Eur Spine J (2013) 22:148-155
DOI 10.1007/s00586-012-2494-6

ORIGINAL ARTICLE

Accuracy of lower cervical pedicle screw placement with assistance
of distinct navigation systems: a human cadaveric study

Wei Tian - Yajun Liu - Shan Zheng -
Yanwei Lv

Received: 28 January 2012/Revised: 30 July 2012/ Accepted: 24 August 2012 /Published online: 18 September 2012

© Springer-Verlag 2012

Abstract

Purpose Evaluate the accuracy of five different tech-
niques for lower cervical pedicle screw placement.
Methods Forty human cadaveric cervical spines were
equally divided into five groups, and each group had eight
specimens. Pedicle screws with dia. 3.5 mm were used.
Group 1 was blind screw placement without any assistance;
Group 2-5 was assisted by the X-ray fluoroscopy, virtual
fluoroscopy navigation system, CT-based navigation system,
and Iso-C 3D navigation system, respectively. Thereafter,
cortical integrity of each pedicle was evaluated by anatomic
dissection of the specimens.

Results A total of 398 pedicle screws were inserted. In the
Group 1-5, the average operation time per sample was
27 £ 3.0, 112 £ 10.3, 69 + 6.4, 98 + 11.0, and 91 +
6.0 min, respectively. The outcome for excellent, fair and
poor were 29 (36.3 %), 21 (26.2 %) and 30 (37.5 %) in
Group 1; 35 (449 %), 29 (37.2 %) and 14 (17.9 %)
in Group 2; 34 (42.5 %), 36 (45.0 %) and 10 (12.5 %) in
Group 3; 70 (87.5 %), 10 (12.5 %) and 0 (0.0 %) in Group
4; 72 (90.0 %), 8 (10.0 %) and 0 (0.0 %) in Group 5.
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Conclusions Blind screw placement was surely unsafe.
Lower cervical pedicle screw placement assisted by the
CT-based navigation system or the Iso-C 3D navigation
system significantly improved the accuracy compared to
the fluoroscopy assistance and the virtual fluoroscopy
navigation assistance.

Keywords Navigation system - Computer-assisted
operation system - Lower cervical spine - Pedicle screw
placement

Introduction

Cervical pedicle screw placement is an advanced posterior
fixation with great biomechanical benefit [1-3]. The clinical
application of the cervical pedicle screw placement was
limited because of a high cortical penetration rate (6.7-29 %)
of a pedicle screw placement [4] and the high risk of vessel
and nerve injury [5]. This was due to the anatomic variation of
the cervical spine, the small size of the cervical pedicle and
the low accuracy of the traditional assisted techniques.
Therefore, improvement to the accuracy of the cervical
pedicle screw placement is the key to reduce the complica-
tions and adverse effects [6]. The computer-assisted naviga-
tion system has been gradually applied into spine surgeries
[7]. However, the natural value of the navigation system in
the spinal surgical procedure was questioned [8]. Recent
studies suggested that the accuracy of the pedicle screw
placement in the lower thoracic and lumbar spine could be
improved with a navigation system [9—-11]. Compared to the
traditional fluoroscopy, whether the navigation system could
improve the accuracy in cervical pedicle screw placement
remains debatable. Which kind of navigation system is
desirable for the high-risk cervical procedure?
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In the current study, we designed a random controlled
study to assess the accuracy of pedicle screw placement in
the lower cervical spine assisted by different navigation
systems, i.e., the blind screw placement, the X-ray fluo-
roscopy screw placement, the virtual fluoroscopy naviga-
tion screw placement, the CT-based navigation screw
placement, and the Iso-C 3D navigation screw placement.
Our findings suggest that the CT-based navigation system
and the Iso-C 3D navigation system have large advantages
in assisting the lower cervical pedicle screw placement
compared to the fluoroscopy assistance or the virtual
fluoroscopy navigation assistance.

Materials and methods
Specimens

Forty adult spine cadavers including C1-T1 were fixed by
formalin. The same amount of the posterior and bilateral soft
tissues was reserved. CT scans through the section of pedicles
were carried out for the measurement of the width, length and
transverse angle to exclude those pedicles which were too
narrow for screw placement. Two pedicles were excluded, in
that those were too thin to insert the pedicle screw.

