed description of the grade of screw
perforation. Cadaveric and animal studies as well as studies
that used spine models and morphologic articles were
excluded. Studies on pedicle screw placement at the cervical
spine were also excluded, due to differences in cervical
spine anatomy and the fact that mainly lateral mass and not
pedicle screws are inserted in this area. However, we
accepted studies that included instrumentation at the C7 and
S1 vertebrae. We also accepted studies where the cervical
spine was involved along with the thoracic and/or lumbar
spine in case where we could obtain separate results for the
thoracic-lumbar spine, excluding the cervical spine.

MEDLINE, OVID, and Springer databases were used
for the literature search covering the period from January
1950 until May 2010. Only studies in the English language
were included in the search. The search strategy was based
on the combinations of the following key words: “pedi-
cle”, “screw”, “spine”, “lumbar”, “thoracic”, “accu-
racy”, “computer assistance”, “image guidance” and
“navigation”. Screening included titles, subtitles and
abstracts. Additionally all references of the retrieved arti-
cles were also reviewed. Investigators were contacted and
asked to supplement additional data and clarifications when
key information was missing.

Data extraction

Two reviewers independently screened the titles and
abstracts of all publications, which were obtained by the
search strategy. All potentially eligible studies were
obtained as full articles and were assessed independently
for inclusion by the two reviewers. In doubtful or contro-
versial cases, the reviewers discussed all identified dis-
crepancies and reached consensus on all items. If
consensus was not reached, they referred to the senior
reviewer to solve the problem.

We extracted data on characteristics of studies and
patients, measurements, and results. Specifically, the fol-
lowing data were collected: Type of study (case series, case
control, randomized control trial), number of patients,
indication for surgery, age, gender, type of screw place-
ment methods used (free hand, fluoroscopy, CT-based
navigation, and fluoro-based navigation), number and
specific vertebral levels instrumented with pedicle screws,
number of pedicle screws inserted, number of misplaced
screws, grade of pedicle screw perforation, type of pedicle
screw perforation (medial or lateral), type of interpretation
of CT images (independent observer, surgeon), number and
type of neurological complications.
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Definitions and standardizations

The techniques of screw insertion that were evaluated in
the present study were free-hand technique, fluoroscopy
guided, CT-based navigation and fluoro-based navigation.
Free-hand technique refers to the surgical technique that
uses bone landmarks for screw insertion without the
assistance of any imaging intraoperatively. In fluoroscopy-
guided technique, we accepted studies regardless the type
of fluoroscopy views used for screw insertion (AP, and/or
lateral) and the time that these were used (before, during or
after screw insertion). Computed tomography-based navi-
gation refers to the use of optoelectronic navigators with
the use of computed tomography scans to create a
3-dimensional image of the spine.

The grade of pedicle screw violation was classified into
four groups: screws fully contained into the pedicle, per-
forated screws up to 2 mm misplacement (Grade A),
2-4 mm (Grade B), and greater than 4 mm misplacement
(Grade C) [14]. This was the classification used by the vast
majority of eligible studies. In only two studies, the grade
was classified in groups of 0-3, 3-6 and >6 mm [15, 16].

Table 1 Clinical trials included in the analysis

In the first study, there were data on screws with 0-2 mm
misplacement, and we were able to classify all screws into
the four groups, while in the other study, there were no
available data, therefore it was excluded. One study pro-
vided data for screws with medial perforation [17], whereas
all remaining studies evaluated both medial and lateral
perforation.

Results

Our literature search identified 85 possible eligible studies.
Fifty-nine studies (68.6%) were omitted due to the fact that
they did not fulfill the inclusion criteria. Therefore, 26
prospective clinical studies were eventually included in the
analysis [4-6, 8, 15, 17-36] (Table 1).

