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Abstract BACKGROUND CONTEXT: To our knowle
FDA device/drug

pedicle screws).

Author disclosures

versity Bundang Hosp

ments: Medtronic (B

CoreLink, Inc. (B), G

ing/Teaching Arrange

K2M, Inc. (B), DePu

Group (ISSG) (B, Rei

plex Spine Study Grou

ly); AO Spine (B,

honoraria); Broadwat

B-SC: Stock Ownersh

KDR:Royalties: Biom

Expanding Orthopedi

(C), Nexgen Spine (B

Kinetics (C), Spineolo

rariumB), New Englan

Society (reimburseme

water (reimbursement

1529-9430/$ - see fro

http://dx.doi.org/10.10
dge, no large series comparing the risk of vertebral
artery injury by C1–C2 transarticular screw versus C2 pedicle screw have been published. In addi-
tion, no comparative studies have been performed on those with a high-riding vertebral artery and/
or a narrow pedicle who are thought to be at higher risk than those with normal anatomy.
PURPOSE: To compare the risk of vertebral artery injury by C1–C2 transarticular screw versus
C2 pedicle screw in an overall patient population and subsets of patients with a high-riding verte-
bral artery and a narrow pedicle using computed tomography (CT) scan images and three-
dimensional (3D) screw trajectory software.
STUDY DESIGN: Radiographic analysis using CT scans.
PATIENT SAMPLE: Computed tomography scans of 269 consecutive patients, for a total of 538
potential screw insertion sites for each type of screw.
OUTCOME MEASURES: Cortical perforation into the vertebral artery groove of C2 by a screw.
METHODS: We simulated the placement of 4.0 mm transarticular and pedicle screws using
1-mm-sliced CT scans and 3D screw trajectory software. We then compared the frequency of C2
vertebral artery groove violation by the two different fixation methods. This was done in the overall
patient population, in the subset of those with a high-riding vertebral artery (defined as an isthmus
height #5 mm or internal height #2 mm on sagittal images) and with a narrow pedicle (defined as
a pedicle width #4 mm on axial images).
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RESULTS: There were 78 high-riding vertebral arteries (14.5%) and 51 narrow pedicles (9.5%).
Most (82%) of the narrow pedicles had a concurrent high-riding vertebral artery, whereas only 54%
of the high-riding vertebral arteries had a concurrent narrow pedicle. Overall, 9.5% of transarticular
and 8.0% of pedicle screws violated the C2 vertebral artery groove without a significant difference
between the two types of screws (p5.17). Among those with a high-riding vertebral artery, vertebral
artery groove violation was significantly lower (p5.02) with pedicle (49%) than with transarticular
(63%) screws. Among those with a narrow pedicle, vertebral artery groove violation was high in
both groups (71% with transarticular and 76% with pedicle screws) but without a significant differ-
ence between the two groups (p5.55).
CONCLUSIONS: Overall, neither technique has more inherent anatomic risk of vertebral artery
injury. However, in the presence of a high-riding vertebral artery, placement of a pedicle screw is
significantly safer than the placement of a transarticular screw. Narrow pedicles, which might be
anticipated to lead to higher risk for a pedicle screw than a transarticular screw, did not result in
a significant difference because most patients (82%) with narrow pedicles had a concurrent high-
riding vertebral artery that also increased the risk with a transarticular screw. Except in case of
a high-riding vertebral artery, our results suggest that the surgeon can opt for either technique
and expect similar anatomic risks of vertebral artery injury. � 2013 Elsevier Inc. All rights
reserved.
Keywords: C2 pedicle screw; C1–C2 transarticular screw; Vertebral artery injury; High-riding vertebral artery; Narrow C2
pedicle
Introduction

