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Foreword

Publication of Technical Advances in Minimally Invasive Spine Surgery:
2&3D Navigation, Endoscopy, Robotics, and AR & VR, by Drs Kim, Hartl,
Wang, and Terander, is not only timely, but it is a tremendously important
contribution to spine surgery. When considering the current state of spine
surgery, one could speculate that “minimally invasive spine surgery” is now
relatively mature. “Image guidance” is in its adolescence; currently useful but
continuing to develop. “Robotics, augmented and virtual reality,” however,
are in their infancy. What place they will assume in spine surgery and how
they will contribute to the advancement of our discipline are completely
unknown! That is why the assembly of these chapters into one tome is criti-
cally important. Each chapter is written by that techniques leading surgeon(s)
and thought leader(s). By describing “beyond the state of the art” surgeries,
and utilizing new and currently developing technologies, each author boldly
demonstrates where recent developments are taking spine surgery. In doing
S0, it begs the reader to ask the questions which will guide us even further into
the future. “What else can be done with this technique?” “How can we
improve this technology even further?” “How can we utilize these techniques
and technologies to make spine surgery safer and more effective for our
patients?”

We are fortunate to be living in an exciting time in which our ability to
skillfully care for patients with spinal pathology is advancing at a staggering
rate. Just a few decades ago, the surgeries we routinely perform today were
unimaginable. It is my hope that this book will stimulate the next generation
of spine surgeons to continue this creative revolution and take us to the next
“unimaginable” plane of spinal surgery.

Richard G. Fessler
Department of Neurosurgery
Rush Medical College
Chicago, IL, USA



Foreword

Spine surgery continues to evolve at an extremely rapid pace, as spine sur-
geons strive to incorporate novel technology to advance patient care.
Concomitantly, novel technology applied in the medical field is a natural fit
for spine surgery given the complexity of the cases, the delicate nature of the
neurological anatomical structures, and the importance of precise and accu-
rate surgery, in order to correct spinal pathology with optimal outcomes. This
knowledge requires the collection of the most contemporary information in a
proper textbook, which grouped together will transfer this critical knowledge
to spine surgeons throughout the world. I believe the goals of this comprehen-
sive textbook are to assemble the current thought-leaders on these novel indi-
vidual topics and combine them in a collection that will serve as an educational
reference for the implementation of these novel techniques, for spine surgeon
generations to come.

I have known all of the editors of this book for many years, and I highly
respect each of them. If I were to create a list of the most cutting-edge spinal
surgeons today, utilizing minimally invasive surgical techniques and robotics
and navigation, the editors of this book would be at the top of the list. Each
has a busy spine surgery practice, utilizing these newer techniques, and has
developed a massive amount of expertise in their individual areas. Each is a
highly sought-after speaker, educator, and leader in the world of spine sur-
gery today. A project such as this textbook, led by this group of editors, can
only be considered a significant work which will be seen as a landmark book
for the current and next generation of spine surgeons.

This book comprises 43 chapters on novel techniques, with 94 authors
involved, who are at the forefront of the topics being discussed. I am extremely
impressed with the assembled author list, and choice of the topics, which lead
the reader through the basics of contemporary minimally invasive surgery, all
the way into the future of education and predictions of how this will look into
the future. The book begins with a history of minimally invasive spinal sur-
gery and how it evolved with the introduction of navigation. The basic foun-
dations of the principles of minimally invasive spinal surgery are brought
forth, even delving into applications into anterior and lateral approaches to
the spine. The entire spectrum is discussed, from the cervical spine, all the
way to the thoracic and lumbar spine. The topic of navigation-guided mini-
mally invasive spinal surgery is then expanded in detail, discussing decom-
pressive techniques with tubular retractors, and evolving into endoscopic
approaches. This is then expanded into fusion techniques, using microscopic
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Foreword

and endoscopic approaches. Once again, the entire spine from the cervical
down to the lumbar spine, is considered. The topic then progresses into robot-
ics and the application of novel robotic technologies for minimally invasive
spinal surgery. Once again, a comprehensive journey of robotics applied to
the different areas of the spine, and for degenerative and deformities patholo-
gies. The book finishes the topic of minimally invasive spinal surgery, with a
look into virtual reality, and augmented reality for the same treatments,
extending into future applications of education of these techniques.

I am personally extremely excited to present this contemporary collection
of topics on minimally invasive spinal surgery, using the advances in current
technology, to serve as a landmark reference and educational compilation, for
spine surgeons today. I am delighted to see this effort led by such a distin-
guished and well-respected group of editors, and even more excited about the
list of authors. I highly recommend this educational collection, for all spine
surgeons today, not only to serve as an education on the most novel technolo-
gies for minimally invasive spinal surgery today, but also as a peek into the
future of spine surgery and education.

In conclusion, the readers of this textbook are going to be treated to the
entire gamut of minimally invasive spinal surgery using advances in modern
technology, and I believe this will stimulate the younger generation of spine
surgeons, to advance this topic into the future. I am confident that this will
ultimately result in improved treatment outcomes for our patients suffering
from spinal disorders.

Jeffrey C. Wang

USC Spine Center

Keck School of Medicine at

the University of Southern California
Los Angeles, CA, USA



Preface

In our world of fast-paced technical advances, one may argue that a book on
spine surgery relying on today’s cutting-edge technologies will be outdated
before it is printed. Indeed, technological developments occur at an ever-
increasing speed. However, the human body does not, and in surgical special-
ties it is of great importance to recognize, understand, and implement those
technologies which will bring the most benefit to the patients. Minimally
invasive surgery, including endoscopy, has matured to become mainstream in
spine surgery. Similarly, navigation, robotics, and augmented reality are fre-
quently found in surgical centers. In this textbook, “Technical Advances in
Minimally Invasive Spine Surgery: 2&3D Navigation, Endoscopy, Robotics,
and AR & VR, we have relied on experts, using these technologies in their
practices, to present their insights and experiences. The intended audience
includes all with a particular interest in advanced spine surgery, ranging from
medical students to experienced spine surgeons. To the student, the contents
may serve as an introduction to a world where technology and medicine inter-
act to improve outcomes. To the experienced spine surgeon, it may serve as a
resource in the development of their own medical practice. The aim is to pres-
ent a comprehensive and structured summary of the field and suggest what
comes next based on current developments and unsolved issues. To this end,
we, the editors, believe that the chosen format is best suited.

Seoul, Korea (Republic of) Jin-Sung Kim
New York, NY, USA Roger Hartl
Miami, FL, USA Michael Y. Wang

Stockholm, Sweden Adrian Elmi-Terander
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1.1 Introduction

Spinal surgery has undergone a rapid transforma-
tion over the past 30 years largely driven by tech-
nological advances in image-based intraoperative
navigation. In traditional open instrumented spi-
nal surgery, screw trajectory is estimated after
exposing both the screw entry point and the
nearby relevant surgical landmarks. For exam-
ple, in placing cervical lateral mass screws, the
surgeon will only be certain of their entry point
and trajectory if they have exposed the full extent
(including lateral aspect) of the lateral masses
and are able to visualize or palpate the superior
and inferior articulating processes. This level of
assurance is required to ensure instrumentation is
durably placed and injury is avoided to the spinal
cord, nearby neural elements, and critical vascu-
lature. Unfortunately, this technique is not ideal.
It requires large incisions and significant tissue
trauma. Further, in cases of severe pathology,
trauma, or deformity, the normal trajectories/ana-
tomical relationships can be distorted resulting
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in screw misplacement. The adaptation and rapid
evolution of image-based navigational tech-
niques have allowed spinal instrumentation to
move toward minimal exposure as the surgeon’s
reliance on anatomical knowledge/relationships
can be augmented with navigation diminishing
the need for direct visualization. The result is
less invasive surgery. Minimally invasive spine
(MIS) surgery has been demonstrated to decrease
blood loss, duration of hospital admission, and
decrease postoperative narcotic use [1, 2]. Here
we will briefly review the history of navigation
guided spinal surgery particularly as it relates to
minimally invasive instrumented fusion and dis-
cuss the currently available imaging techniques
and navigation technologies (Fig. 1.1).

1.2  Single and Biplanar
Fluoroscopy

(Non-navigated)

Early uses of intraoperative fluoroscopy-based
MIS percutaneous instrumentation techniques
were described in the lumbar spine (wider ped-
icles and no spinal cord) and later described in
the thoracic and cervical segments. C-arm fluo-
roscopy remains a widely used modality for
placement of percutaneous pedicle screws. In
these techniques, since anatomic landmarks are
not directly visualized, their success and safety
depend on visualizing the landmarks via fluoros-
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copy. For example, when placing lumbar pedicle
screws, the anterior-posterior (AP) fluoroscopy is
acquired such that the spinous process is midline,
vertebral body endplates are even, and pedicles
are easily identifiable. Next, using a combina-
tion of AP and lateral fluoroscopy, Jamshidi
needles are placed on the lateral margin of the
pedicle and advanced into the vertebral body and
removed leaving behind a k-wire guide allowing
the remainder of the procedure to occur via can-
nulated instrumentation over the k-wire guide.
There are advantages and limitations to the
fluoroscopically guided but non-navigated tech-
niques. Important advantages include low up-
front costs associated with necessary equipment,
relatively fast learning curve, ability to use the
equipment in a variety of different procedures
across the hospital. In addition, this method
(more so than intraoperative CT) involves essen-
tially real-time imaging. A notable limitation with
this technique is decreased accuracy in relation
to navigated methods. Though accuracy across
studies is difficult to compare, a study evaluating
346 screws in 72 patients found “perfect” pedicle
screw placement in 65% of cases compared with
arate of 90% in 176 screws placed in 39 patients
with the use of a navigated robot [3]. Another lim-
itation is the reliance on k-wires to guide screw
placement. Pedicle breach by screw or k-wire can
result in serious complications including dural
perforations resulting in leakage of cerebrospinal
fluid, injuries to the bladder and other abdominal
organs, injury to the great vessels, and cardiac

tamponade [4, 5]. Another important drawback is
increased radiation exposure to the surgical team.
A representative meta-analysis examining 785
patients in 11 clinical studies found that radiation
exposure time doubled when using fluoroscopic
guidance compared with “free hand” pedicle
screw placement [6].