These studies included in total 1,105 patients in which
6,617 screws were inserted. Specifically, there were 5
studies evaluating screw placement without image assis-
tance. Computed tomography-based navigation was used in
5 of the studies, fluoroscopy guidance in 7 and fluoro-based
navigation in 3 studies. Five studies were comparing the

Author Patients Age Level Levels instrumented No. of screws
1. Rajan et al. [18] 17 19.6 (10-52) Thoracic crews 12 242
2. Modi et al. [19] 43 17.6 (9-41) T1-T12 11 854
3. Beck et al. [20] 95 54 (11-82) TI1-L5 16 414
4. Karapinar et al. [21] 98 36.1 (13-73 T10-L3 5 640
5. Wang et al. [22] 21 53.3 (22-77) T9-L4 7 140
6. Upendra et al. [23] 60 14.5 and 32.1 TI1-T12 11 314
7. Schizas et al. [15] 15 L2-S2 6 60
8. Rampersaud et al. [24] 24 T10-L4 6 102
9. Merloz et al. [25] 26 vs. 26 T10-L5 7 140 vs. 124
10. Rajasekaran et al. [36] 17 vs. 16 19.6 vs. 154 T1-T12 11 236 vs. 242
11. Rampersaud et al. [26] 45 T2-S1 16 360
12. Vougioukas et al. [27] 41 70.2 T1-T12 11 328
13. Kuntz et al. [28] 28 44 (19-94) TI1-T12 11 199
14. Fu et al. [29] 12 59 (39-77) T9-S1 9 66
15. Halm et al. [30] 12 T10-L4 6 104
16. Carl et al. [31] 8 T1-L5 16 32
17. Laine et al. [32] 41 vs. 50 54 (22-82) T8-S2 11 277 vs. 219
18. Amiot et al. [5] 50 50.7 T2-S1 16 294
19. Girardi et al. [33] 62 L1-S1 5 171
20. Merloz et al. [34] 38 vs. 26 T10-L5 7 52 4+ 28
21. Schwarzenbach et al. [8] 29 T11-S2 8 150
22. Laine et al. [4] 30 47 (29-73) L2-S1 4 152
23. Laine et al. [32] 30 vs. 30 50 (29-73) L2-S1 4 35 vs. 152
24. Gastro et al. [6] 30 L2-S1 4 123
25. Sim [17] 45 T8-S1 10 200
26. Gertzbein and Robbins [14] 40 T8-S1 10 167
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accuracy between an image-guidance technique and free-
hand method, while one study was comparing navigation
with fluoroscopy. In four of the seven studies [6, 15, 23, 27]
where fluoroscopy guidance was used, only lateral views
were obtained intraoperatively to confirm screw placement.
In two studies, both AP and lateral views were used [28,
30], while 3D fluoroscopy was used in one study [20].

A total number of 240 spine levels were assessed among
the included studies (range from 3 to 16 levels) (Table 1).
In 14 studies both thoracic and lumbar levels were evalu-
ated. In six studies only the thoracic levels were instru-
mented, while in five studies pedicle screws were inserted
in the lumbar spine. In the remaining study, pedicle screw
accuracy placement was assessed in the cervical and tho-
racic spine. Though, the data referring to the thoracic spine
were independently presented and therefore only these data
were included in our analysis. Sacral vertebrae were
instrumented in 12 of the studies with the S2 level being
instrumented in two studies.

From 6,617 screws in 1,105 patients, 2,412 screws were
placed with free-hand technique in 362 patients, 1,902
screws with the use of fluoroscopic guidance in 323
patients, 1,635 screws were inserted with the aid of CT-
based navigation system in 313 patients and 668 screws
were inserted with the use of fluoroscopy-based navigation
system in 107 patients.