Posterior C1–C2 transarticular screw fixation can result in
vertebral artery injury, with potentially catastrophic results
such as vertebrobasilar insufficiency, brain stem and poste-
rior fossa infarct, and even death [1–3]. The rate of vertebral
artery injury has been reported to be as high as 8.2% [1–3].
Vertebral artery injuries commonly occur if a drill, tap, or
screw perforates or occludes the vertebral artery in the verte-
bral artery groove of C2, which is located on the lower sur-
face of C2 and lateral to the pedicle (Fig. 1) [1–8]. It has
been suggested that C2 pedicle screw combined with C1 lat-
eral mass screw placement is inherently safer than C1–C2
transarticular screw fixation in view of the risk of vertebral
artery injury at C2, as the medially directed trajectory of
the C2 pedicle screw carries the screw away from the verte-
bral artery, which normally is located lateral to the screw
[9–11]. Although this is a commonly held belief, no large se-
ries have been performed to assess the validity of this as-
sumption. Knowing whether the risk of vertebral artery
injury is higher with C1–C2 transarticular screw fixation ver-
sus C2 pedicle screw placement is important, as the knowl-
edge would provide surgeons with information on which to
choose the appropriate fixation method, particularly in cases
where the anatomy may be abnormal (eg, in the cases of
a high-riding vertebral artery or narrow pedicle).

To date, two reports comparing the risk of vertebral ar-
tery injuries by transarticular screw versus pedicle screw
have been published [12,13]. Both studies stated that the
anatomic risk of vertebral artery injury is not significantly
different between transarticular and pedicle screws, con-
trary to the previous suggestion favoring pedicle screw
[9–11]. Although these studies carefully analyzed the risk
of each fixation method, like all studies, they have
limitations. One study [13] used mainly 2D images with
three-dimensional (3D) images used only in 10 patients.
As stated by Miyata et al. [14], a 3D evaluation is essential
for establishing the anatomic relationship between the
course of the vertebral artery and the intended screw trajec-
tory. Furthermore, both studies analyzed a small number of
patients without a power analysis, raising the possibility
that they were underpowered to detect a difference between
the two fixation methods (beta error).

In addition to analyzing the safety of each technique in
the general patient population, it may be even more impor-
tant to evaluate the risk of vertebral artery injury in those
with a relatively small space to accommodate these screws.
These are the individuals in whom the risk of vertebral ar-
tery is increased, and the choice of appropriate screw fixa-
tion is even more important. Two anatomic variations have
been suggested to be associated with vertebral artery in-
jury. First, it is well known that the risk of vertebral artery
injury during C1–C2 transarticular screw placement in-
creases with a high-riding vertebral artery [2,5,6,15,16].
However, we are unaware of any reports comparing the risk
of vertebral artery injury by C1–C2 transarticular screw
versus C2 pedicle screw in those with a high-riding verte-
bral artery, and no references on the topic could be found in
a computerized search using MEDLINE. Second, narrow
pedicles of C2 theoretically can increase the risk of verte-
bral artery injury by C2 pedicle screw. Yoshida et al. [12]
stated in their 3D simulation study that pedicle screw
placement was limited by the width of the C2 pedicle.
However, again, as far as we know, no studies have been
performed comparing the risk of vertebral artery injury
with transarticular screw versus pedicle screw in those with
a narrow pedicle.



Context
Whether transarticular or pedicle screws (at C1–C2)

pose greater risk to the vertebral arteries is unclear.

Contribution
In this computer simulation using actual patient CT

scans, the authors found no difference in risk between

the two techniques unless a high-riding vertebral artery
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Given the limitations of the existing studies, the primary
purpose of our study was to compare the anatomic risk of
vertebral artery groove violation by transarticular screw
versus pedicle screw using a large number of computed to-
mography (CT) scan images and 3D screw trajectory sim-
ulation software. The comparison was performed in three
groups of patients: the overall patient population and two
subsets, those with a high-riding vertebral artery and those
with narrow pedicles. Of note, neither C1–C2 transarticular
screws nor C2 pedicle screws are approved by the US Food
and Drug Administration.
was noted, in which case pedicle screws appear safer.

Implication
The study provides valuable information that might help

improve safety for patients.
—The Editors
Materials and methods

Materials

This study was approved by our institutional review
board. Computed tomography scans (Mx8000 IDT; Philips
Medical Systems, Best, The Netherlands) of the cervical
spine of consecutive patients taken at a single institution
between March 2007 and June 2008 were initially included
for the analyses. All the CT scans taken in 1.0-mm intervals
were initially included regardless of the indications for the
scan or the diagnosis. Exclusion criteria included CT scans
of the patients under 20 years of age, postoperative CT
scans, CT scans with unsatisfactory imaging of C1 and/or
C2, CT scans with severe metal artifact from prior dental
work causing noise in 3D reconstruction images, CT scans
of patients with a congenital C2–C3 block vertebra, which
obscured the landmarks for the entry point of transarticular
Fig. 1. Axial, sagittal, coronal, and three-dimensional inferior computed tomogra

is located anteroinferior to the transarticular screw trajectory (arrow) on a sagitt
screw, and CT scans of patients with infection, tumor, or
trauma at C1 and/or C2.
Simulation