1.3  Navigated Two-Dimensional

Fluoroscopy

Two-dimensional navigation built on the founda-
tions of single and biplanar fluoroscopic methods
and incorporated 2D computer-assisted naviga-
tional guidance. Similar to frameless navigation
techniques employed in cranial surgery, these
techniques rely upon the application of a refer-
ence frame set in a fixed position to the surgi-
cal field with tagged instruments which can be
tracked with regard to their relation to the surgi-
cal field. After intraoperative fluoroscopic images
are acquired the surgical tools, designed with
light-emitting diodes, can be detected by a cam-
era and virtually projected onto the fluoroscopy
monitor to correspond 2-dimensionally with
the imaged anatomy. This technique was well
described by Foley et al. [7]. Foley demonstrated
an acceptable degree of accuracy in an in vitro
model between the tips and trajectories of vir-
tual and the fluoroscopically imaged probes with
the mean error being 0.97 mm and 2.7 degrees,
respectively. They verified an additional benefit
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to this method finding no detectable radiation
exposure to the surgeon.

Though this technique represented a signifi-
cant step forward, it has several limitations. Most
notably, this method of application of fluoroscopy
supported a two-dimensional “virtual” navigation
system which can more easily lend itself to errors
and misinterpretations compared with a full three-
dimensional rendering. Additionally, this system
is susceptible to all of the factors which diminish
fluoroscopic image quality such as interference
from radio-opaque materials or obesity.

Fan Beam and Cone Beam
Computed Tomography-
Based Three-Dimensional
Navigation

14

Increases in the availability of fast computer pro-
cessor speeds, navigational software, and mobile
fan beam and cone beam image acquisition plat-
forms have led to widespread adaptation of 3D
navigational techniques. With these techniques,
an array is rigidly fixed to the patient either via
fixation to a pinned skull clamp (cervical) or
fixed to a spinous process (any spinal segment) or
iliac crest (thoracolumbar) and imaging is acquir-
ing intraoperatively via intraoperative CT (fan
beam) or C-arm/O-arm (cone beam) techniques.
Figure 1.2 depicts one of the available fan beam

Fig. 1.2 Intraoperative fan beam CT scanner (AIRO©O,
Brainlab) with integrated operating table. Image copyright
owned by Brainlab, used with permission

intraoperative CT systems available (AIRO ©,
Brainlab) with an integrated flat Jackson table.
After acquisition of intraoperative CT, a wide
variety of surgical tools with arrays rigidly affixed
can be visualized in 3D on monitors displaying
the intraoperatively acquired scan (Fig. 1.3). This
represents an important advance as it decreases
reliance on k-wires. Lian et.al described the con-
cept of “total navigation” which is a combination
of intraoperative 3D navigation with portable
intraoperative CT scanner [8]. Studies have dem-
onstrated an improved workflow and increases in
the safety, accuracy, and efficiency of minimally
invasive spinal procedures [9-11].
Three-dimensional real-time rendering allows
for an easier conceptualization of 3-D anatomy
and a high degree of accuracy. During pedicle
screw placement, the surgeon can monitor inline
axial, sagittal, and coronal views to ensure opti-
mal trajectory (Fig. 1.4). Additionally, the abil-
ity to perform scans after instrumentation has
been placed but while the patient is still in the
operating room allows for misplaced instrumen-

Fig. 1.3 Intraoperative infrared camera, computer, and
monitor (Curve@, Brainlab). The infrared camera tracks
reflective material placed on surgical instruments as well
as a reference array rigidly affixed to the patient. The
computer and associated software create 3-D projections
depicting the surgical instruments relative to the patient’s
intraoperatively acquired anatomy. Image copyright
owned by Brainlab, used with permission
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Fig. 1.4 Display of intraoperative monitor demonstrating the 3-D rendering and instrument tracking during 3-D navi-

gated pedicle screw placement

tation to be revised without a return to the OR
(and its associated costs and morbidities) [12].
In all regions of the spine the use of navigation
(compared with non-navigated techniques) is
associated with a lower risk for pedicle breach
[13]. Notable drawbacks include high up-front
equipment costs and a surgical workflow learn-
ing curve. Sclafani et al. reported a learning curve
related to operation speed when using 3D navi-
gation but importantly found that accuracy with
these techniques was high and remained high
throughout the learning process [14].

and trajectory. Reports have described a signifi-
cant but surmountable learning curve [15] but a
high degree of accuracy is achievable for pedicle
screw placement [16]. The significant limitation
in robotics had been their reliance on preopera-
tive image acquisition and preoperative planning.
Next generation robotics capable of integrating
intraoperatively acquired images have the poten-
tial to broaden the application of robotics. An
example of integration with fluoroscopy-based
(cone beam) CT and true intraoperative CT (fan
beam) is shown in Fig. 1.5.

1.5 Robotics

Robotic spinal surgery builds on the computer
generated 3D navigational techniques by employ-
ing a robotic arm (fixated to the floor or table)
capable of aligning with a planned starting point

1.6  Augmented Reality

and Virtual Reality

Augmented reality systems overlay preopera-
tively identified anatomical structures, idealized
screw locations/trajectories, or lesions, superim-
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Fig. 1.5 Example of intraoperative setup integrating
robotic arm with intraoperative imaging. Left panel:
Ziehm© cone beam CT and Cirq© Brainlab robotic arm
affixed to surgical table. Right panel: robotic arm affixed

Fig. 1.6 Intraoperative
microscope with rigidly
affixed reference array
tracked by infrared
camera to allow
augmented reality
projections to be visible
in real time in the
microscope eye piece.
Image copyright owned
by Brainlab, used with
permission

posed on the anatomy visualized in the OR via
projections in operative microscope eyepiece or
specialized goggles. Among other capabilities,
this technology allows relevant structures to be
identified on preoperative MRI scans to be merged
with intraoperatively acquired CT. The fixation
of a rigid reference array to the microscope (in
addition to the patient and surgical instruments)
allows these projections to be viewed in 3-dimen-
sions in the correct anatomic place (Fig. 1.6).
When applied to minimally invasive spinal sur-
gery, this allows the surgeon to orient themself
in terms of trajectory and anatomy which can

to surgical table with true intraoperative AIRO© CT in
background. Image copyright owned by Brainlab, used
with permission

become obscured while operating through small
tubes when the lesion of interest is not encoun-
tered in the field of view. For example, trajectory
planning and re-orientation can be augmented in
tubular transforaminal lumbar interbody fusion
projecting anatomical landmarks via microscope
eyepiece in their idealized location (Fig. 1.7).
Intradural tumors can be identified with their ide-
alized location and borders visible via the micro-
scope eye before the lesion is encountered and
throughout the resection (Fig. 1.8). A wide range
of applications of this capability are imaginable
and actively under investigation [17, 18].
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Fig. 1.7 Visualization of TLIF landmarks. Panel on the
left: illustrations highlighting orientation and relation of
tubular retractor to important landmarks during tubular

Virtual reality, viewing and manipulating
3D renderings, has been used for simulation,
teaching, and training purposes in a variety
of medical settings as well as other indus-
tries given its ability to simulate real world
situations in a safe learning environment. One
group has reported the use of VR in preop-
erative planning transpedicular corpectomy
and reported satisfaction with their ability to
preoperatively determine degree of necessary
bone removal and cage diameter and reported
no serious complications [19]. Its educational
potential was separately elucidated in a study
demonstrating an improvement in accuracy in
cervical lateral mass screw placement among
trainees participating in a VR simulation com-
pared with those taught in the traditional fash-
ion [20].

TLIF. Right panel: intraoperative view through operative
microscope during tubular TLIF with overlay of surgical
landmarks via augmented reality

1.7  Conclusion

Over the past 30 years, spinal surgery has under-
gone rapid change specifically with the wide-
spread use of instrumentation and push toward
minimally invasive techniques which has been
made possible in large part due to the evolution
of image-based navigation. New technologies
have rapidly been synergistically incorporated
into the operating room in order to increase the
cost effectiveness and efficiency of surgery as
well as improve safety with respect to both the
patient (with increased accuracy) and the surgi-
cal team (with decreased radiation exposure).
Augmented reality is now being rigorously tested
and showing promise to further enhance spinal
surgery and virtual reality is being developed to
train the future generation of spinal surgeons.
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Fig. 1.8 (a) Sagittal and (b) Axial T2-weighted MRI
demonstrating sacral schwannoma. After these preopera-
tively acquired scans were co-registered with intraopera-
tively acquired CT, an augmented reality projection was
superimposed. (¢) Tubular approach to mass with blue
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2.1 Introduction

Lateral lumbar interbody fusion (LLIF) has
become increasingly popular in recent years as a
minimally invasive surgery (MIS) option for
fusion. In 1997, the first lateral anterior to the
psoas approach to the lumbar spine was described
by Mayer [1]. In 2006, Ozgur et al. reported on
the promising results of a trans-psoas approach
[2]. Regardless of the corridor, LLIF is ideal for
patients with mechanical back pain with spondy-
lolisthesis, adjacent segment disease in patients
with a prior fusion, pseudoarthrosis, as well as
for correction of coronal deformity. Advantages
to the approach include indirect decompression
of neural elements, low large surface area for
fusion across the implant surface, and avoidance
of soft tissue injury by avoiding injury to the
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paraspinal musculature and posterior tension
band. In addition, this approach avoids the great
vessels and manipulation of abdominal organs.
With proper cage selection, this approach offers a
low risk of subsidence [3]. Lateral approaches
have become an attractive option for arthrodesis
in the lumbar spine.