In all 26 studies, postoperative CT scan was used to
assess the accuracy of pedicle screw placement (Table 2).
In 16 studies, an independent observer evaluated the CT
images, while in 2 studies the evaluation was performed by
one of the surgeons. In eight studies, there were no data
regarding who was reading the CT images. In the studies
using free-hand technique, the percentage of the screws
fully contained in the pedicle without perforation ranged
from 69 to 94%. In the studies where the screws were
placed with the aid of fluoroscopy a range from 28 to 85%
was reported. The percentage of screws fully contained into
the pedicle in the studies using CT navigation was signif-
icantly higher, ranging from 89 to 100%. Similar results
were reported in studies where fluoroscopy-based naviga-
tion was used with 81-92% of screws fully included in the
pedicle. In the comparative studies, the number of CT
navigation guided screws fully included in the pedicle
ranged from 90 to 95% compared with the range from 57 to
86% for the screws without imaging guidance.

When evaluating the position of perforation, in the
studies using free-hand technique, a range from 32 to 87%
was found for medial perforation compared to 12-67% for
lateral perforation. When fluoroscopy was used, the pedi-
cles were perforated medially in a percentage ranged from
14 to 100% and laterally from 16 to 79%. In patients where
CT navigation was used the proportion of screws medially
perforated was significantly increased ranging from 8 to
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29%, compared to the percentage of screws with lateral
perforation with a range from 29 to 80%. In the studies
evaluating fluoroscopy-based navigation, there was no
difference between medial and lateral perforation propor-
tion with medial ranging from 37 to 80% while lateral
ranged from 20 to 63%.

In relation to the grade of perforation, when free-hand
technique was used, most of the screws were grade A (range
7-71%). The percentage of screws with grade B perforation
ranged from 15 to 46%, while grade C perforated screws
ranged from 12 to 46%. In studies where CT navigation was
used, there was a 42-100% range of grade A violation,
12-57% grade B violation and 12-31% grade C violation.
When the screws were instrumented with the use of fluo-
roscopy technique screws with grade A perforation repre-
sented the largest proportion with a range from 25 to 100%.
Grade B ranged from 10 to 53% and grade C ranged from 2
to 40%. In studies evaluating fluoroscopy-based navigation,
most of the perforated screws were grade A (range
60-85%), as grade B and grade C screws were significantly
less with a range from 13 to 40% and 2 to 10%, respectively.

When assessing the number of screws exceeding 4 mm
violation (Grade C), it was interesting that in studies using
navigation, the percentage ranged from O to 3.3% for CT
navigation and O to 2% for fluoroscopy-based navigation.
In contrast, the percentage of grade C screws in studies
without navigation systems ranged from 1 to 6.5%, while
in studies using fluoroscopy the range was 0-40%. Fur-
thermore, the percentage of screws that were fully included
in the pedicle plus these that had less than 2 mm cortex
violation ranged from 80 to 97% for free-hand technique,
93-100% for CT navigation, 71-100% for fluoroscopy
technique and 95-97% for fluoroscopy-based navigation.

In all studies, 24 patients presented with neurological
complications. In free-hand technique studies, eight
patients developed complications such as L5 root irritation
(two patients), paresis and headache (one patient). In
fluoroscopy group studies, eight patients had a degree of
neurological deficit such as paresis or paresthesia. In three
patients the symptoms resolved without surgery and in the
five patients remaining surgery was required. Eight patients
developed neurological symptoms when CT navigation
was used. Six presented with transient ischialgic pain, two
with dysesthesia, as in five patients symptoms resolved and
only one patient required re-operation. On the contrary,
none of the 107 patients in the fluoro-based navigation
group presented with neurological deficit.

Discussion

The advantages of transpedicular screw fixation prevent the
need of placing instrumentation within the spinal canal,
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provides three column purchace which minimizes via a
stable construct the percentage of pseudarthrosis and
enhances the operative correction in deformity surgery
[37-39].

