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Abstract

Significant progress has been made in image-guided surgery (IGS) over the last few decades. IGS can
be effectively applied to spinal instrumentation surgery. In the present study, we focused our attention on
the feasibility and safety of image-guided spine stabilization for traumatic or osteoporotic spine injury.
The IGS spine fixation with or without minimally invasive surgery (MIS) techniques such as percutaneous
screw placement, balloon kyphoplasty (BKP), or vertebroplasty (VP) were accomplished in 80 patients
with traumatic or osteoprotic spine injury between 2007 and 2015. The injured vertebral levels included
the following: cervical spine, 41; thoracic spine, 22; and lumbar spine, 17. Neurological condition before
and after surgery was assessed using the American Spinal Injury Association Impairment Scale (AIS).
A total of 419 pedicle, lateral mass, or laminar screws were placed, and 399 screws (95.2%) were found
to be placed correctly based on postoperative computed tomography scan. Although 20 screws (4.8%)
were found to be unexpectedly placed incorrectly, no neural or vascular complications closely associated
with screw placement were encountered. Neurological outcomes appeared to be acceptable or successful
based on AIS. The IGS is a promising technique that can improve the accuracy of screw placement and
reduce potential injury to critical neurovascular structures. The integration of MIS and IGS has proved
feasible and safe in the treatment of traumatic or osteoporotic spine injury, although a thorough knowl-
edge of surgical anatomy, spine biomechanics, and basic technique remain the most essential aspects for
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a successful surgery.
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Introduction

Significant progress has been made in image-guided
surgery (IGS) using a computer navigation system
over the last few decades.’'® IGS can be effectively
applied to spinal instrumentation surgery using
pedicle screw (PS),'? lateral mass screw (LMS),20-29
or laminar screw?¥ and is now quite helpful in
safe surgical management. An intraoperative three-
dimensional computed tomography (3D CT)-based
navigation system can help surgeons ensure accurate
reconstruction of spinal alignment as well as precise
placement of all spinal instruments during surgery.
Another advantage of IGS is that surgeons can use
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spine injury, image-guided surgery, intraoperative navigation system, O-arm, spinal

multi-planar visualization of the spinal anatomy
without direct exposure of the deep surgical field.
An IGS allows surgeons to track any surgical instrument
virtually in reference to the displayed anatomy in
real time. This can be particularly helpful when a
spinal instrument or implant is placed into unexposed
or partially exposed spinal structures that may
not be directly visible, such as with percutaneous
pedicle screwing. This has led surgeons to introduce
minimally invasive surgery (MIS) for the treatment
of traumatic spine injury.?-*® The IGS technology
may be best thought of as a supplement to the
surgeon’s experience and judgment. In the present
study, we focused our attention on the feasibility
and safety of image-guided spine stabilization for
traumatic or osteoporotic spine injury.
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Materials and Methods

I. Patients

Image-guided spinal instrumented stabilization
including balloon kyphoplasty (BKP) or vertebro-
plasty (VP)*"3%) was accomplished in 80 patients of
traumatic or osteoporotic spine injury at our institute
between 2007 and 2015. The patients included 54
men and 26 women, and the mean age at surgery
was 65.1 years (range, 15-92 years). The injured
vertebral levels included the following: cervical
spine, 41; thoracic spine, 22; and lumbar spine, 17.
The clinical diagnosis was vertebral body fracture,
including compression fracture and burst fracture
of the vertebral body in 45; partial fracture of the
vertebra including odontoid fracture of the axis,
lateral mass fracture, or pedicle fracture in 16, verte-
bral dislocation injury including discoligamentous
injury in 12, facet interlocking in 7, and flexion-
distraction injury related to a Chance fracture in 3.
Patient characteristics are summarized in Table 1.
Neurological condition before and late after surgery
was assessed using the American Spinal Injury
Association Impairment Scale (AIS) (Table 2).%%)

I1. Preoperative evaluation

Comprehensive radiological evaluation including
plain radiography, CT scan, and magnetic resonance
imaging (MRI) were routinely performed. Pedicle
morphology (coronal, axial, and sagittal) and medial
inclination of the pedicle axis were carefully

Table 1 Patient characteristics

Characteristics No. (range)
Total no. of patients 80
Sex (male/female) 54/26
Mean age at surgery (years) 65.1 (15-92)
Postoperative follow-up (months) 32.4 (6—94)
Injured vertebral level
Cervical 41
Thoracic 22
Lumbar 17
Preoperative diagnosis
Vertebral body fracture
(compression or burst) 45
Other V(.ertebral fracture . 16
(odontoid, lateral mass or pedicle fracture)
Dislocation injury 12
Facet interlocking 7
Chance fracture 3

Table 2 ASIA Impairment Scale (AIS) for classifying
spinal cord injury¥

Grade Description

Complete injury. No motor or sensory function

A is preserved in the sacral segment S4 or S5.