The lateral approach allows for placement of a
graft with a large footprint and surface area for
fusion, spanning the apophyseal ring. However,
standalone cage placement without fixation poses
the risks of graft migration or extrusion causing
visceral or vascular injury. Additionally, stand-
alone cage placement without fixation carries
increased risk of pseudoarthrosis [4]. Due to
early failures with stand-alone lateral interbody
cage placement, many surgeons opt for supple-
mental fixation including a lateral plate with
screws that are inserted into the rostral and cau-
dal vertebral bodies. Other options include inte-
grated cage/screw implants, unilateral, or
bilateral pedicle screw fixation. Traditionally,
patients undergoing lateral interbody cage place-
ment are initially placed in the lateral position
and later placed prone for posterior instrumenta-
tion. The prone position, while familiar to most
surgeons does confer risks associated with pres-
sure to the anterior body including: cardiovascu-
lar and pulmonary compromise, oropharyngeal
swelling, abdominal compartment syndrome,
and increased bleeding due to increased intra-
abdominal pressure [5]. Another disadvantage to
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changing surgical position intraoperatively is the
inherent increase in operative time. For all of the
above reasons, placement of the interbody cage
as well as posterior pedicle screw placement and
posterior direct tubular decompression in a single
stage with the patient remaining in the lateral
position has emerged as an attractive technique.

2.2  Published Reports of Single-

Stage Lateral Surgery

The first published case series of patients under-
going single-stage lateral surgery was by Drazin
et al. in 2015 [6]. In their series, the authors per-
formed a retrospective review of 20 patients, ten
of whom underwent lateral followed by prone
positioning and ten who underwent single-stage
surgery, controlling the respective cohorts in
terms of age, BMI, and pathology treated via
LLIF. The authors reported a statistically signifi-
cant decrease in average operative time (average
60 min/case) when comparing single stage to
repositioning. No significant differences were
observed with regard to blood loss, length of stay,
clinical, or radiographic outcomes. Pedicle
screws in this study were placed bilaterally using
fluoroscopy. From their experience, the advan-
tages of the single position technique were lost
when more than two spinal levels are involved.
They also noted that while single position sur-
gery seems advantages in morbidly obese
patients, they encountered technical challenges
in this population related to poor fluoroscopic
visualization. They further recommended against
the single position technique in patients with
small or rotated pedicles in which case lateral
placement of pedicle screws can be a challenge.
Blizzard et al. in 2018 evaluated a consecutive
case series of 72 patients who underwent either
OLIF or LLIF followed by instrumentation in the
lateral position [7]. In their series, the majority of
patients (65/72) underwent single level interbody
placement followed by bilateral pedicle screw fixa-
tion using fluoroscopy. Average operative time was
87.9 min with an average of 5.9 min/screw.
Postoperative CTs were obtained in 85% of patients
with a screw breach rate of 5.1%, and no clear trend
between the “upside” or “downside” (dependent

side) pedicles in terms of breach rate. In their series,
two patients underwent reoperation for radiculopa-
thy due to a screw breach with resolution of their
symptoms at last follow-up. The authors reported
that in their experience, they did not find a signifi-
cant learning curve in pedicle screw placement in the
lateral position using fluoroscopy. However, they did
that placing screws into S1 may be more challenging
in the lateral position due to the lack of a good dock-
ing surface compared with higher lumbar levels.
Specifically, the inherent difficulty cited by the
authors in this study was that the transverse process/
facet junction is not as obvious at the lumbosacral
junction. Interestingly, in both early case series of
single-stage lateral surgery, navigation was not used
for pedicle screw fixation despite the perceived chal-
lenges of placing pedicle screws in the lateral posi-
tion, especially in the downside pedicles.

Despite several case series of single-stage sur-
gery, there are few studies comparing patients
undergoing single position surgery to those who
are repositioned. Ziino et al. compared patients
undergoing single position LLIF to lateral fol-
lowed by prone positioning [8]. Patients were
included if they were undergoing LLIF alone
without adjunct procedures such as TLIF, PLIF,
or ALIF, though patients with fusions above or
below the level of interest were not excluded. The
single position (n = 42) and dual position (n =24)
cohorts had no differences in patient demograph-
ics, blood loss, length of stay, blood loss, or pre-
or postoperative lordosis. However, the authors
did find a statistically significant decrease of
44 min between the single position surgery group
to the lateral then prone group. An additional
27 min were saved if unilateral rather than bilat-
eral pedicle screw fixation was performed.
Compared with earlier studies, this was the first
to evaluate the theoretical advantages of single
position surgery. As with other single-stage stud-
ies, pedicle instrumentation was performed per-
cutaneously without navigation. Importantly, this
study also found no difference in preoperative
and postoperative lordosis suggesting prone posi-
tioning is not required to facilitate lordosis.
Despite these encouraging results, additional
studies comparing these techniques are needed.
The five published studies including 183 patients
are summarized in Table 2.1 [6-10].
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Table 2.1 Studies evaluating single position surgery (SPS)
Revision
LLIF vs Screw placement surgery
# of OLIF for | Imaging time or OR time Screw for screw
Author (year) | Study design | patients | SPS modality (min) breaches breach
Drazin 2015 | Retrospective | 10¢ LLIF Fluoroscopy 190.3 min (DP) vs | 1° 1 pt
130.5 min (SP)
Blizzard Retrospective |72 Both Fluoroscopy 5.9 min/screw 13/254 2 pts.
2018 (5.1%) (2.8%)
Ziino 2018 | Retrospective |42° LLIF Fluoroscopy 226 + 74.9 min Unspecified |2 pts.
(DP) vs (4.7%)
149.2 + 53.2 min
(SP)
Sellin 2018 | Retrospective |4 OLIF Intraoperative | 138 + 16.7¢ 2 1 pt
CT
Huntsman Retrospective |55 LLIF Intraop CT or | 155.7 + 42 min? 0 0
2019 preop CT with
robotic
assistance

LLIF lateral lumbar interbody fusion, OLIF oblique lumbar interbody fusion, OR operating room time, SPS single posi-

tion surgery

2Screw breach was in a single patient who underwent dual positioning (lateral then prone)
"Forty-two patients underwent single-position, 24 dual position

“Ten patients underwent single-position, 10 dual position
9No comparison group that was repositioned

2.3  Single Position Lateral

Surgery with Navigation

Since the era of fluoroscopy-guided pedicle
screw insertion, navigation systems have become
ubiquitous in spine surgery. Cone beam or fan
beam based 3-D navigation systems are in wide-
spread use. In addition, pedicle screw systems
now include platforms that facilitate single-step
screw insertion with integrated navigation or
with robotic assistance [9]. At our institution we
use a navigated single-step pedicle screw inser-
tion system. The surgical technique and example
cases are summarized below.

24  General Technique

For single-stage surgery, all procedures are per-
formed under general anaesthesia with neuro-
monitoring. We use a flat Trumpf table integrated
with the intraoperative CT navigation platform.
In our standard workflow for single-stage sur-
gery, the patient is placed lateral for the interbody

work first with fluoroscopy used for cage plan-
ning and placement, followed by an intraopera-
tive CT scan for navigation of pedicle screws.

2.5 Positioning and Lateral

Interbody Cage Placement

The patient is placed in the lateral decubitus posi-
tion with the approach side up. Care is taken to
safely secure the patient to the operative Table. A
small axillary roll is placed to protect the brachial
plexus, and a small hip roll is used on the depen-
dent side to induce slight lateral flexion away
from the side of the approach (Fig. 2.1). This
manoeuvre stabilizes the spine for the navigation
part of the procedure, facilitates access to the disc
space at L4/5 that can be obstructed by the iliac
crest, and higher up in the lumbar spine due to the
ribs. The patient’s arms are bent at the elbows at
a 90-degree angle and appropriately padded to
facilitate CT scanning for the preoperative scan
needed for navigation of the pedicle screws,
which is performed after the interbody work is
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Fig. 2.1 Intraoperative positioning. Patient is flat on the
operating room table and securely taped (and padded) to
prevent movement during cage and screw placement.
Notice that the entire posterior lumbar surface is left
exposed to allow access to both sides for pedicle screws.
The patient is placed as close to the table edge as possible
to avoid inadvertent malpositioning of the downside pedi-
cle screws due to obstruction by the OR table

complete. In addition, the patient is positioned as
close to the edge of the table as possible to ensure
the ability to place pedicle screws into the depen-
dent (downside) pedicles without obstruction by
the operating room table. The positioning of the
patient close to the table edge is also critical for
draping, to ensure sterility and to make sure the
maximal surface area of the lumbar region is
available to obtain the necessary trajectory from
lateral to medial for placing pedicle screws into
the dependent (downside) pedicles. Once the
patient is padded and secured to the operating
room table, intraoperative fluoroscopy is brought
in and the patient and table are rotated appropri-
ately to obtain orthogonal views of the disc space
of interest. LLIF is performed in a standard fash-
ion [11].

Our experience is primarily with direct lateral
interbody cage placement using fluoroscopy only
and using 3D navigation when placing pedicle
screws. LLIF is performed in a standard fashion
with fluoroscopy alone. After the interbody cages
have been placed, a reference array is attached to
the iliac crest and intraoperative CT is acquired
for navigated screw placement as well as possible
tubular decompression as necessary. Acquisition
of intraoperative CT after LLIF allows for intra-

operative confirmation of cage placement. In
addition, discectomy and cage placement require
high-velocity manoeuvres which may shift the
reference frame, making navigation inaccurate if
the scan is performed before this point.

Optimal timing and use of fluoroscopy and
intraoperative CT is debated and remains an area
of active study [12]. As with LLIF, some surgeons
perform a pre-psoas approach for interbody place-
ment using navigation as posterior pedicle screw
placement. In one of the author’s (RN) experi-
ence, use of navigation is helpful for incision
planning if using the pre-psoas corridor and con-
firming position of the disc space of interest.
Annulotomy, discectomy, and endplate prepara-
tion are similar as with the direct lateral approach,
however the cage may be undersized due to the
limitations of the navigation platform in use.
Intraoperative fluoroscopy can be used to opti-
mally fit and position the cage to promote fusion.