The literature does not lack of studies that evaluate the
accuracy of pedicle screw placement with different guid-
ance methods [2-6, 8, 10-12, 16]. There are three meta-
analyses published in the field of pedicle screw accuracy
[13, 40, 41]. Although these studies contribute significantly
in the field, there are some issues that lead us to the
selection of our inclusion criteria. All these studies include
studies with retrospective analysis of the screw placement.
Their main disadvantage remains the higher risk of bias
that limits the level of evidence. Furthermore, Kosmopoulos
et al. [40] and Tian et al. [13] include cadaveric studies in
their inclusion criteria. In these studies, the results
obtained from the in vitro operations were significantly
different to those of clinical studies. We included only
prospective in vivo patient studies of pedicle screw
accuracy insertion which was evaluated postoperatively
with the use of computer tomography, as the exact posi-
tion of pedicle screws can be determined with this method
of imaging.

Our study indicates that navigation exhibits higher
accuracy than free-hand technique and fluoroscopy. Spe-
cifically, CT navigation seems to have the highest accuracy
compared to the other techniques evaluated. These results
are also in accordance with the data provided by the
comparative studies included in our analysis, where CT
navigation provided superior accuracy (as measured by
screws fully included to the pedicle compared to free-hand
technique). Most of the studies evaluating pedicle screw
insertion have shown superiority of the navigation systems
in accurate placement comparative to the conventional
methods. Recent meta-analyses [40, 41] in the field clarify
the existing vague impression for the usage of the imaging
guidance techniques.

In our study, we identified some differences in outcome
among the different studies in certain techniques. These
differences are usually associated with the heterogeneity
among these studies resulting from different patient
demographic characteristics and different indications for
surgery. Furthermore, technical issues, such as differences
in surgeons’ skills, varying complexity of surgery and
screw/pedicle dimensions could be responsible for this
issue [13, 28, 41].

One important finding of our review is that the screws
positioned with free-hand technique tend to perforate
the cortex medially, whereas the screws placed with CT
navigation guidance seem to perforate more often laterally.
To our knowledge, there is no previous correlation of a
specific technique used to the location of cortex violation
(medial or lateral). Normally if the unintended perforations

using CT navigation would be the result of the inherent
inaccuracy of the navigation system, the perforations
should be randomly distributed medially and laterally.
The explanation for a preponderance of lateral perfora-
tions in CT-based navigation could be the difference
between the longitudinal midline axis of the pedicle (ideal
screw trajectory) and the anatomically feasible axis. To
avoid too close contact to the facet joint, the surgeon
accepts in some cases a lateral perforation, i.e. those are
intended perforations. This is unavoidable especially, in
cases where the screw diameter is very close or even
bigger than the diameter of the isthmus of the pedicle. In
certain studies, a correlation between medially malposi-
tioned screws and neurological complications has been
proposed [42, 43]. Therefore, the increased safety proven
when navigation techniques are used could be related not
only to the more accurate screw positioning, but also to
the lateral cortex violation is related with less neurolog-
ical complications.

The importance of accurate screw placement has been
highlighted on the base of increased complication rate in
cases where the screws were significantly displaced. For
this reason, the perforation is classified into grades in
accordance to the degree of cortex violation. For the same
reason, the term safe zone was imported, but there is not
scientific proof that any extent of perforation is acceptable.
The different techniques exhibit various results regarding
the grade of perforation. In addition, the percentage of
screws that had a perforation of 2 mm was not higher than
7 and 5% for the CT and fluoroscopic navigation, respec-
tively. In contrast, the same percentage in studies using
fluoroscopy is 28% and when free-hand technique is used
this percentage is up to 19%. Our findings confirm that
navigation systems provide higher accuracy for pedicle
screw placement, since the percentage of screws graded as
C (more than 4 mm violation) was also considerably lower
in both CT and fluoroscopy-based navigation compared to
the other techniques.

The neurological complication rate was found to be
similar in the studies using CT navigation, free-hand
technique and fluoroscopy. In the studies using fluoros-
copy-based navigation, there were no neurological com-
plications reported. Although the number of complications
was relatively small to obtain safe results regarding the
correlation between the technique used and the neurologi-
cal complications observed, there was no significant dif-
ference between the technique used and the complication
rate. This is in accordance to the literature that the use of
navigation systems has not proved yet to decrease the
neurological complication rate [44]. Some studies suggest
an association between the degree of spinal canal pene-
tration and the frequency of neurological symptoms [45].
Our results did not show any correlation between the

@ Springer



254

Eur Spine J (2012) 21:247-255

degree of screw malposition and neurological complica-
tions, as reported by similar studies in the field [15].