Sensory incomplete. Sensory but not motor
B function is preserved below the level of injury,
including the sacral segments.

Motor incomplete. Motor function is preserved
below the level of injury, and more than half of
muscles tested below the level of injury have a
muscle grade less than 3.

Motor incomplete. Motor function is preserved
below the level of injury, and at least half of the
key muscles below the neurological level have a
muscle grade of 3 or more.

Normal. No motor or sensory deficits, but

E deficits existed in the past.

ASIA: American Spinal Injury Association.

evaluated. In the case of cervical spine injury, the
development and course of the vertebral artery (VA)
in the transverse foramen at each vertebra and the
collateral vascular network were carefully evaluated
using MR angiography and/or CT angiography.
When unilateral VA occlusion due to cervical
spine injury was recognized before surgery, cervical
pedicle screw (CPS) placement was avoided on the
remaining side. In such cases, a CPS was placed on
the VA-occluded side and an LMS was placed on
the remaining side to secure VA circulation. The
appropriate pathway, diameter, and length of each
screw were decided using preoperative high-resolution
3D CT. Abdominal CT angiography was done for
lateral interbody fixation to evaluate the course of
the urinary tract and arterial and venous circulation
in the operative field. Axial imaging using lumbar
MRI was useful to evaluate the development and
shape of the psoas muscle and the position of the
lumbar nerve plexus, including the femoral nerve.

III. Surgical procedure

In our institute, we used a preoperative 3D
CT-based navigation system (Medtronic Inc., Memphis,
Tennessee, USA) in the first study period (2007-
2012) and an intraoperative 3D CT-based navigation
system (O-arm) (Medtronic Inc.) in the second study
period (2012-2015). When neural compression
due to bone fracture or hematoma was recognized
based on preoperative images, decompressive
procedure was performed first. Correction of
destructive structures due to spine injury, such
as locked facets, was also done before placement of
spinal instrumentation such as PSs or LMSs (Fig. 1).
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Fig. 1 An illustrative case of unilateral facet interlocking at C4-5 with moderate compression of the spinal cord.
Emergent surgery of combined anterior and posterior fixation of the cervical spine was performed. A: Preoperative
computed tomography, B: preoperative magnetic resonance imaging, and C: postoperative plain cervical radiograph.

The navigation reference frame was carefully attached
at the spinous process of the injured vertebra,
where navigation error needed to be minimized,
particularly when severe instability of the spine
was suspected before surgery (Fig. 2). In the case
of craniocervical injury, the navigation reference
frame was attached to the head clamp. Careful
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Fig. 2 An illustrative
case of C7 pedicle and
laminar fracture of the left
side. Emergent surgery of
posterior unilateral fixation
of the cervical spine was
performed. A, B: Preoperative
computed tomography, C:
intraoperative photograph
showing the placement of
unilateral cervical pedicle
screws using minimally
invasive surgery technique,
and D: postoperative plain
cervical radiograph.

and meticulous placement of spinal instruments
was accomplished with the help of intraoperative
image guidance to avoid any additional damage to
the important anatomical structures such as the
spinal cord, cauda equina, spinal nerve roots, or VA.
In cases of severe instability of the spine, temporary
rod fixation on a unilateral spinal structure was an
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Fig. 3 A: An intraoperative photograph showing the use of a navigation reference frame fixed to the posterior
iliac bone and an inserted Pak needle. B, C: Intraoperative fluoroscopic images showing the successful introduction

of the balloons into the vertebral body.

optional procedure to stabilize the spine and secure
a safe surgery.

In cases of a BKP or a VP for thoracolumbar vertebral
body fracture, the navigation reference frame was fixed
to the posterior iliac bone (Fig. 3A). Intraoperative
3D CT images using an O-arm or 2D intraoperative
fluoroscopic images using a preoperative 3D CT-based
navigation system were obtained, and these images
were transferred to the surgical navigation workstation,
StealthStation® (Medtronic Inc.). Surgical trajectory for
BKP or VP was carefully determined on the surface of
the operative field, and a small skin incision (about
1 cm) was made on each side. An introducer (Pak
needle) was safely navigated into the vertebral body
through the entry point of each pedicle. BKP or VP
procedures were well controlled by conventional
fluoroscopy (Fig. 3B, C).

In cases of MIS technique for percutaneous pedicle
screw (PPS) placement, the navigation reference frame
was fixed to the appropriate spinous process in the
midline (Fig. 4). A Pak needle was safely advanced
to the entry point of each pedicle as displayed on
the workstation monitor. A Kirchner wire (K-wire)
was inserted into the internal lumen of the Pak
needle and was then slightly advanced toward the
deep vertebral body (about 0.7 cm) to prevent it
from being pulled out together with removal of
the Pak needle. After removal of the Pak needle, a
tapping device was advanced over the K-wire using
image-guided feedback. Finally, cannulated screws
were placed over the K-wire. After the setting of
the screw-rod contouring, spinal alignment and safe
placement of all spinal instruments were examined
using conventional fluoroscopy or intraoperative 3D
CT with an O-arm.