2.6 Navigated Pedicle Screw

Placement

Once final fluoroscopic images have been
taken, the iliac crest is palpated through the
LLIF incision and a reference array for naviga-
tion is placed. The patient is tilted away
approximately 10-15° away (Fig. 2.2) from the
surgeon to bring the downside pedicles into
better alignment for screw placement. In addi-
tion, patient rotation ensures navigation accu-
racy as the patient’s body is in the same
position that it would be for pedicle screw
placement into the downside pedicles. In the
authors’ experience, if the patient is kept neu-
tral for the navigation scan followed by rota-
tion, this can lead to navigation inaccuracies
and misplaced screws which carries with it
risks of neurologic injury. An intraoperative
CT scan is taken, and the data is sent to the
navigation system. Depending on the surgeon’s
preference, uni-or bilateral pedicle screw fixa-
tion can be performed using navigation. If per-
forming bilateral fixation, we advise placing
screws on the downside pedicles first to miti-
gate the chances of navigation inaccuracy.
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Fig. 2.2 The iliac crest navigation pins are placed via the
same incision as the interbody cages. (a) Iliac crest pins
placed. (b) Operating table tilted 10-15 degrees away

Using the navigation pointer, the entry point
for each pedicle and the lateral-to-medial tra-
jectory is determined (Fig. 2.3). The optimal
trajectory for each pedicle screw can be repre-
sented by a marker. For single-stage surgery,
we typically use a single-step pedicle screw
insertion system with an integrated K-wire. A
linear incision through the skin is made, fol-
lowed by electrocautery. A generous fascial
incision longer than the actual skin incision is
recommended to prevent the soft tissue pres-
sure from changing screw trajectory. This is
especially important in the lateral position as
the effects of gravity and soft tissue pressure
can inadvertently change the final screw trajec-
tory despite accurate navigation. Blunt finger
dissection is used to palpate the facet joint and
the transverse process. The navigation wand is
used to confirm navigation accuracy by “roll-
ing” the wand above and below the transverse
process. The trajectory of the screw is matched
to the initial plan and adjustments are made if
necessary, and at this point, the screw diameter
and length are selected. When starting instru-
mentation, we typically start with the most
caudal, downside pedicle and check for navi-

from the surgeon prior to obtaining the intraoperative CT
scan to bring downside pedicles into optimal alignment
for screw placement

gation accuracy here. If the navigation on this
caudal transverse process is deemed accurate,
the rostral pedicles (and therefore furthest
away from the navigation array) are also accu-
rate. Alternatively, if unilateral pedicle fixation
is utilized, the most rostral transverse process
is used to check for accuracy as it is the fur-
thest away from the reference array. For first-
time practitioners of this technique, we
encourage checking the navigation accuracy of
all TPs to ensure accuracy for each pedicle
screw. A pedicle screw with an integrated
K-wire at the tip (Fig. 2.4) is then introduced
into the pedicle using a mallet to drive the wire
into the cortical bone. Then, the screw is slowly
advanced through the cortical bone into the
cancellous bone of pedicle using the naviga-
tion screen to determine the depth. Once the tip
of the screw enters the vertebral body, the
operator removes their hands and performs a
“hands-off” test to confirm the trajectory of the
pedicle screw. The screw is advanced into its
final position and the integrated K-wire and
navigation handle are removed. The outlined
steps are repeated for all the downside screws
and again for the upside screws. If there is any
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Fig. 2.3 Intraoperative navigational CT with interbody tion pointer is placed on the surface of the skin to deter-
cages seen at L3-4 and L4-5 with green inline trajectory ~ mine the screw trajectories for the levels of interest. (d)
of pedicle screws. (a) Axial. (b) Sagittal. (¢) The naviga-  Linear incision is marked

Fig.2.4 (a) The screw is advanced into the pedicle along  repeated for additional pedicles, as needed. (b) Axial and
with the K-wire. Once the screw enters the vertebral body, (c) Sagittal screw starting point. (d) Axial and (e) Sagittal
the K-wire is withdrawn and the screw is advanced into its ~ navigated screw advancement

final position. The process for placing the pedicle screw is
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question about navigation accuracy, the screw
is not placed, and another CT scan can be taken
to confirm accuracy.

2.7 Illustrative Cases

2.7.1 Casel

A 71-year-old female presented with low back
and right lower extremity pain into the dorsum of
her foot. Visual analogue scale (VAS) was 10,
with an Oswestry Disability Index (ODI) of 48.
Surgical history was notable for an L4-5 lami-
nectomy and a spinal cord stimulator placed for
her leg pain. The neurological exam was notable
for right foot weakness from an old cerebrovas-
cular accident. Due to the presence of the stimu-
lator, a CT myelogram was obtained which
demonstrated degenerative disc disease at L.3—4,
LA4-5 with severe neural foraminal stenosis with
a disc-osteophyte complex compressing the exit-
ing right L4 nerve (Fig. 2.5). Because of her
known cardiac history and to minimize operative
time, she underwent a single position L3-4, L4-5
lateral lumbar interbody fusion followed by uni-
lateral pedicle fixation from L3 to L5 on the
upside pedicles. The presence of a bony disc-
osteophyte complex causing nerve root compres-
sion was the rationale for performing a tubular

decompression of the exiting L4 nerve using
navigation. The patient did well postoperatively,
with resolution of her right leg pain. Final antero-
posterior (AP) and lateral X-rays demonstrating
appropriate cage and screw placement is illus-
trated in Fig. 2.5.

For one- to two-level fusions unilateral screw
placement provides sufficient stabilization in our
experience, unless there is significant spondylo-
listhesis or pars defects (in which case we prefer
bilateral pedicle screw placement).

2.7.2 Case2

A 73-year-old male presented with low back and
buttock pain. He also complained of left leg
weakness. The patient reported exacerbation of
his back and leg pain when standing, walking, or
with movement and amelioration of his symptoms
with sitting or leaning forward. His neurological
examination was notable for 4+/5 strength with
hip flexion and knee extension, and the diameter
of his left thigh was approximately 2.5 cm smaller
than his right thigh. A preoperative MRI (Fig. 2.6)
demonstrated severe degenerative disc disease
spanning from L2 to S1, with bilateral lateral
recess stenosis at L2-3 and L.3—4. A synovial cyst
was also present on the left side at the L.2-3 level.
Preoperative dynamic X-rays demonstrated

Fig. 2.5 Preoperative CT myelogram: left foraminal
view (a), midline (b), and right foraminal view (c¢). The
scan is notable for disc degeneration with spondylolisthe-
sis at the L.4-5 level is present. There is moderate central
stenosis at L3—4 and L.4-5 with a disc osteophyte causing
severe right L4 foraminal stenosis. Immediate postopera-

tive anterior-posterior (d) and lateral (e) standing radio-
graphs reveal interbody cages at L3-4 and L4-5 with
unilateral pedicle screws on the right spanning L3-L5.
Note: CT myelogram performed in lieu of MRI due to
incompatible spinal cord stimulator
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instability at the L2-3 level (Fig. 2.6). His imag-
ing and neurological exam findings were sugges-
tive of mechanical back pain due to instability
and radiculopathy with weakness caused by com-
pression of the traversing left L3 nerve by the
synovial cyst. As a result, he underwent a 2-level
left-sided approach for L.2-3, L.3—4 LLIF with
unilateral pedicle screw fixation and direct left-
sided L2-3 laminectomy with resection of the
synovial cyst. The tubular retractor is placed with
the patient in lateral position producing a micro-
scopic view similar to that seen with the patient
in prone position (Fig. 2.7). The patient had reso-
lution of his pain and weakness postoperatively
and continued to do well at 1 year postoperatively

with no recurrence of symptoms and no hardware
complications (Fig. 2.6).

2.7.3 Case3

A 60-year-old male presented with a several-
month history of right-sided buttock and anterior
thigh pain. He also endorsed significant back pain
at rest, worsened with activity. The patient did
have a history of a lumbar laminectomy several
months prior to presentation for neurogenic clau-
dication. The neurological exam was intact with
no motor weakness. MRI of his lumbar spine
(Fig. 2.8) demonstrated significant disc degenera-

Figure 2.6 Preoperative T2-weighted MRI scan demon-
strates degenerative changes throughout lumbar spine
with stenosis most severe at L2-3 and L3—4 levels. Careful
inspection of the L2-3 level on axial MRI (not pictured)
and (a) sagittal MRI reveals fluid in the facet joints bilat-
erally, a synovial cyst on the left side, and severe stenosis.

Dynamic X-rays with flexion (b) and extension (¢) dem-
onstrate a mobile spondylolisthesis at L2-3. Immediate
postoperative AP (d) and lateral (e) demonstrate intact
hardware with interbody cages at L2-3 and L.3—4 and left-
sided posterior pedicle fixation spanning L2—4

Figure 2.7 (a) Placement of tubular retractor with
patient in lateral position. (b and ¢) Microscopic view
through tubular retractor in the lateral position. The navi-
gation wand is used to make a more medial fascial inci-

sion for placement of serial tubular dilators of increasing
size. The thecal sac is deformed by a synovial cyst (b) and
is visible decompressed after cyst drainage (c)
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Fig. 2.8 (a) T2-weighted sagittal MRI of the lumbar
spine with degenerative changes throughout, most
severely involving L3-S 1 with significant disc protrusions
worst at L3—4 and L5-S1 causing significant lumbar ste-
nosis. (b) Axial MRI at L.3-4 with facet gapping and evi-
dence of a disc herniation causing severe canal and lateral

tion at L34, L.4-5, and L5-S1 with retrolisthesis
at the L3—4 level along with a right-sided disc her-
niation at L3—4. Dynamic X-rays showed instabil-
ity (Fig. 2.8). The anteroposterior (AP) view
demonstrated a coronal deformity at the L.3—4 and
L2-3 levels with lateral listhesis at both levels.
Due to the patient’s mechanical back pain, lumbar
stenosis with disc herniation and coronal defor-
mity, he underwent a single-stage, right-sided
LLIF with navigated pedicle screw placement
from L2 to L4. In addition, a direct decompres-
sion and microdiscectomy was performed at the
L34 level. At 1-year post-op (Fig. 2.9), the
patient had resolution of his back pain and right
leg pain and remained neurologically intact.