Some limitations of the present study should be
acknowledged. Mainly, we had to deal with remarkable
heterogeneity regarding the arms of comparison between
the available evidence. This heterogeneity precluded sta-
tistical analyses in our systematic review and resulted to
the descriptive format of our study. Other limitations
include the heterogeneity of the study population, the
indication of surgery and the different spine levels instru-
mented. Heterogeneity may also be a result of surgeon’s
skills and assessment of pedicle screw length and diameter.
However, we tried to eliminate this issue by including only
in vivo prospective studies and as many as possible ran-
domized studies, as they provide the strongest evidence for
meta-analysis. The small number of pedicles inserted with
fluoro-based navigation method could also be a factor of
heterogeneity in our different groups.

In conclusion, navigation does indeed exhibit higher
accuracy in pedicle screw placement than free-hand tech-
nique and use of fluoroscopy. The results of the present
study are in alliance with the literature. Our study confirms
the improved accuracy in screw positioning when naviga-
tion assistance is used. The increased safety due to the
usage of the navigation systems is attributed not only to the
aforementioned more accurate screw positioning, but also
to lateral cortex violation, that is related with less neuro-
logical complications.

Conflict of interest The authors have no conflict of interest to
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References

1. Slomczykowski M, Roberto M, Schneeberger P (1999) Radiation
dose for pedicle screw insertion. Fluoroscopic method versus
computer-assisted surgery. Spine 24:975-982

2. Ludwig SC, Kowalski JM, Edwards CC 2nd, Heller JG (2000)
Cervical pedicle screws: comparative accuracy of two insertion
techniques. Spine 25:2675-2681

3. Sakai Y, Matsuyama Y, Nakamura H, Katayama Y, Imagama S,
Ito Z, Ishiguro N (2008) Segmental pedicle screwing for idio-
pathic scoliosis using computer-assisted surgery. J Spinal Disord
Tech 21:181-186

4. Laine T, Schlenzka D, Mikitalo K, Tallroth K, Nolte LP, Visarius
H (1997) Improved accuracy of pedicle screw insertion with
computer-assisted surgery. A prospective clinical trial of 30
patients. Spine 22:1254-1258

5. Amiot LP, Lang K, Putzier M, Zippel H, Labelle H (2000)
Comparative results between conventional and computer-assisted
pedicle screw installation in the thoracic, lumbar, and sacral
spine. Spine 25:606-614

6. Castro WH, Halm H, Jerosch J, Malms J, Steinbeck J, Blasius S
(1996) Accuracy of pedicle screw placement in lumbar vertebrae.
Spine 21:1320-1324

7. Esses SI, Sachs BL, Dreyzin V (1993) Complications associated
with the technique of pedicle screw fixation. A selected survey of
ABS members. Spine 18:2231-2238

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Schwarzenbach O, Berlemann U, Jost B, Visarius H, Arm E,

Langlotz F, Nolte LP, Ozdoba C (1997) Accuracy of computer-
assisted pedicle screw placement. An in vivo computed tomog-
raphy analysis. Spine 22:452-458

. Welch WC, Subach BR, Pollack IF, Jacobs GB (1997) Frameless

stereotactic guidance for surgery of the upper cervical spine.
Neurosurgery 40:958-963

Mirza SK, Wiggins GC, Kuntz IV Ch, York JE, Bellabarba C,
Knonodi MA, Chapman JR, Shaffrey CI (2003) Accuracy of
thoracic vertebral body screw placement using standard fluoros-
copy, fluoroscopic image guidance, and computed tomographic
image guidance. Spine 28:402-413