Digital files of 1.0-mm interval axial CT scan imageswere
loaded onto a screw trajectory planning software (V-Works;
Cybermed, Inc., Reston, VA, USA). From the axial images,
sagittal and coronal images along with 3D images were re-
constructed (Fig. 1). The simulation function of this software
was similar to preoperative planning software used for
phy scan images of C2 show vertebral artery groove of C2 (arrowheads). It

al plane and lateral to the pedicle (asterisks) on an axial plane.



Fig. 2. The trajectory of the transarticular screw is shown. The entry point is set at 3 mm above the C2–C3 joint line and as medial as possible without

penetrating the lateral wall of the spinal canal at C2. The screw is angulated as dorsally as possible without perforating the dorsal cortical surface of C2.

The vertebral artery groove of C2 is located lateral (black arrowhead) and anteroinferior (white arrowhead) to the screw.
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intraoperative navigation. Using this software, we simulated
the insertion of 4.0 mm transarticular and pedicle screws by
changing the entry point and insertion angle of each screw
while manipulating 3D and multiplanar (axial, sagittal, and
Fig. 3. The trajectory for the pedicle screw is shown. The entry point is set at t

a point that minimizes C2 vertebral artery groove violation, usually at the midport

at an angle that minimizes the groove violation.
coronal) images simultaneously (Figs. 2 and 3). During sim-
ulation, we examined whether violation of the C2 vertebral
artery groove was unavoidable, while keeping the other cor-
tices intact.
he level of the upper end of the C2 lamina. Mediolaterally, it is located at

ion of the pars interarticularis of C2. Medial and upward angulations are set
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Screw trajectories

The entry point of a transarticular screw was set at 3 mm
above the C2–C3 joint line and at the most medial point
that allowed for preservation of the cortical margin of the
spinal canal wall at C2 while maintaining a proper sagittal
screw trajectory (Fig. 2). The screw trajectory was directed
as dorsally as possible (Fig. 2) to minimize the possibility
of violating the anteriorly located C2 vertebral artery
groove [15,17,18].

The entry point of the pedicle screw was set at the level of
the upper end of the C2 lamina (Fig. 3) [19]. Mediolaterally,
the entry point was located at a point that minimized C2
vertebral artery groove violation, usually at the midportion
of the pars interarticularis of C2. Medial and upward angu-
lations were set at an angle that minimized vertebral artery
groove violation, taking into account individual anatomic
variations [11,20].
High-riding vertebral artery and narrow pedicle of C2

In addition to the simulation of screw insertion, the pres-
ence or absence of a high-riding vertebral artery and/or nar-
row pedicle was determined for each side in all patients
using the same software. A high-riding vertebral artery
was defined as an isthmus height of 5 mm or less and/or in-
ternal height of 2 mm or less on a sagittal image that is at 3
mm lateral to the cortical margin of the spinal canal wall at
C2 (Fig. 4, Left). This definition was adapted from previous
descriptions by Bloch et al. [16] and Neo et al. [15]. A nar-
row pedicle was defined using the pedicle width, which was
measured on axial CT scan images at the levels where the
lateral cortical margin of the pedicle was clearly seen
(Fig. 4, Right). A narrow pedicle was considered to be pres-
ent when the largest pedicle width was 4 mm or less be-
cause the diameter of commonly used screws is 4.0 or
3.5 mm.
Fig. 4. (Left) High-riding vertebral artery is defined by an isthmus height (black as

on a sagittal image that is at 3 mm lateral to the cortical margin of the spinal canal wa

4 mm or less, which is measured on axial computed tomography scan images at th
Analyses

We determined the prevalence of a high-riding vertebral
artery and narrow pedicle. Next, for each screw including
transarticular and pedicle screws,we evaluated the overall fre-
quency of C2 vertebral artery groove violations and the
relative risk of violation caused by high-riding vertebral
arteries and narrow pedicles. Then we performed three com-
parative analyses. First, we compared the overall frequency of
vertebral artery grooveviolations by transarticular screws ver-
sus pedicle screws in the entire patient population. Second,
the same comparison was performed for the subset of patients
with a high-riding vertebral artery and with a narrow pedicle.