Study design

These specimens were randomly divided into five groups, and
each group contained eight specimens. All procedures were
performed by an experienced surgeon who had 12-year clinical
experience in pedicle screw placement. The blind comparison
and consequential statistical analysis were independently
carried out by the other authors. The pedicles excluded were
placed in the Group 2. Group 1 was blind screw placement
without any assistance; Group 2-5 was assisted by the X-ray
fluoroscopy, the virtual fluoroscopy navigation system, the
CT-based navigation system, and the Iso-C 3D navigation
system, respectively. Based on the data from the CT scan, the
width and length in all the five groups were analyzed with an
analysis of variance in completely randomized design and one-
to-one g test, the result of which showed no significant dif-
ference among groups. It was believed that the five groups
were comparable. The bilateral pedicles of C3—C7 were cor-
respondingly analyzed by the paired ¢ test, and no significant
difference (p > 0.05) was observed. The data of the two ped-
icles of the same segment was therefore incorporated into one
group for the statistic analysis.

All the pedicles of the C3—-C7 were inserted with pedicle
screws according to the surgical pathway of cervical pedicle
screw placement except the right side pedicles of C4 and C5
in the Group 2, which were excluded. The screws were made
of titanium with a diameter 3.5 mm. The length of pedicles

was measured by CT scan: 80 % of the length from the entry
point to the anterior cortical bone of the vertebral body.
During the surgical procedure, the tentative manipulation and
change of the pathways were forbidden to reflect the most true
outcome of different methods of the cervical pedicle screw
placement. The surgical time was the summation of the single
cervical pedicle screw insertion time from C3 to C7 in one
specimen. The navigation system was initiative infrared
navigation system (Stryker®Spine Navigation).

Group I: the distance between the entry point and the
lateral border of the lateral mass and as well as the transverse
angle was measured on the basis of the CT scan. The distance
between the entry point and the inferior border of superior
articular process and the sagittal angle was determined from
the oblique view of plain films. The transverse angle and
sagittal angle for the pedicle screw placement were ensured
by a protractor, and the screws were inserted without any
assistance from a navigation system.

Group 2: according to the preoperative measurement of
CT scan and X-ray plain film, screw placement was con-
ducted with X-ray fluoroscopy assistance during the oper-
ation. A C-arm A-P and lateral view of X-ray fluoroscopy
were examined, respectively, at the start point, 10 mm
inside and the final point.

Group 3: the software for navigation system was Virtual
Fluoroscopy V 1.0. The navigation system automatically
registered after receiving the images of A-P view, lateral
view and bi-oblique view from the C-arm. The pedicle
screw placement was conducted by the 2D images. The
placement point and sagittal angle were fixed with a
pointer, and the transverse angle of placement was mea-
sured with a protractor. The screw hole was then drilled
along the chosen trajectory (Fig. 1).

Group 4: the software for navigation system was CT-
Based Spine Navigation 1.1. Preoperative CT scan (I mm
cuts) was obtained. The ideal axis and size for insertion of
each pedicle screw were scheduled prior to the surgery at
each level by defining the appropriate entry and target
points on the 3D reconstructed images (Fig. 2). The surface
registration of single vertebrae was adopted for registration
in the CT-based navigation system. Once the point-to-point
matching and surface matching process were completed,
the navigation system measured the accuracy automati-
cally. The next step would be taken if the error was rea-
sonable (within 0.5 mm). Under the computerized 3D
image guidance, the optional place point and direction
were chosen with a pointer, the screw hole was then drilled
along the chosen trajectory (Fig. 3).

Group 5: the navigation system was CT-Based Spine
Navigation 1.1. The navigation data were instantaneously taken
from electric C-arm (SIREMOBIL Iso-C, Siemens, Germany)
during the operation. The procedure of operation was basically
similar to the Group 4, the only difference was the image
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Fig. 1 Virtual fluoroscopy
navigation system assisted
pedicle screw placement. The
pedicle screw placement is
inducted by the 2D images
(A-P view, lateral view and
bi-oblique view), with the
pointer to determine the entry
point, the sagittal angle and a
protractor to determine the
transverse angle

collection method. The C-arm rotated 190° and collected 100
digital spot images, and then the reconstructed 3D images were
uploaded into the navigation system. Simultaneously, the
automatic registration of the navigation system was accom-
plished automatically. Transferred images could be used
directly without the need of point-to-point matching or surface
matching. Then the pedicle screw placement was inducted by
the instantaneous reconstructed 3D images (Fig. 4).