Fisher CG, Sahajpal V, Keynan O, Boyd M, Graeb D, Bailey C,
Panagiotopoulos K, Dvorak M (2006) Accuracy and safety of
pedicle screw fixation in thoracic spine trauma. J Neurosurg
Spine 5:520-526

Kim Y]J, Lenke LG, Bridwell KH, Cho YS, Riew D (2004) Free
hand pedicle screw placement in the thoracic spine: is it safe?
Spine 29:333-342

Tian NF, Xu HZ (2009) Image-guided pedicle screw insertion
accuracy: a meta-analysis. Int Orthop 33:895-903

Gertzbein SD, Robbins SE (1990) Accuracy of pedicular screw
placement in vivo. Spine 15:11-14

Schizas C, Michel J, Kosmopoulos V, Theumann N (2007)
Computer tomography assessment of pedicle screw insertion in
percutaneous posterior transpedicular stabilization. Eur Spine J
16:613-617

Odgers CJ 4th, Vaccaro AR, Pollack ME, Cotler JM (1996)
Accuracy of pedicle screw placement with the assistance of lat-
eral plain radiography. J Spinal Disord 9:334-338

Sim E (1993) Location of transpedicular screws for fixation of the
lower thoracic and lumbar spine. Computed tomography of 45
fracture cases. Acta Orthop Scand 64:28-32

Rajan V, Kamath V, Shetty AP, Rajasekaran S (2010) Iso-C3D
navigation assisted pedicle screw placement in deformities of the
cervical and thoracic spine. Indian J orthop 44:163-168

Modi H, Suh SW, Song HR, Yang JH (2009) Accuracy of tho-
racic pedicle screw placement in scoliosis using the ideal pedicle
entry point during the freehand technique. Int Orthop 33:469-475
Beck M, Mittlmeier T, Gierer P, Harms C, Gradl G (2009)
Benefit and accuracy of intraoperative 3D imaging after pedicle
screw placement: a prospective study in stabilizing thoracolum-
bar fractures. Eur Spine J 18:1469-1477

Karapinar L, Erel N, Ozturk H, Altay T, Kaya A (2008) Pedicle
screw placement with a free hand technique in thoracolumbar
spine: is it safe? J Spinal Disord Tech 21:63-67

Wang HC, Yang YL, Lin WC, Chen WF, Yang TM, Lin YJ, Rau
CS, Lee TC (2008) Computer-assisted pedicle screw placement
for thoracolumbar spine fracture with separate spinal reference
clamp placement and registration. Surg Neurol 69:597-601
Upendra BN, Meena D, Chowdhury B, Ahmad A, Jayaswal A
(2008) Outcome-based classification for assessment of thoracic
pedicular screw placement. Spine 33:384-390

Rampersaud YR, Lee KS (2007) Fluoroscopic computer-assisted
pedicle screw placement through a mature fusion mass: an
assessment of 24 consecutive cases with independent analysis of
computed tomography and clinical data. Spine 32:217-222
Merloz P, Troccaz J, Vouaillat H, Vasile C, Tonetti J, Eid A,
Plaweski S (2007) Fluoroscopy-based navigation system in spine
surgery. Proc Inst Mech Eng H 221:813-820

Rampersaud YR, Pik JH, Salonen D, Farooq S (2005) Clinical
accuracy of fluoroscopic computer-assisted pedicle screw fixa-
tion: a CT analysis. Spine 30:183-190

Vougioukas VI, Weber J, Scheufler KM (2005) Clinical and
radiological results after parapedicular screw fixation of the
thoracic spine. J Neurosurg Spine 3:283-287



Eur Spine J (2012) 21:247-255

255

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kuntz C 4th, Maher PC, Levine NB, Kurokawa R (2004)
Prospective evaluation of thoracic pedicle screw placement using
fluoroscopic imaging. J Spinal Disord Tech 17:206-214