Statistical analyses were carried out using GraphPad
Prism version 5.00 for Windows (GraphPad Software,
San Diego, CA, USA). The frequency of vertebral artery
groove violation was compared using Fisher exact test
(for independent proportions) or McNemar test (for paired
proportions). The level of significance was set at p!.05 for
all statistical analyses.
Sample size estimation

A prestudy sample size estimation was performed to
determine the number of CT scans to be used. The primary
determinant for sample size calculation was to allow mean-
ingful comparison of the overall frequency of C2 vertebral
artery groove violations by transarticular screws versus
pedicle screws. Based on the report by Yoshida et al. [12],
the vertebral artery groove violation rate for transarticular
screws was set at 88.7%. We assumed that the minimal clin-
ically important difference of vertebral artery groove viola-
tion rate was 5% and set the probability of a Type I error (the
level of significance) at 5% (alpha50.05) and Type II error at
20% (beta50.20) with a statistical power of 80%.With these
parameters, the minimum sample size needed for McNemar
test was found to be 538 for each screw.
terisk) of 5 mm or less and/or internal height (white asterisk) of 2 mm or less

ll at C2. (Right) Narrow pedicle is defined by a pedicle width (white asterisk)

e levels where the lateral cortical margin of the pedicle was clearly seen.



Table 2

C2 vertebral artery groove violations by C2 pedicle screws

Variants

Violation (N5538)

p*

Relative risk (95%

confidence interval)Present Absent

High-riding vertebral artery

Present 38 40 !.0001 44.8 (18.2–110.4)

Absent 5 455

Narrow pedicle

Present 39 12 !.0001 93.1 (34.7–250.1)
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Results

Demographic data

Computed tomography scans of 269 consecutive patients
who fulfilled the selection criteria were used in the study,
for a total of 538 possible screw insertion sites. There were
159 men and 110 women and the age averaged 49 years
(range 20–84 years).
Absent 4 483

* Fisher exact test is used.
Frequency of high-riding vertebral artery and narrow
pedicle

There were 78 high-riding vertebral arteries (14.5%) and
51 narrow pedicles (9.5%) among the 538 possible screw
insertion sites. The vast majority of narrow pedicles
(82%, 42/51) had a concurrent high-riding vertebral artery,
whereas only 54% (42/78) of high-riding vertebral arteries
had a concurrent narrow pedicle.
Frequency of C2 vertebral artery groove violations

Screw trajectories were evaluated bilaterally, for a total
of 538 possible screw insertion sites for each type of screw.
As a whole, transarticular screws violated the C2 vertebral
artery groove in 9.5% (51/538; Table 1). Among the 78
possible screw insertion sites with high-riding vertebral
artery, transarticular screws violated the vertebral artery
groove in 49 (63%). Among the 460 possible screw inser-
tion sites without a high-riding vertebral artery, the transar-
ticular screw violated the vertebral artery groove in only 2
(!1%). Therefore, the frequency of vertebral artery groove
violations by transarticular screws was significantly higher
in those with a high-riding vertebral artery than in those
without a high-riding vertebral artery (p!.001), with a rela-
tive risk of 144.5. Among the 51 possible screw insertion
sites with narrow pedicles, the transarticular screw violated
the vertebral artery groove in 36 (71%). Among the 487 pos-
sible screw insertion sites without a narrow pedicle, the
transarticular screw violated the vertebral artery groove in
15 (3%). Therefore, the frequency of vertebral artery groove
violation by the transarticular screw was significantly higher
in those with narrow pedicles than in those without narrow
pedicles (p!.001), with a relative risk of 22.9.
Table 1

C2 vertebral artery groove violations by C1–C2 transarticular screws

Variants

Violation (N5538)

p*

Relative risk (95%

confidence interval)Present Absent

High-riding vertebral artery

Present 49 29 !.0001 144.5 (35.9–582.3)