2.7.4 Case4

A 68-year-old male presented to the office with a
history of low back pain with radiation from the
posterior buttocks and alternating between the

b

recess stenosis at that level. Dynamic flexion (¢) and
extension (d) radiographs demonstrate mobile listhesis at
the L3—4 level. (e) Anteroposterior view of the lumbar
spine demonstrates a coronal deformity with lateral listhe-
sis at the L3—4 and L.2-3 levels

right and left posterior thigh. He also complained
of axial low back pain worse with standing and
walking. The patient did have a history of an
LA4-5 TLIF about 3 years prior for a grade 1 spon-
dylolisthesis of L4 on L5 with an acute disc her-
niation causing radiculopathy. The neurological
exam was intact with no motor weakness. MRI of
his lumbar spine (Fig. 2.10) demonstrated degen-
erative disc disease at L3—4 and L5-S1 with
severe neural foraminal stenosis on the left side at
L.3—4, and severe neural foraminal stenosis on the
right side at L5-S1. Dynamic X-rays did not
show any instability. Due to the significant disc
degeneration above and below the prior fusion,
the patient’s axial low back pain, and neural
foraminal compression at L3—4 and L5-S1, he
underwent a single-stage left-sided L5-S1 lateral
ALIF, L3-4 LLIF with revision of posterior
instrumentation from L3 to S1. The patient did
well postoperatively with improvement of his
back and leg pain. His 1-year post-op X-rays are
demonstrated in Fig. 2.11.
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Fig. 2.9 (a) Lateral and (b) AP radiographs at 1-year
post-op with evidence of interbody fusion across both
grafts. On the AP view, improvement in the coronal defor-

Fig. 2.10 T2-weighted MRI scans ((a) left parasagittal,
(b) midline sagittal, and (¢) right parasagittal) demonstrat-
ing the degenerative disc disease above and below the pre-
vious L4-5 fusion. There is severe left-sided foraminal
stenosis at L.3—4 and severe right-sided L5-S1 foraminal

mity and reduction of the lateral listhesis as compared
with preop can be appreciated

stenosis. Preoperative flexion (d) and extension (e) radio-
graphs without evidence of dynamic instability. The prior
L4-5 TLIF hardware is visualized without concern for
hardware malfunction or graft subsidence



2 Navigation Guided Single-Stage Lateral Surgery

21

Fig. 2.11 One-year post-operative (a) AP and (b) lateral
radiographs X-rays with intact hardware and evidence of
bony fusion across the interbodies placed during this sur-
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The Six Pillars of Minimally
Invasive Spine Surgery
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Branden Medary, and Roger Hartl

Low back pain is the leading cause of years lost
to disability globally, a figure which continues to
increase along with the average age of our popu-
lation [1]. Commensurate with the growing per-
vasiveness of back pain, spine surgical procedures
across the spectrum have increased in preva-
lence—from fusion surgery to minimally inva-
sive outpatient spine surgery [2]. Advances in
minimally invasive approaches to the spine have
been particularly rapid due to a myriad of pub-
lished clinical and economic benefits including
superior preservation of normal tissue and
decreased morbidity which has facilitated a
decrease in postoperative pain, hospital stay and
ultimately a decrease in short- and long-term
complications and associated healthcare costs
[3]. MIS approaches have also demonstrated
advantages over conventional open surgery in
terms of patient satisfaction, a trend which has
driven further demand for minimally invasive
approaches to a wider range of pathologies [4].
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As the number and variety of minimally inva-
sive approaches to the spine increase in complex-
ity so does the nomenclature. In the name of
simplicity, we employ the most commonly under-
stood term—Minimally Invasive Spine Surgery
(MISS) to describe all approaches that meet the
taxonomic guidelines set forth by AOSpine,
whereby MISS procedures represent a “suite of
technology-dependent techniques and proce-
dures that reduce local surgical tissue damage
and systemic surgical stress, enabling an earlier
return to function and striving for better out-
comes than traditional methods” [5, 6].

The Unmet Potential
of Minimally Invasive Spinal
Surgery

3.1

Approximately one million spine procedures are
performed annually in the United States alone
[7]. According to Rajaece and Castillo et al.,
413,000 spinal fusions, 370,000 discectomies,
and 103,000 laminectomies were reported annu-
ally in the USA [8, 9]. Demographic and industry
trends indicate that these numbers will likely
continue to rise and will include increasing num-
bers of the elderly and vulnerable patient popula-
tions who will benefit most from the advantages
of MISS techniques.

Compounding the increasing need for spine
surgery, these procedures are on average the
costliest surgeries routinely performed, rank-
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ing first in percent of aggregate costs for all
hospital stays [7]. Fortunately, it is estimated
that 50% of fusion operations and 75% of spine
surgical procedures in total could be performed
using MISS techniques. These figures indi-
cate that our healthcare system has the poten-
tial to accrue significant economic and clinical
benefits from the ongoing transition to MISS
techniques. Even significant multilevel defor-
mities, among the most challenging patholo-
gies to address by any means, are becoming
more amenable to MISS principles through the
development of technologies like intraoperative
navigation, percutaneous and robotic pedicle
screw placement, and novel anterior and lateral
approaches.

3.2 The”6T’s of MISS”

The application and study of MISS methods has
led to the emergence of six principles fundamen-
tal to the appropriate adoption and utilization of
MISS techniques. These basic principles have
become known as the “6 T’s of MISS” and are
crucial to consider throughout the process of
learning and employing these techniques [10].
These six principles are as follows:

1. Target—selecting the appropriate procedure
for the patient and the pathology

2. Technology—Ileveraging  technology
facilitates the optimal use of MISS

3. Technique—maintaining high-level surgical
skills and perioperative best-practices

4. Training—career-long training of the sur-
geon, collaborating team, and trainees

5. Testing—critical review and analysis of surgi-
cal outcomes (research)

6. Talent—nurturing and cultivating surgical tal-
ent, decision-making

that

Ultimately, the goal of the MISS surgeon is to
leave the smallest possible “surgical footprint”
while achieving short- and long-term results
superior to those of conventional open surgery.

Target
/ ‘

esting
\ Y /
| raining |

Fig. 3.1 The six principles “6Ts” should be considered
when getting ready and fully equipped for MISS. 6Ts are
all interactive with each other and the patient is in the cen-
ter of our main focus

N
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The 6 T’s are fundamental to achieving the goals
of the MISS surgeon (Fig. 3.1).

3.3 Target

Spine surgery is complex in nature, and therefore
surgeons often find themselves with several rea-
sonable options for approaching a given pathol-
ogy. The first T, Target, represents the process by
which a surgeon sifts through all available data
and surgical options to select the optimal proce-
dure for a given patient and pathology. Targeting
one’s approach to achieve maximum benefit with
minimal complication is the foundation upon
which the MISS philosophy is built.

One frequently encountered decision point
most spine surgeons will face is that regarding
the need for fusion. Fusion of a spinal level is an
inherently pathological process, albeit one that
we commonly leverage to treat another patho-
logical process. While in many cases the need for
fusion is inevitable, a surgeon trained in MISS
principles may find opportunities to avoid a
fusion operation through the targeted use of
microsurgical decompression of the neural ele-
ments while preserving native osseoligamentous
structures which may, for example, help to organ-
ically stabilize a spondylolisthesis. This decision-
making process is one of the most complex
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problems in spinal surgery; however, preserving
functional tissue should be the ultimate goal for
the MISS surgeon.

In tailoring an approach to a patient and
pathology, each surgeon must be aware of the role
their own training, experience, and skillset play
in their surgical decision-making process. This
self-awareness must also include an understand-
ing of the influence each patient’s expectations,
beliefs, knowledge-base, and socioeconomic sta-
tus can exert on the outcome of a given approach
despite the limitations inherent in quantifying
these factors.

One of the most nuanced components of target
selection is reconciling the often vague correla-
tion between a patient’s constellation of symp-
toms and their imaging findings. In surgical cases
where the “target” is not clear and all diagnostic
modalities are exhausted, a conservative approach
may be the best option.

Target selection is also challenging for the sur-
geon in cases where the causative pathology may
be clear but additional pathology complicates the
decision-making process by introducing the need
to incorporate consideration of the potential for
accelerated future deterioration secondary to an
intervention or simply as the result of the patient’s
natural history. In some cases performing a more
extensive surgical approach in order to mitigate
this expected future deterioration may be reason-
able and by sparing the patient from additional
future procedures may ultimately represent the
least invasive option.

Selecting the optimal MISS approach relies
upon a complete understanding of the individual
patient as well as their symptoms, goals, and
pathology as seen on imaging. For example, most
patients with degenerative disorders will present
with pain-related symptoms that may be difficult
to localize. A well-trained MISS surgeon must
localize these symptoms via history, neurologic
exam, and careful review and use of imaging
studies.

The perfect surgical approach will typically
require consideration of the following steps, as
demonstrated by Fig. 3.2:

Patient
Comorbidity,
social lifestyle
expectations

Accurate
Diagnosis

Awareness
of the
NEWEL
history

Precise MISS

Fig. 3.2 Requirements for the precise MISS are demon-
strated as a combination of definitive diagnosis, under-
standing the natural history, patient comorbidities, likely
impact of the surgery, social life, and expectations of the
patients in the figure

1. Definitive diagnosis is critical for the com-
prehensive and precise surgical decision-
making in MISS. Different types of pain
patterns should be identified and classified.
Correlation of physical exam and radiologi-
cal findings is imperative. Additional test-
ing, such as electromyography (EMG), nerve
conduction studies, or diagnostic injections,
may be required on some occasions. In more
complex cases, using a team-based approach
with other subspecialists such as pain anesthe-
siologists, physiatrists, and neurologists may
be considered.