IV. Radiological analysis
The accuracy of each individual screw, including
PS, LMS, or laminar screw, was evaluated using

Fig. 4 An intraoperative photograph showing minimally
invasive surgery technique of percutaneous pedicle screw
placement with the help of intraoperative image guidance.
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Grade O Grade 1

Grade 2 Grade 3

Fig. 5 Illustrations showing the grading scale of the radiological accuracy of screw placement evaluated using
postoperative computed tomography scan that was originally proposed by Mirza et al.>¥

Table 3 Summary of accuracy of spinal instruments using pedicle screw, lateral mass

screw, or laminar screws

Spine level

Type of misplacement

Grade No. %
Cervical Thoracic Lumbar Medial Lateral
0 399 95.2
1 13 3.1 5 6 2 2 11
2 7 1.7 3 4 7
3 0 0

postoperative CT scan and graded on a four-tiered
classification system according to a previously published
grading system proposed by Mirza et al.*¥: Grade 0,
no cortical breach; Grade 1, cortical perforation is
present and the screw protrudes up to 2 mm; Grade
2, cortical perforation is > 2 mm, but < 4 mm; and
Grade 3, cortical perforation > 4 mm (Fig. 5).

Results

A total of 419 screws were placed, and total accuracy
of screw placement was 95.2% (399 of 419 screws)
in Grade 0, 3.1% (13 of 452 screws) in Grade 1,
1.7% (7 of 419 screws) in Grade 2, and 0% (0 of
419 screws) in Grade 3, respectively. In total, 20
of 419 screws (4.8%) were found to perforate the
cortex of the pedicle, although no neural or vascular
complications closely associated with screw placement
were encountered in the present study. Eighteen of
those 20 screws (90.0%) were found to perforate
laterally and 2 screws (10.0%) were found to perforate
medially. There were no screws that perforated
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superiorly and inferiorly. Misplaced screws were
distributed as follows: 40% in the cervical spine
(8 of 20 screws), 50% in the thoracic spine (10 of
20 screws), and 10% in the lumbar spine (2 of 20
screws). Accuracy of spinal instrument placement to
include PS, LMS, or laminar screws is summarized
in Table 3. Neurological outcomes after surgery
appeared to be either acceptable or successful based
on AIS, and are summarized in Table 4.

Discussion

In the era from the 1980s to the 1990s, IGS had
been initially applied to lumbar spine injuries.”)
However, there was a significant problem with
inaccuracy because of usage with intracranial
frameless stereotaxy, which used skin surface markers
for registration, and which did not allow for proper
and reliable placement of the registration frame for
spine surgery. Skin surface markers for registration
were easily moved between the mobile skin surface
and the underlying bony anatomical structures.>®
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Table 4 Summary of neurological outcomes

ASIA Impairment Scale (AIS)

Postoperative AIS

Preoperative
AIS A B C D E
A
B 1 2
C 4 21 7
D 10 20
E 15

ASIA: American Spinal Injury Association.

After that a dynamic reference array (DRA) as a
fiducial reference has been developed, and this DRA
which attached directly to the spine replaced the skin
surface markers and provided reliable registration
accuracy.” As well, IGS for spinal surgery using
CT scan obtained preoperatively resulted from the
worldwide use in the early first decades of the
2000s.%9 In cases using a preoperative CT-based
navigation system, anatomical landmarks need to
be widely exposed, to serve as registration points
and to be registered. The computer workstation
calculates a registration error during paired-point
matching and surface matching which takes several
times (about 5-10 minutes/vertebrae) and procedure-
specific limitations of acceptable registration error
exists.’® Although the registration process appears
straightforward in an experienced surgeon’s hands,
there is a significant learning curve involved with the
proper selection of anatomical landmarks and smooth
matching technique. This anatomical information
is then relayed to the computer workstation,
and the spatial location of spinal instruments
can then be displayed on the computer monitor.
Another important concern is that there may be a
significant discrepancy between spinal alignment
on the preoperative 3D CT obtained in the supine
position versus the spinal alignment visualized
during the surgery. This discrepancy surely results
in navigation errors when one-stage, multi-segment
vertebral registration is attempted. Around the same
time, a 2D fluoroscopy-based navigation system
was utilized and was mainly applied to the safe
placement of PSs in the lumbar spine, although safe
placement of lumbar PSs can be performed under
the surgeon’s direct visualization of the anatomical
landmarks with the help of fluoroscopic images.'V
One of advantages of 2D fluoroscopy-based IGS is
that surgeon-derived registration step is unnecessary.
This advantage relates to shortening of the operating

time. Disadvantages of 2D fluoroscopy-based IGS
are as follows: two-dimensional (anteroposterior
and lateral dimensions) image guidance does not
provide axial images like CT-based IGS provides.
The quality of the images directly depends on the
resolution of the acquired fluoroscopic projections,
so usually be affected with patients condition, such
as obesity or osteoporosis.