Absent 2 458

Narrow pedicle

Present 36 15 !.0001 22.9 (13.5–38.9)

Absent 15 472

* Fisher exact test is used.
C2 pedicle screws violated the C2 vertebral artery
groove in 8.0% (43/538; Table 2). Among the 78 possible
screw insertion sites with a high-riding vertebral artery,
pedicle screws violated the vertebral artery groove in 38
(49%). Among the 460 possible screw insertion sites with-
out a high-riding vertebral artery, the pedicle screw violated
the vertebral artery groove in 5 (1%). Therefore, the fre-
quency of vertebral artery groove violation by pedicle
screws was significantly higher in those with high-riding
vertebral artery than in those without high-riding vertebral
artery (p!.001), with a relative risk of 44.8. Among the 51
possible screw insertion sites having narrow pedicles, the
pedicle screw violated the vertebral artery groove in 39
(76%). Among the 487 possible screw insertion sites with-
out a narrow pedicle, the pedicle screw violated the verte-
bral artery groove in 4 (1%). Therefore, the frequency of
vertebral artery groove violation by the pedicle screw was
significantly higher in those with a narrow pedicle than in
those without a narrow pedicle (p!.001), with a relative
risk of 93.1.
Comparison of frequency of C2 vertebral artery groove
violations between the two types of screws

As described previously, overall, 9.5% (51/538) of trans-
articular screws violated the C2 vertebral artery groove
compared with 8.0% (43/538) of pedicle screws (Table 3).
However, the difference was not statistically significant
(p5.17). Among the 78 possible screw insertion sites with
high-riding vertebral arteries, vertebral artery groove viola-
tions were significantly lower (p5.02) with pedicle (38 vio-
lations, 49%) than with transarticular (49 violations, 63%)
Table 3

C2 vertebral artery groove violations by C1–C2 transarticular screws

versus C2 pedicle screws

Variants Violation by TAS (%) Violation by PS (%) p*

Overall (N5538) 51 (9.5) 43 (8.0) .17

HRVA (N578) 49 (63) 38 (49) .02

NP (N551) 36 (71) 39 (76) .55

TAS, C1–C2 transarticular screw; PS, C2 pedicle screw; HRVA, high-

riding vertebral artery; NP, narrow pedicle.

* McNemar test is used.
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screws. Among the 51 possible screw insertion sites with nar-
row pedicles, transarticular screws violated the vertebral ar-
tery groove in 36 (71%) and pedicle screws violated the
vertebral artery groove in 39 (76%), but this difference was
not statistically significant (p5.55).
Discussion

Placement of either C1–C2 transarticular or C2 pedicle
screws has a potential risk of vertebral artery injury
[1–14,21]. The risk of vertebral artery injury by these two
techniques needs to be carefully analyzed so as to allow
the surgeon to choose the appropriate screw insertion
method. Whereas some surgeons [9–11] have suggested that
C2 pedicle screws have theoretical advantages over C1–C2
transarticular screws, as far as vertebral artery injury is con-
cerned, the only two studies comparing the two fixation
methods [12,13] have concluded that the risk is not signifi-
cantly different. Resnick et al. [13] compared the risk with
4.0 mm transarticular screws versus pedicle screws using
CT scans. In 50 patients, they analyzed 2D CT scans, and
in 10 patients, they used 3D imaging and computer-aided
navigation tools. In 2D CT scans, there was adequate room
for transarticular screws in 94% and for pedicle screws in
91%. In 3D CT imaging, there was an adequate room for
transarticular screws in 95% and for pedicle screws in
100%. Therefore, they stated that pedicle screw fixation is
not any safer than transarticular screws from a strictly ana-
tomic standpoint. More recently, Yoshida et al. [12] evalu-
ated 62 patients using 3D images reconstructed by
a computer-assisted navigation system. They found that
there was no room for a 4-mm transarticular screw in
11.3% and for a 4-mm pedicle screw in 9.7%, with no statis-
tically significant difference. Unfortunately, given the rela-
tively small sample size and lack of power analysis in both
studies, it is not clear whether these findings are valid. The
authors of the 2 studies analyzed CT scans of 60 [13] and
62 [12] patients, respectively, whereas our sample size esti-
mation showed that 269 patients were needed to provide ad-
equate statistical power to enable a meaningful comparison.