Statistical method

The row x column Chi-square test and row x column
segmental analysis were used to analyze the accuracy
among the groups (o = 0.05). Operation time was assessed

with an analysis of variance in completely randomized
design and with one-to-one ¢ test (o« = 0.05).

Results
Evaluation of the results
The specimens were dissected according to the segment

after the operation, and the accuracy of the pedicle screw
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placement was estimated by gross view (Fig.5). The
pedicles were divided into three categories: excellent (the
screw was completely within the pedicle without penetra-
tion), fair (there was penetration in the isthmus by the
screw thread and the penetration part was less than 1 mm),
and poor (there was penetration in the isthmus by the screw
and the penetration part was more than 1 mm). The latter
one had a risk of injury to the vessels and nerve around.
The excellent category and fair category could be consid-
ered together for the excellent/fair portion.

The ratio of the excellent/fair pedicle screw placement
in the Group 4 (CT-based navigation) and Group 5 (Iso-C
3-dimensioned navigation) was both 100 %. No statisti-
cally significant difference was found in the overall rate of
“excellent” and “fair” screws insertion between Groups 2
(fluoroscopy) and Group 3 (virtual fluoroscopy navigation).
The overall rate of “excellent” and “fair” screw insertion
in the Group 1 (blind placement) is the lowest among the
five groups.

The operation time largely varied among the groups
(Table 1). Overall, using a navigation system required
more time in operation compared to the one without
assistance.
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Fig. 2 Preoperative design of
CT-based navigation system.
The preoperative design of the
left pedicle of C5 is taken as an
example, the ideal entry point,
sagittal angle, transverse angle
and the appropriate length and
diameter of the screw are
illustrated

The accuracy of the blind cervical pedicle screw
placement according to the images prior to operation was
the lowest. Compared to the blind and the X-ray fluoros-
copy-assisted groups, the accuracy of cervical pedicle
screw placement in the computer assisted groups together
was significantly improved (p < 0.05). However, in the
virtual fluoroscopy navigation system assisted groups, the
outcome was still poor, which could injure the vessels and
nerves. Compared to the X-ray fluoroscopy assisted cer-
vical screw placement, the virtual fluoroscopy assisted
cervical screw placement required less time, without
improvement to the accuracy. CT assisted cervical screw
placement and Iso-C 3D assisted cervical screw placement
fielded a high percentage of accuracy among the three
computer assisted groups. These methods surely improved
the safety of the operation.

Discussion

The computer assistance system currently used in the spine
surgery was mainly the infrared optical navigation with

high resolution and 3D orientation. Although it is free of
being interrupted by other equipments in the operation, it
has limitations, for example, a piece of optically sensitive
equipment is required for the information exchange and
direct sunlight is prevented. There are three modes for the
spinal navigation systems, fluoroscopy-based navigation
system, CT-based navigation system, and intraoperative 3D
C-arm navigation system.

Fluoroscopy-based navigation system is 2D image
navigation. Experimental studies showed that there was no
significant difference in the accuracy between traditional
X-ray fluoroscopy and fluoroscopy-based navigation, indi-
cating that the accuracy of navigation system itself was
acceptable and close to the accuracy of traditional fluoros-
copy. Furthermore, it might reduce the operation time and
the radiation injuries to patients, nurses, and surgeons
[7, 12]. However, some limitations of fluoroscopy images
should be taken into account, such as the requirement of
clinical experience for the interpretation of the spinal ima-
ges, and the difficulties to decide accurate angles and entry
point in cervical pedicle screw placement. These could
result in high risks during the procedure. Thus, the cervical
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Fig. 3 CT-based navigation
system assisted cervical pedicle
screw placement. According to
the preoperative reconstructed
3D images, a pointer is used to
determine the entry point and
direction

pedicle screw placement assisted by fluoroscopy-based
navigation system was inadvisable for clinical application.