From 2000 to 2015, 3D fluoroscopy-based IGS and
intraoperative 3D CT-based IGS (O-arm) were utilized
all over the world.'>'® Instead of using preoperative
3D CT data, the intraoperative 3D CT-based navigation
system (O-arm) is now a remarkable advancement.
The O-arm is an intraoperative full-rotation, multi-
dimensional image system producing higher resolution
3D image, more similar to conventional CT scan
rather than that of 3D fluoroscopy-based navigation
system, especially in the condition of bone resolution.
These image data immediately can be downloaded
to the navigation system. This system can simplify
the registration process and decrease navigation
errors, particularly in spine injury cases with severe
instability or dislocation or facet interlocking. Another
advantage of this advanced system is that surgeons
can have an opportunity to fix any errors due to
mismatch between preoperative and intraoperative
imaging. It is no doubt that this kind of recent
advancement of IGS can improve the accuracy of
PS placement to secure a safe surgery, but technical
consideration needs to be further included. Despite
the initial difficulty of IGS with spine injury, further
technological developments, such as preoperative
and intraoperative CT-based IGS, have enabled
adaptation not only to the lumbar spine, but also
to the cervical and thoracic spine.

With regard to the accuracy of PS screw placement,
Gelalis et al.?®) reported in 2012 that in a systematic
review of 26 prospective clinical studies including
6,617 PSs inserted at the thoracic and lumbar spine
in 1,105 patients, 89-100% of screws placed with
CT navigation were correctly inserted in the pedicle
without perforation of the pedicle, whereas correct
placement was achieved in 81-92% with fluoroscopy-
based navigation system, 28—85% with fluoroscopy,
and 69-94% using a free-hand technique, with
statistical significance. In the lower cervical and
upper thoracic vertebral levels, intraoperative lateral
fluoroscopy could not clearly distinguish vertebral
body images that were overlapped by the shoulder
joint and scapula of the patient. In this situation, the
intraoperative navigation system was quite useful.
The possible reason for PS misplacement in this
present study may include anatomical complexity
such as shape, size, or angle of the cervical or
thoracic pedicle, in particular.
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An MIS using a percutaneous cannulated screw
technique is also gaining popularity for any spinal
level.?7-39 Advantages of this technique include a
smaller incision, less muscle dissection, less blood
loss, and postoperative pain. Many authors have
reported malposition rates of lumbar PSs inserted
with the percutaneous procedure, i.e., 6.6% by
Wiesner et al.,?” 2.3-3.3% by Schizas et al.,** 2.9% by
Park et al.,’” and 3.7-6.2% by Smith et al.?® There
is another concern that guide-wire migration can occur
easily in elderly patients with poor bone quality,
causing injury to neurovascular or visceral structures.
These injuries are catastrophic to patients, e.g., the
complication of fatal cardiac tamponade due to K-wire
migration was reported by Heini et al.*® Mobbs and
Raley®”) reported that of 525 PPSs insertions, seven
anterior breaches were found and two patients had a
postoperative ileus with a retroperitoneal hematoma.
In cases of VP or BKP, an intraoperative 3D CT-based
navigation system is particularly useful for elderly
patients. It is occasionally difficult for the surgeon
to identify a clear anteroposterior or lateral image of
the injured vertebrae because vertebral body fractures
in elderly patients are usually highly degenerative
and result in rotational or translational changes
in spinal alignment compared to young patients.
The percutaneous procedure of BKP, VP, or PPS is
technically demanding and requires a learning curve
especially for the safe use of guide-wire. Surgeons
cannot recognize the position of guide-wire using
navigation system. It is of great importance to navigate
the guide-wire using conventional fluoroscopic
images to visualize the anatomical landmarks during
the percutaneous procedure. The integration of MIS
and IGS is feasible and safe, but surgeons do need
to understand the importance of safe management.

Conclusion

The IGS is a promising technique that can improve the
accuracy of screw placement and reduce potential injury
to critical neurovascular structures. The integration
of MIS and IGS proved to be feasible and safe in the
treatment of traumatic or osteoporotic spine injury,
although a thorough knowledge of surgical anatomy,
spine biomechanics, and basic technique remain the
most essential aspects for successful surgery. An IGS
for traumatic or osteoporotic spine injury may represent
the most current modification of spine surgery, and
this has been an important advancement.
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