Furthermore, to the best of our knowledge, no reports
have been published to date comparing the risk of vertebral
artery injury by the two types of screws in those with a lim-
ited space to accommodate these screws (such as those with
a high-riding vertebral artery and/or narrow pedicle). Con-
sidering the morbidity and potential mortality of a vertebral
artery injury and the increased risk of such injury in pa-
tients with a high-riding artery and/or narrow pedicle, the
risk of vertebral artery injury needs to be specifically com-
pared between the two screw types to provide helpful infor-
mation to surgeons.

To address these issues, we undertook this study and
compared the risk of vertebral artery injury with the two
fixation methods using a large number of CT scan images
and 3D surgical simulation software.
Key findings of the present study

In our study, the risk of vertebral artery groove violation
by transarticular screws was significantly increased, not only
by high-riding vertebral arteries (p!.001) but also by
narrow pedicles (p!.001). Similarly, the risk of vertebral
artery groove violation by pedicle screws was significantly
increased by high-riding vertebral arteries (p!.001) and by
narrow pedicles (p!.001). Interestingly, overall, the differ-
ence in the risk of vertebral artery groove violation between
transarticular (9.5%) and pedicle (8.0%) screws was not
statistically significant (p5.17). However, in the presence
of a high-riding artery, the risk of a vertebral artery groove
violation was significantly lower with pedicle than with
transarticular screws (p5.02). On the other hand, narrow
pedicles did not result in a significant difference in the risk
between the screws (p5.55). This is counterintuitive in that
small pedicles might be anticipated to lead to higher risk
for pedicle screws (limited by pedicle width) [12] than
transarticular screws. To reiterate, whereas the presence
of a high-riding vertebral artery increased the risk of verte-
bral artery groove violation with transarticular screws to
a significantly greater extent than with pedicle screws, the
presence of narrow pedicles increased the risk of vertebral
artery injury by the two types of screws to a similar degree.
Interpretation of study results

Our results of 3D surgical simulation using 538 possible
screw insertion sites for each type of screw with 80% sta-
tistical power show that, overall, the risk of vertebral artery
groove violation by the 2 screw types is not significantly
different (p5.17). This is contrary to the previous sugges-
tions [9–11] that pedicle screws are more likely to avoid in-
juring the vertebral artery because the artery is located
lateral to the screw and the screw is placed medialward,
as shown in Fig. 3. Whereas it is true that pedicle screws
are directed more medially than transarticular screws
(which is angled primarily in the sagittal plane), pedicle
screws are also directed less cranially than transarticular
screws (Figs. 2 and 3). Therefore, as shown in Fig. 5, the
area of possible vertebral artery groove violation is moved
not just medially but also inferiorly. As a result, pedicle
screws typically tend to breach the inferomedial portion
of the vertebral artery groove, that is, the lateral portion
of the pedicle. In contrast, the area of typical vertebral ar-
tery groove violation by transarticular screws is at a more
superoposterior portion of the vertebral artery groove
(Fig. 5). Whereas medial angulation of pedicle screws de-
creases the risk of vertebral artery groove violation, less up-
ward angulation of pedicle screws increases the risk
because the vertebral artery groove is located in the caudal
surface of C2 (Figs. 1 and 5). The effects of these two fac-
tors appear to counterbalance each other, resulting in no
significant difference in the risk of vertebral artery groove
violation with the two fixation methods.



Fig. 5. Inferior views of C2 show the areas of vertebral artery groove violation by the two types of screws. (Left) The area of typical violation by trans-

articular screw (black arrowhead) is at the superoposterior portion of the groove. (Right) The area of typical violation by pedicle screw (white arrowhead)