2. Understanding of the natural history of the
underlying pathology has crucial importance.
As an example, we may consider motion-
preserving surgery in a younger patient, but
this surgery is not suitable for multiple degen-
erative conditions. Another example may be
the unnecessary utilization of rigid systems in
osteoporotic patients.

3. The likely impact of surgery on the disease
process. Adjacent segment disease is an
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example of the effects of the operation on the
ongoing degenerative process. Another exam-
ple may be improper identification of the
instrumentation levels in deformity surgery.
Surgery may make an impact on the patient’s
current biomechanical balance and may accel-
erate the disease process. These aforemen-
tioned surgical approaches may worsen the
curve progression and require additional sur-
gical treatments in the future.

4. General medical conditions and expectations
of the patient have to be considered in the sur-
gical decision-making process. These are fac-
tors such as age, functional status, and
comorbidities such as obesity, osteoporosis,
cardiopulmonary, and vascular diseases.
Additionally, patient’s expectations, lifestyle,
and social factors (such as support system)
should be evaluated and discussed before any
surgery including MISS.

3.3.1 Tools and Technology
Tools and technology refers to surgical devices
and instruments available to  perform
MISS. Recent innovations and rapidly evolving
technology now made it possible to produce high
fidelity implants. Pre- and intra-operatively,
radiographic imaging with navigation and surgi-
cal planning software make it possible for us to
understand the exact pathophysiology. Virtual
reality is another significant advancement that
makes it possible to customize precise surgical
plans, and even practicing virtual surgery is
possible.

Currently used fundamental tools and tech-
nologies for performing MISS include the
following:

e Access: Tubular or specular retractors, endo-
scope tubes, and working channels

e Visualization and illumination: microscope,
exoscope, endoscope

e Implants: bioabsorbable cages, expandable
cages, hyperlordotic cages, stand-alone cages,
cannulated screws, percutaneous single-step

pedicle screw system, dynamic implant tech-
nology, artificial disks

e MISS surgical instruments: evolving every
minute by the needs of the MISS surgeon.
Examples may be the curved, bayoneted, and
extended instruments like Kerrison rongeurs.

e Radiological innovations: Intraoperative
imaging system with 2D and 3D navigation

e Robotics: Robotic guidance systems, screw
implantations

e Computer software: Surgical planning and
augmented reality software

Although all these tools are not necessary in
every surgery, up-to-date knowledge of the newly
available technologies allows surgeons to con-
sider all available options when caring for a
diverse variety of patients and pathologies.

The surgical microscope is a sine qua non for
MISS. Even you are operating via an endoscope
or exoscope, a MISS surgeon should always have
a backup plan, and the microscope is a primary
tool in alternative strategies. The microscope
already gives 3D vision, the real sensation of the
depth, and illumination when working in fields
with limited exposure. Some current surgical
microscopes come equipped with integrated nav-
igation technology and high-definition video
recording systems. They also allow for easy edit-
ing and transfer of videos to handheld devices. Of
course, all these innovations are important, but
the essential point is the comfort that the micro-
scope provides to the surgeon. The microscope
should be very easy to handle. It must give the
surgeon a 360 degrees flexibility, and it should be
as compact as possible to allow the user to get as
close to the patient as possible [11].

High quality imaging is critical in MISS pro-
cedures which lack clear visualization of ana-
tomical reference points that can be used as a
basis for surgical orientation and implant place-
ment during traditional open approaches.
Additionally, Navigation systems are widely
utilized to overcome the lack of anatomical ref-
erence points in MISS. The Airo® C.T. scanner
(Brainlab AG, Feldkirchen, Germany) greatly
expands navigation from a tool used solely for
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instrumentation navigation to one used for intra-
operative planning and guidance throughout the
entirety of the MISS. It has introduced an era of
“total navigation,” that is, the use of navigation
for all steps of the process from pathology local-
ization and incision planning to screw place-
ment, tubular decompression, cage placement,
and rod measurement without the need for fluo-
roscopy [12]. 3D navigation has improved the
workflow of MISS by increasing the accuracy of
localization of the pathology to hardware
implantation and decreasing radiation exposure
to the surgical staff [13].

The paradigm shift from open surgery to
MISS was achieved gradually with the develop-
ment of new technologies. Figure 3.3 demon-
strates the essential tools for a safe MISS.

3.3.2 Surgical Technique

Surgical technique is continually evolving in tan-
dem with advances in anatomical studies.
Training, motivation, knowledge of anatomy, and
experience are crucial factors for the develop-
ment of surgical techniques. MISS techniques are
relatively new techniques, and they are evolving
rapidly with the combination of new technolo-
gies, thus they are not the standard surgical
approaches generally taught in spinal programs.
Some of the MISS surgical techniques constitute
the vast majority of MISS procedures as we have
summarized below:

1. MISS via tubular or specular retractor to
achieve a bilateral decompression and a con-

Fig. 3.3 Some of the currently used fundamental tools for MISS are demonstrated in the figure including; navigation
technology (a), tubular or specular retractors (b), surgical microscope (c), tubes, and working channels (d, e)
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tralateral foraminotomy through a unilateral
approach. This approach is frequently used in
degenerative spinal stenosis, and it is possible
to use this technique in all spine locations.
The tubular decompression procedure has
been named “unilateral laminotomy for bilat-
eral decompression” (ULBD) [8]. As previ-
ously mentioned, Yasargil et al. utilized
unilateral laminotomy for bilateral decom-
pression for the treatment of 250 spinal tumors
and 78 spinal AVMs [14]. This technique min-
imizes iatrogenic instability and reduces the
need for instrumentation and fusion surgery.
This technique is excellent for patients with
lumbar stenosis and stable grade I spondylo-
listhesis, for the contralateral approach for
decompression of synovial cysts, and contra-
lateral approach for decompression of intrafo-
raminal pathology [15, 16].

. MISS via the endoscope is a relatively new

technique benefiting from advances in camera
and visual display technologies. There are
endoscopic techniques similar to microdis-
cectomy popularized by Destandau J [17] and
percutaneous endoscopy popularized by
Liibbers T [18]. Several other types of endo-
scopic surgeries are evolving and bringing
their tools and technology [19].

. MISS for the indirect decompression of cen-

tral and foraminal stenosis. In this technique,
the surgical approach to the patient may be
lateral, oblique, or anterior related to the path-
ological anatomy. The challenge currently lies
in the accurate prediction of successful indi-
rect decompression and the determination of
which patients should also undergo a direct
decompression. In addition, these approaches
also allow a certain degree of deformity cor-
rection depending on the type of implants and
techniques used.

. MISS surgical techniques combined with the

practical and safe integration of 2D/3D navi-
gation and robotic surgery into the surgical
workflow. These techniques require even
more tools and technology. They are more
commonly involved in routine MISS depend-
ing on the hospital’s facilities.

3.3.3 Teaching/Training

Mastery in every MISS technique necessitates a
focused practice and the process of accomplish-
ing surgical proficiency involves a learning curve
best addressed by ongoing teaching and training
[20-22]. At institutions where MISS is performed
frequently, residents are privileged to have a
chance to get this training. To be competent in
MISS techniques, this training, as mentioned
above, is sophisticated and requires the commit-
ment of the residents and/or the surgeons. At this
time, training in MISS is not mandatory or con-
sidered a core competency. Educating future gen-
erations of surgeons on MISS is crucial not only
for the advancement of the field but for the safety
of the patients.

MISS is rapidly evolving with the involve-
ment of new surgical approaches that require
detailed anatomical knowledge, and utilization of
new tools and technology necessitates further
training. MISS trained surgeons are also respon-
sible for finding ways to effectively keep up with
new developments and further contribute to the
area. For surgeons who have reached the plateau
of the learning curve, it is crucial to understand
that this is a lifelong learning process. Innovations
in computer technologies make it possible for
MISS surgeons to use surgical simulations and
utilizing very realistic 3D models to practice sur-
gical anatomy. These computerized tools are
available and allow surgeons to train in the neces-
sary skills and procedures in MISS [21]. Last,
attending MISS courses aimed at educating sur-
geons in new processes can be extremely valu-
able as well as visiting and observing other expert
surgeons. Proficient MISS surgeons should con-
tinue to be encouraged to train others in these
techniques.

3.3.4 Curriculum Development

Development of a standardized curriculum is
important to promote high quality care and stan-
dards across institutions [1]. The AOSpine
approach divides MISS into nine necessary
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Table 3.1 AOSpine curriculum [5] for the basic MISS skills and the basic MISS procedures

[BasicMISS Skils " Basic MISS Procedures

Using a microscope

Microscopic interlaminar lumbar discectomy (MILD)

Using an endoscope

Microscopic posterior cervical foraminotomy (MPCF)

Using a burr with an endoscope

Microscopic extraforaminal lumbar discectomy (MELD)

Using a drill for MISS

Interlaminar endoscopic lumbar discectomy (IELD)

Using 2-D and 3-D navigation
and assistive technologies

Transforaminal endoscopic lumbar foraminotomy and
discectomy (TELF), (TELD)

Managing a dural tear

Endoscopic unilateral laminotomy for bilateral
decompression (Endoscopic “over the top”
decompression or endoscopic ULBD)

Bleeding control

Microscopic unilateral laminotomy for bilateral
decompression (“over the top” decomp, ULBD)

Maximizing arthrodesis

Percutaneous screw and rod placement

TLIF

What to do when lost

skills and nine basic procedures which are
expanded and developed over time as demon-
strated in Table 3.1 [1]. The best way to imple-
ment a curriculum is to go from “simple” to
“complex.” “Simple” includes reinforcement of
general medical knowledge, reviewing surgical
indications, solidifying the anatomical knowl-
edge, building up knowledge of tools and tech-
nologies, and then proceeding into “complex”
levels, which includes the teaching of surgical
techniques. This consists of a stepwise program
using videos, surgical simulation, lectures, and
online teaching material to minimize the learn-
ing curve for surgeons.