Fu TS, Chen LH, Wong CB, Lai PL, Tsai TT, Niu CC, Chen WJ
(2004) Computer-assisted fluoroscopic navigation of pedicle screw
insertion: an in vivo feasibility study. Acta Orthop Scand 75:730-735
Halm H, Niemeyer T, Link T, Liljenqvist U (2000) Segmental
pedicle screw instrumentation in idiopathic thoracolumbar and
lumbar scoliosis. Eur Spine J 9:191-197

Carl AL, Khanuja HS, Gatto CA, Matsumoto M, vomLehn J,
Schenck J, Rohling K, Lorensen W, Vosburgh K (2000) In vivo
pedicle screw placement: image-guided virtual vision. J Spinal
Disord 13:225-229

Laine T, Lund T, Ylikoski M, Lohikoski J, Schlenzka D (2000)
Accuracy of pedicle screw insertion with and without computer
assistance: a randomised controlled clinical study in 100 con-
secutive patients. Eur Spine J 9:235-240

Girardi FP, Cammisa FP Jr, Sandhu HS, Alvarez L (1999) The
placement of lumbar pedicle screws using computerised stereo-
tactic guidance. J Bone Joint Surg Br 81:825-829

Merloz P, Tonetti J, Pittet L, Coulomb M, Lavalle€ S, Sautot P
(1998) Pedicle screw placement using image guided techniques.
Clin Orthop Relat Res 354:39-48

Laine T, Mikitalo K, Schlenzka D, Tallroth K, Poussa M, Alho A
(1997) Accuracy of pedicle screw insertion: a prospective CT
study in 30 low back patients. Eur Spine J 6:402-405
Rajasekaran S, Vidyadhara S, Ramesh P, Shetty AP (2007)
Randomized clinical study to compare the accuracy of navigated
and non-navigated thoracic pedicle screws in deformity correc-
tion surgeries. Spine 32:56-64

37.

38.

39.

40.

41.

42.

43.

44,

45.

Barr SJ, Schuette AM, Emans JB (1997) Lumbar pedicle screws
versus hooks. Results in double major curves in adolescent
idiopathic scoliosis. Spine 22:1369-1379

Broom MJ, Banta JV, Renshaw TS (1989) Spinal fusion aug-
mented by luque-rod segmental instrumentation for neuromus-
cular scoliosis. J Bone Joint Surg Am 71:32-44

Hamill CL, Lenke LG, Bridwell KH, Chapman MP, Blanke K,
Baldus C (1996) The use of pedicle screw fixation to improve
correction in the lumbar spine of patients with idiopathic scoli-
osis. Is it warranted? Spine 21:1241-1249

Kosmopoulos V, Schizas C (2007) Pedicle screw placement
accuracy: a meta-analysis. Spine 32:E111-E120

Verma R, Krishan S, Haendlmayer K, Mohsen A (2010) Func-
tional outcome of computer-assisted spinal pedicle screw place-
ment: a systematic review and meta-analysis of 23 studies
including 5, 992 pedicle screws. Eur Spine J 19:370-375

West JL 3rd, Ogilvie JW, Bradford DS (1991) Complications of
the variable screw plate pedicle screw fixation. Spine 16:576-579
Lonstein JE, Denis F, Perra JH, Pinto MR, Smith MD, Winter RB
(1999) Complications associated with pedicle screws. J Bone
Joint Surg Am 81:1519-1528

Gaines RW Jr (2000) The use of pedicle-screw internal fixation
for the operative treatment of spinal disorders. J Bone Joint Surg
Am 82-A:1458-1476

Weinstein JN, Spratt KF, Spengler D, Brick C, Reid S (1988)
Spinal pedicle fixation: reliability and validity of roentgenogram-
based assessment and surgical factors on successful screw
placement. Spine 13:1012-1018

@ Springer



	Accuracy of pedicle screw placement: a systematic review of prospective in vivo studies comparing free hand, fluoroscopy guidance and navigation techniques
	Abstract
	Introduction
	Materials and methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Identification and eligibility of relevant studies
	Data extraction
	Definitions and standardizations

	Results
	Discussion
	Conflict of interest
	References