is the inferomedial portion of the groove.
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Perhaps, even more important is the comparison of the
risk between the two types of screws in those with a small
space to accommodate the screws. We, therefore, analyzed
the risk of vertebral artery groove violation in two subsets
of patients: those with high-riding vertebral arteries and
those with narrow pedicles. Transarticular screws place
the artery at risk in cases with a high-riding vertebral artery,
defined in the sagittal plane (Fig. 4, Left) [15,16]. On the
other hand, narrow pedicles, defined in the axial plane
(Fig. 4, Right), would be expected to increase the risk of
vertebral artery injury by pedicle screws [12]. Considering
that high-riding vertebral arteries and narrow pedicle are
defined in two different planes (ie, sagittal vs. axial), one
may anticipate that high-riding arteries may lead to a higher
risk of arterial injury with transarticular than with pedicle
screws and narrow pedicles may lead to a higher risk of ar-
terial injury with pedicle than with transarticular screws.
However, our study using 3D simulation showed different
and unanticipated results. Whereas the risk in the presence
of a high-riding vertebral artery was significantly higher
with transarticular than pedicle screws (p5.02) as expected,
narrow pedicles did not lead to a significant difference in
the risk between the screws (p5.55). This could be ex-
plained by the fact that most patients with narrow pedicles
(82%) had a concurrent high-riding vertebral artery that
also increased the risk of vertebral artery injury with trans-
articular screws, whereas only 54% of patients with high-
riding vertebral arteries had a concurrent narrow pedicle.

We defined a narrow pedicle as one where the largest
pedicle width measured on axial CT scan images was 4
mm or less. We found that 24% of narrow pedicles could
accommodate 4 mm pedicle screws. This may at first sound
implausible. However, the C2 pedicle has a totally different
morphology than other vertebrae. The shape of its coronal
cut surface is not always ovoid as in other vertebrae and
has wide individual variations, for example, the cranial part
may be much wider than the caudal part. An extreme exam-
ple is shown in Fig. 6. In such cases, the width of the
pedicle may appear narrow on axial images, whereas the
cranial part of the pedicle, which may be much wider,
may not be readily identifiable as a part of the pedicle on
axial images (Fig. 6). These cases may be regarded as hav-
ing a narrow pedicle by our definition, using axial images
alone, while allowing pedicle screws to be placed in the
cranial part of the pedicle without cortical breach. This
demonstrates the limitation of predicting the feasibility of
pedicle screw placement using axial images alone. On the
3D reconstructed images of these cases, the cranial part
of the pedicle is wide enough to accommodate a screw,
as seen in Fig. 6. Unfortunately, however, in most clinical
settings, such a 3D image as seen in Fig. 6 may not be read-
ily available and measurement of the pedicle width on 3D
images may not be possible. Of note, C2 pedicle is the por-
tion posterolateral to the vertebral body and medial to the
transverse foramen (Fig. 7). It is different from the pars in-
terarticularis or isthmus, which is the narrowest portion be-
tween the superior and inferior articular processes [22].

Because the 3D shape of the C2 vertebral artery groove
and the internal anatomy of the bony space available for
the screw placement are complex [14,21], it is very difficult
to describe the C2 anatomy using only 2D methods, partic-
ularly in those with high-riding vertebral arteries and narrow
pedicles. The more reliable method of evaluating the risk of
vertebral artery groove violation is to use 3D screw trajec-
tory analyses. Such methods have been used previously to
study the cervical spine [12–14,21,23–26] and proved in-
strumental in the current study. Because this method is cur-
rently not readily available in most clinical settings, where
only 2D images are usually accessible, the results of the cur-
rent study may be used to guide the selection of the most ap-
propriate fixation method by allowing assessment of the risk
of arterial injury in a given patient using 2D parameters. This
is especially the case for those with anatomic variations such
as high-riding vertebral arteries and/or narrow pedicles.

Our results suggest that except in cases of a high-riding
vertebral artery, the anatomic risk of the two types of



Fig. 6. An extreme example of discrepancy in the width of the cranial and caudal parts of the pedicle shows the limitation of evaluating the pedicle width

using axial images alone. The width of the right pedicle looks small on an axial image and on a caudal three-dimensional (3D) view (white arrowheads).