3.3.5 Testing: Research
and Outcomes

Outcome tracking and research have an essential
role in the aspect of awareness regarding the
results of MISS. Objective data allows surgeons
to refine patient selection, counseling, and
surgical decision-making. It also drives collabor-
ative innovations. For example, Feng et al. cre-
ated and implemented an enhanced recovery after
surgery (ERAS) protocol for the patients under-
going MIS TLIF and found the ERAS pathway to
be associated with decreased blood loss, opera-
tive time, intraoperative fluid infusion, postoper-
ative drainage, lower costs, and shorter length of
hospital stay [23].

3.3.6 Talent

Talent involves innate and learned skills required
to perform a surgical operation. Importantly,
many surgical skills can be learned. Excellent
surgical skills require time and patience. A genu-
inely successful surgeon is also characterized by
traits such as enthusiasm, resilience, caring atti-
tude toward patients, self-discipline, and criti-
cism, physical fitness, and commitment [24].
Gagne argues that innate natural abilities exist
but that they need to be actualized and appreci-
ated by a context to flourish [25]. He developed a
“Differentiated Model of Giftedness and Talent”
that describes how coaching or training can trans-
form skills or natural abilities into true excellence
and talent [26]. Figure 3.4 summarizes the talent
in the top of the pyramid as a representation of
the mastery.

Ericsson et al. suggested “deliberate practice”
to reach mastery. Deliberate practice means a
focused, wise, and continuous practice which
involves a complex combination of many tools,
support from mentors, and constant hard work.
There is evidence that in many professions, hours
of practicing activities are positively correlated
with expertise, which is, at least initially, designed
by the mentors and coaches [27]. Ericsson et al.
cited that the estimated accumulated practice
(deliberate practice) in expert violinists, was
10,000 h to achieve expert performance [28].
While training new surgeons, the primary goal
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4 MASTER\

-TALENT

1 Random practice

No education; schools,courses

Average mentors, teachers, peers
Bad chance: encounters,
accidents

Unlucky social, cultural,
familial enviroment

MISS SURGEON

RESIDENT

TDeliberate practice

Education; schools, courses

Mentors, teachers, peers

Chance: encounters, accidents

Lucky social, cultural, familial
enviroment

Personal factors: intellectual skills, ability,

trait, caring, humanity, dedication,patience,
potential, general health

Fig. 3.4 Talent is developed by one’s natural ability, intrapersonal factors, and environmental factors. Figure summa-
rizes the steps to achieve the talent in the top of the pyramid as a representation of the mastery

should be to focus on better understanding the
motivational factors encouraging sustained delib-
erate practice for talent in MISS. Research shows
that surgical skills can be improved significantly
when using appropriate teaching and learning
techniques, independent from a preexisting skill
level (37). The environment, including adequate
teaching and training, has an essential impact on
whether talent can be developed and optimized. As
summarized in a study by Jensen et al., “Individual
skills make good surgeons, the mixture of skills
provides the potential to become talented, while
the person-environment fit is what determines if
the talent potential can be realized” [29].

3.4  Conclusion

MISS is rapidly evolving and advancing the field
of spine surgery. It is being enabled by rapidly
evolving technology, innovative tools, and the
needs of our patients. Future technologic innova-
tions may support 4D and virtual reality technol-
ogies by including tactile feedback and other
concepts to simulate real surgery on the aspect of
training surgeons. The rapid rate of progress over
the past decade suggests more innovations to

come to the field of MISS. As the role and indica-
tions for MISS increase, and the pathologies
addressed become more complex, it is essential
to consider the six T’s to ensure practitioners of
MISS maintain high standards.
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MI-TLIF with 3D Navigation

Arvind G. Kulkarni, Pradhyumn Rathi,
and Pritem A. Rajamani

4.1 Introduction

Over the last decade, TLIF (Transforaminal
Lumbar Interbody Fusion) has become a popular
technique for achieving segmental interbody
fusion. The recent advances in minimal access
technology have helped to execute the procedure
through a minimally invasive approach and pro-
vide adequate decompression with a solid fusion.
The minimally invasive technique also helps to
avoid many of the disadvantages of the tradi-
tional posterior open approach [1, 2]. A study by
Schwender et al. [3] reported clinically signifi-
cant improvements in visual analog scores and
Oswestry disability index scores along with a
100% fusion rate in a cohort of patients who
underwent a minimally Invasive TLIF (MIS-
TLIF) procedure. Visualization is through a
smaller and narrower dissection in MIS cases.
The presence of complex spine pathologies such
as rotated spine in degenerative scoliosis, poor
anatomy on fluoroscopy, asymmetric and abnor-
mally shaped pedicles can pose serious chal-
lenges in MIS-TLIF, resulting in incorrect
placement of pedicle screws and cages [4].
Image-guided navigation during spinal surgery
can be of an invaluable assistance to MIS sur-
geons as it allows for a larger area of visualiza-
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tion of bony and soft tissues through a smaller
area of surgical dissection. Pedicle screw place-
ment by freehand techniques is primarily based
on anatomical landmarks, and various methods
have been described so far based on cadaveric
studies. The high variability in the morphology of
pedicles makes it more challenging in complex
spinal deformities. Fluoroscopy can assist screw
placement; however, it increases the operative
time and radiation exposure to the surgeon and
operating room personnel. Misplacement rates of
up to 30% in the lumbar spine and up to 50% in
the thoracic spine have been reported with free-
hand and fluoroscopic guided pedicle screw
placement. Mal-positioned screws risk potential
damage to the spinal cord, nerve roots, and great
vessels and also decrease the stability of the fixa-
tion. Medico-legal concerns over patient safety
have further reinforced the need for image-guided
screw placements to improve accuracy [5].
Computer-assisted spine surgery (CASS) is a
discipline that uses novel computer-based tech-
nologies, including stereotaxy, navigated surgery,
and robotics. Navigation-assisted spine surgery is
a group of technologies, which allow the surgeon
to access real-time, three-dimensional, and vir-
tual images of the spine in relation to the surgical
instruments intra-operatively. This is a combina-
tion of image acquisition and processing that is
followed by intra-operative navigation. The pri-
mary goal of navigation is to optimize the surgi-
cal intervention by providing the surgeon with
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advanced visualization of the operative field and
to see the exact position of the handheld instru-
ment in relation to the bony anatomy. The overall
benefits include accurate and safe instrumenta-
tion, minimal radiation exposure to the surgical
team, reduction of surgeon fatigue and surgical
duration. Spine navigation was initially used to
improve the accuracy of pedicle screw place-
ment. However, over the years, its use has
extended into minimally invasive surgical tech-
niques, cervical spine surgery, revision surgery,
and spine tumour surgery [5].

4.2 Componentsin Spine

Navigation Systems [5]

There are numerous navigation systems available
commercially now. The basic fundamentals, how-
ever, remain the same and include the following.

4.2.1 Image Acquisition

and Processing Unit

The first step in spinal navigation is to acquire
high-resolution images of the region of interest,
either pre-operatively or intra-operatively, which
then allows the surgeon to navigate upon these pro-
cessed images. Intra-operative imaging is currently
being used in most navigated surgeries as it involves
the acquisition of images after positioning the
patient for surgical intervention, and this reduces
the rate of errors in matching and registration.
Intra-operative imaging can be done either by fluo-
roscopy, computerized tomography (CT) scan and
of late even magnetic resonance imaging (MRI).

4.2.2 Referencing System

This includes Dynamic Reference Frame/Array
(DRA), Light Emitting Diodes (LEDs), and
Tracking system.

4.2.2.1 Dynamic Reference Array

The dynamic reference array (DRA) is usually
attached to fixed anatomical landmarks, such as
the spinous process. The accuracy of the naviga-
tion depends on the stable fixation of this DRA,
and, therefore, it must be left undisturbed
throughout the surgery.

4.2.2.2 Light-Emitting Diodes

DRA has provisions for attaching three or more
spheres known as light-emitting diodes (LEDs).
These LEDs emit light which is tracked by an
electro-optical camera and are known as active
arrays. Specialized surgical instruments are used,
which also have LEDs attached to them and are
called passive arrays as they reflect the infrared
rays emitted from the camera and gives the sur-
geon a real-time tracking of the exact location of
these devices over the surgical field. The 3D ori-
entation between these active and passive LEDs
thus facilitates navigation.

4.2.2.3 Tracking System

Various tracking systems are available that
include optical, mechanical, acoustic, or electro-
magnetic systems. Optical tracking systems are
the most frequently used due to superiority in
terms of accuracy. They use infrared camera
devices to actively track the light emitted or
reflected from the LEDs, which are attached to
the DRA and surgical instruments which requires
the “line of sight” maintenance between the
LEDs and cameras at all times.

4.2.3 Registration Process

The process of establishing the synchronization
between virtual images and the real anatomy is
called registration. Once the image is acquired,
the data is transferred to the navigational sys-
tem, which then performs an automated regis-
tration eliminating the need for manual
registration.
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4.3 Evolution

The methodology of pedicle screws insertion tech-
niques in spine fusion surgery is the most signifi-
cant advancement, extending from conventional
open procedures to accurately placed percutane-
ous pedicle screws. Numerous studies in literature
have highlighted clinically significant sequelae
from inaccurate implant placement. For achieving
a safe and ideal screw placement, a number of
imaging methods and image guidance systems
have been used. The use of stereotactic navigation
based intra-operative CT is a promising modality
offering the benefits of highly accurate pedicle
screw placement, reduced operative radiation
exposure, and seamless integration into minimally
invasive spine surgery. Recently, extensive mini-
mally invasive spinal systems have surged, almost
all based on the principle of using a series of dila-
tors of different lengths and increasing diameters
to create a path between muscle fascicles to access

the posterior spinal elements [6—8]. Initial surger-
ies using these access portals involved simple
decompressive procedures; however, over the last
decade, these systems have been expanded to
facilitate interbody and posterolateral arthrodesis
in addition to the placement of pedicle screws in a
less invasive fashion in traumatic to deformity cor-
rection cases [9]. Spinal navigation is closely
related to intra-operative 3D imaging providing an
imaging dataset for navigational use and the
opportunity for immediate intra-operative assess-
ment of final screw position giving the option of
immediate screw revision if necessary.