CT-based navigation system and Iso-C 3D navigation
system both use 3D technique, which could accurately
direct the entry angle and depth of the screws. Three-
dimensional navigation systems were suitable for cervical
pedicle screw placement with a high risk.

CT-based navigation system could make surgical plan
prior to operation by identifying the morphologic variation
of the pedicle and confirming the type and the inserting
orientation of the screws. As the data of the CT scan was
taken before operation, change to the position of a patient
could occur because the 3D images do not reflect the real
anatomic location and consequently might mislead the
surgeon. During the process of registration, the errors from
the selection of the reference points and manipulation
might increase the operation time and decrease the accu-
racy of the navigation system.

Iso-C 3D navigation system could obtain the instanta-
neous 3D reconstructed images and automatically upload
into the navigation system to achieve the auto-registration
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and auto-combination. Iso-C 3D navigation system inte-
grates largely the advantages of fluoroscopy and CT-based
navigation system, and reduces the manipulation error.
Although the 3D images, especially the reconstructed
images, were not as exact as CT images, the sections of the
3D images were of no difference from the CT images and
could satisfy the need in accuracy. Our previous studies
demonstrated that the safety and accuracy of the upper
cervical screw placement and lumbar vertebrae with axial
rotation were also substantially improved [13, 14]. Addi-
tionally, we performed an analysis of 818 cases of navi-
gation assisted spine operations from December 2002 to
November 2009 in our department. From December 2002
to October 2005, the number of navigation assisted spine
surgery was 130 cases (3.71 cases per month in average).
After the application of intraoperative 3D C-arm naviga-
tion in November 2005, the cases of operation were
increased to 688 by November 2009 (14.04 cases per
month in average). Intraoperative 3D C-arm navigation has
become the principal mode of navigation used in our
department, accounting for 99.27 % by November 2009.
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Fig. 4 Iso-C 3D navigation
system assisted cervical pedicle
screw placement. The pedicle
screw placement is inducted by
the instantaneous reconstructed
3D images

The usage of virtual fluoroscopy navigation and CT-based
navigation has dramatically declined in our department
since then. These data together suggest that the Iso-C 3D
navigation system greatly improves the safety and accuracy
of the operation [15]. Iso-C 3D navigation system thus may
represent a promising approach, and might replace the
fluoroscopy-based navigation system and CT-based navi-
gation system in spine surgery before long.

In our study, the cervical motion segments of formalin
fixed cadaver were immobile and the bone density was
reduced. As a result, the screw insertion in the cervical part
of cadaver was easier than that in clinical practice, and the
obtained accuracy might be higher than that in clinical
practice. This suggests that the firm immobility of the
cervical spine and adequate exposure of the surgical region
were the key points for the accuracy when using a navi-
gation system. In clinical practice, to avoid the disturbance
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of the soft tissue, we immobilize the cervical spine through
Mayfield cranial traction, sufficient dissection of muscu-
lature and the use of muscular relaxant. During the inser-
tion of pedicle screws, we performed carefully and saw to
the shift of the adjacent vertebrae and the drift of the
navigation images caused by the force of screw placement.
The conditions mentioned above could be solved by
appropriate standstill during manipulation to ensure the
navigation system to direct the accurate direction.

Nonetheless, it may not be feasible to quantify the cost-
effect, and predict clinical outcomes of these techniques
based on the current cadaveric study. Moreover, it is also
difficult to compare the accuracy of the experiments per-
formed by different surgeons with various experiences in
these techniques. Therefore, a large-scale randomized
clinical study might warrant close investigation in the
future.
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Fig. 5 Evaluation of accuracy of the pedicle screw placement in
gross view. a Excellent: the screw is totally in the pedicle without
penetration. b Fair: there is penetration in the isthmus by the screw

Table 1 The comparison of five techniques for C3—C7 pedicle screw
placement

Group N OT?® (min) Excellent Fair Poor E/F portion

1 80 27+3.0 29 21 30 62.5 % (50/80)
2 78 112 £103 35 29 14 82.1 % (64/78)
3 80 69+64 34 36 10 87.5 % (70/80)
4 80 98+ 11.0 70 10 0 100 % (80/80)
5 80 9160 72 8 0 100 % (80/80)

# Qperation time per specimen
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