Using our definition, this case is classified as having a narrow pedicle. However, a pedicle screw (pink bar) may be placed without cortical breach in the

cranial part of the pedicle, where its width is large enough, as seen on the cranial 3D view (black arrowhead). This part corresponds to an area on an axial

image where the pedicle is not easily identifiable (black arrow).
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screws to the vertebral artery is similar and surgeons may
opt to use either technique. When making the decision as
to which method is most appropriate, surgeons need to con-
sider several individual patient factors, as follows. First,
Fig. 7. Inferior and superoposterior views of C2 show the pedicle (asterisk) and

lateral to the vertebral body and medial to the transverse foramen. The pars interar

processes.
some types of vertebral artery anomalies such as a persistent
first intersegmental artery and fenestrated vertebral artery
may preclude the use of C1 lateral mass screws [27], which
is usually used in conjunction with C2 pedicle screws. In
the pars interarticularis (hatched areas). The pedicle is the portion postero-

ticularis is the narrowest portion between the superior and inferior articular
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those situations, transarticular screws may be advanta-
geous, especially if the surgeon does not feel comfortable
placing C1 lateral mass screws in a highly challenging sit-
uation. Second, technical difficulties in placing each screw
should be taken into account in the selection. Whereas
transarticular screws require prereduction of C1–C2 sub-
luxation and should be placed maintaining the reduction,
C2 pedicle screws do not require prereduction; so, surgeons
can concentrate on screw placement without trying to main-
tain reduction. In this regard, placement of C2 pedicle
screws may be safer. In addition, reduction can be easily
achieved with pedicle screws because it is performed inde-
pendently during rod assembly after screw placement. Fur-
thermore, pedicle screws require less extensive skin
incisions, are applicable to obese or kyphotic patients,
and provide longer screw purchase [10,12,13]. Third, place-
ment of C2 pedicle screws along with inferomedially angu-
lated C1 lateral mass screws may be safer, as far as the risk
of internal carotid artery injury is concerned, than place-
ment of C1–C2 transarticular screws [23].
Limitations of the current study

As with any study, there are a number of limitations in
ours. First of all, our study is based on simulation using
CT scans rather than using real cadavers. Although we used
fine-cut CT scans and 3D images, they are not as realistic as
cadaveric specimens. However, it would be impractical to
perform a cadaver study with as large a number of potential
screw insertion sites as in the present study. In addition, ca-
daveric specimens have the possibility of overrepresentation
of elderly patients, which may introduce age-related mor-
phologic changes such as arthritis. Alternatively, using CT
data provides a broader range of ages [28]. Furthermore,
computer simulation has the advantage that it allows ‘‘place-
ment’’ of both transarticular and pedicle screws on the same
side of the same patient with an unlimited number of screw
placement attempts.

A second limitation is that, in surgery, screws may not
be inserted in an optimal trajectory, so that insertion of both
C2 types of screws may not be as safe as illustrated in this
study. On the other hand, not all vertebral artery groove vi-
olations result in a vertebral artery injury because the
groove is not filled entirely by the vertebral artery [29].
Third, as described previously, this study focused on bony
structures and lacks assessment of soft tissues such as con-
genital anomalies of the vertebral artery. Finally, race, age,
gender, and original diagnosis among our subjects were not
considered.

Despite these limitations, we believe that this study has
unique strengths. We specifically compared the risk of ver-
tebral artery injury by C1–C2 transarticular screws versus
C2 pedicle screws using a sufficiently large number of
cases, based on a power analysis for sample size estimation.
Furthermore, we compared the risk of vertebral artery in-
jury by both types of screws in those with high-riding
vertebral arteries and/or narrow pedicles, which is impor-
tant, considering the increased risk of arterial injury in
those conditions. Finally, as far as we know, no studies
on this subject have been reported.
Conclusions

To our knowledge, this is the only study that specifically
compares the risk of vertebral artery injury by C1–C2 trans-
articular screws versus C2 pedicle screws using a sufficiently
large number of cases based on a power analysis for sample
size estimation. In addition, we are also the first to evaluate
the risk of vertebral artery injury by both types of screws in
those with a high-riding vertebral artery and/or narrow ped-
icle. This study reveals that, overall, neither technique has an
inherently higher anatomic risk of vertebral artery injury.
However, in the presence of a high-riding vertebral artery,
a pedicle screw is significantly safer than a transarticular
screw, although the risk for both screws is significantly in-
creased. A narrow pedicle also increases the risk for both
screws significantly, but the risk is not significantly different
between the two. Therefore, except in cases of a high-riding
vertebral artery, our results suggest that surgeons can expect
similar anatomical risks to the vertebral artery. They can opt
for either technique, taking into account other already
known factors such as congenital anomalies of the vertebral
artery, technical difficulty in placement of each screw, and
risk of internal carotid artery injury.
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