4.4  Generations of Navigation

System [5]

The history of spine navigation systems can be
considered to have undergone three generations
of evolution as shown in Table 4.1.

Table 4.1 Comparison between various navigation systems

Intra-operative
Image acquisition 2D fluoroscopy 3D fluoroscopy Preoperative CT | Cone Beam CT CT
Generation 2nd 2nd Ist 2nd 3rd
Registration Automated Automated Manual and Automated Automated
time
consuming

Registration Short Short Long Short Ultra-short
duration
Image display 2D (AP and lateral) | 3D 3D 3D 3D
Scan time Only AP and lateral |2 min 30s 40s 30s

radiographic

images
Number of 3-5 vertebrae 3-5 vertebrae Whole spine 6-8 vertebrae Whole spine
vertebrae in single (working corridor (working corridor
scan 12 x 12 cm) 30 x 40 cm)
Bone image quality | Poor Poor Good Good Good
Imaging in severe Not possible Not possible Possible Possible Possible
deformities
Carbon table and Not necessary Required Not necessary | Required Required
carbon head clamp
fixation
Ideal area of the Lumbar spine Whole spine Whole spine Whole spine Whole spine
spine
Minimally invasive | Difficult Possible Not possible Possible Possible
spine surgery
Real-time imaging Yes Yes No Yes Yes
Radiation exposure | Patient] Patient] Patient11 Patient? Patient?1

OT personnel | OT personnel | OT personnel] | OT personnel| oT

personnel]
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4.4.1 First-Generation Spine

Navigation

First-generation spine navigation systems
employed image acquisition using thin-slice CT
scan pre-operatively.

4.4.2 Second-Generation Spine
Navigation

Second-generation spine navigation managed to
overcome the shortcomings noted in the first gen-
eration. They offered intra-operative reconstruc-
tion images of the spinal anatomy using
two-dimensional (2D) and three-dimensional
(3D) fluoroscopy. The 2D fluoroscopy system
provided images in two planes. Axial reformat-
ting was not available. The advantage of this sys-
tem was that the computer software and image
acquisition system could be paired with routinely
used fluoroscopy units available in the operating
room.

Further improvement was seen in the form of
cone-beam CT that used basic multiplane fluo-
roscopy to reconstruct three-dimensional CT like
images. The drawbacks were that limited seg-
ments of the spine could only be scanned during
the process. This made multiple level fixation
spanning long segments difficult as multiple
scans needed to be performed for a single proce-
dure, increasing the radiation exposure, and oper-
ative time.

4.4.2.1 3D C-Arm Navigation System

This system depends on the concept of isocen-
tricity. The fluoroscopy unit is coupled with a
special reference system and computer software
to provide axial, sagittal, and coronal reformatted
images. The fluoroscopy unit moves through an
arc of 180° while focusing on a solitary point in
the spine. The system can be calibrated to a high
spatial resolution protocol, which takes multiple
fluoroscopy images while the arc moves through
the 180° or lower resolution protocol, which may
take fewer images during the process. The system

allows for automatic reference. The advantage of
the system was that it did not require a
pre-operative CT scan. Intra-operative image
acquisition allowed for a post-operative scan to
assess the accuracy of the screw position possi-
ble. The 3D C-Arm can be used as a routine fluo-
roscopy unit and can be paired with image
guidance surgery software to work as a naviga-
tion system for complex spinal surgery.

However, there are a few disadvantages to this
navigation system. It scans patients based on the
selected isocentric point. Therefore, all the
images obtained are from a segment of the spine
in the field of the scan. This limits the scan to 6-7
vertebral segments. Although the images gener-
ated by the 3D C-Arm are similar to a reformat-
ted CT scan, the image quality is inferior to
conventional pre-operatively performed CT
scans.

4.4.2.2 Cone Beam CT

Plenty of Cone Beam CT (CBCT) devices are
available commercially, and again they can be
used either pre-operatively or intra-operatively.
The image quality is superior to 3D C-Arm, and
the time for image acquisition is also shorter.
Intra-operative CBCT devices allow automatic
registration and have a larger field of scan and,
therefore, can screen more vertebral segments in
a single scan when compared to the 3D-C Arm
system. They can provide both routine fluoros-
copy images and reformatted CT images in the
axial, sagittal, and coronal sections. The radiation
dose of the CBCT devices, however, is lower than
a conventional CT scanner, and it may be used to
assess the accuracy of placement of screws
intra-operatively.

4.4.2.3 Third-Generation Spine
Navigation Systems

Third-generation spine navigation systems are
considered the most recent developments in the
field. These navigation systems can perform an
intra-operative CT scan with subsequent auto-
matic registration. They provide excellent CT
images with a scan field that can screen the entire
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spinal column. It offers an opportunity to use the
navigation in conjunction with minimal access
surgical procedure. The radiation exposure to the
patient with the use of such CT based systems
can be much higher than fluoroscopy-based navi-
gation systems. These imaging devices have
adjustable radiation density thresholds, which
provide good images even when the density is
reduced by 25-50% of the maximum dosage.

4.4.3 Senior Author’s MIS
Navigation Surgical Technique

The senior author’s MIS surgical technique is
centred around navigation when performing spe-
cific portions of his operations. We will outline
the operating room setup, data acquisition for
tracking, registration of instrumentation/patient,
and operative steps while performing navigated
MIS-TLIF.

4.5 Indications

1. Degenerative spondylolisthesis with difficult
facet morphology.

2. Grade I-IIT spondylolytic spondylolisthesis
and spondyloptosis with narrow pedicles.

3. Degenerative scoliosis with an indication for
selective fusion with rotated pedicles.

4. Revision spine surgery—Adjacent segment
disease.

4,5.1 Operating Room Setup

The senior author (SA) sets up the operating
room with the patient prone in the centre of the
operating room. The image intensifier comes in
from the right side of the room (as seen from the
foot of the patient). The monitor with the naviga-
tion guide stays above the right side of the
patient’s right shoulder. The registration camera
is above the head of the bed.

4.5.2 Anaesthesia

General anaesthesia is used for Navigated TLIF.

4.5.3 Positioning

The patient is placed prone on a radiolucent oper-
ating table following intubation which allows tilt-
ing in all directions and is secured with tapes/belts.
The elbows are placed at 90° to decrease traction
on the brachial plexus and pads are placed under
the ulnar and peroneal nerves. In addition, pillows
are placed under the lower extremities (Fig. 4.1).
After positioning, the mobility of the Foley cathe-
ter is checked, the endotracheal tube is secured,
and the fluoroscopic machine is draped into the
operative field. Reverse Trendelenburg position is
given to make the involved level as vertical as pos-
sible to the floor and avoid prolonged abnormal
postures with microscope usage.

Fig. 4.1 On table patient positioning
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4.5.4 3D Navigation Registration

Following standard skin preparation and sterile
draping, navigation reference frame is docked
on the adjacent spinous process (usually one
level above). The 3D C-arm is triggered to spin
around the patient and the procured images get
formatted into images in all planes (sagittal,
coronal, and axial). These images are then trans-
ferred to the Stealth monitor. The Stealth™
camera can detect and track anatomy using
infrared rays to whichever part/instrument the
tracker is attached and registered. At the time of
spinning the 3D C-arm, operating team are off
the operating room to avoid radiation. The total
time taken from draping to registering patients
data to 3D navigation takes approximately
around 45 min. Authors noticed that anchoring
reference frame, static position of patient, and
temporary suspension of ventilation to sidestep
respiratory movements (generally for a minute)
at the time of image capture by the C-arm play a
key role to minimize anatomical (registration)
errors [10, 11]. Literature suggests that error
margins were positive in <l mm translation and
5° rotation of the patient reference array in all
regions of spine [12].

As a first step following verification, navi-
gated Jamshedi needle is registered and tracked
to the optical system following which pedicle
cannulation is performed using real-time visual-
ization in all the three planes. Percutaneous guide
wires are then passed into the pedicles through
the Jamshedi needle (11 G) (the authors prefer to

Fig.4.2 3D Navigation with guide wire placement

place the pedicle guide wires first followed by
interbody cage and finally pedicle screws with
interconnecting rods. This is because of the
change in the real anatomy as a result of disc
space preparation and insertion of the cage v/s
the virtual anatomy that was captured earlier).
Once the placement of the navigated Jamshedi
needle within the vertebral body at an appropriate
orientation is confirmed, a blunt-tipped threaded
guidewire is passed through the cannulated cen-
tre of the entry needle. Care should be taken not
to advance the guide wire to within 10 mm from
the anterior wall of the vertebral body. Following
confirmation by lateral view from navigated
images, tip of the guidewire from the navigated
Jamshedi needle is withdrawn. The steps are
repeated for rest of the pedicles and all the guide
wires are bent away from the operative field
securing them to the draping without introducing
sharp bends into them (Fig. 4.2).

4.5.5 Decompression

Using the Wiltse’s approach, with 3D navigation,
successive serial dilators of increasing diameters
till 22 mm are inserted. The tubular retractor of
appropriate length (5/6/7 cm) is placed over the
dilator and accurately docked on the lamina—
facet complex (Fig. 4.3). After removal of dila-
tors, the final retractor system can be a fixed
rigid tube (METRx), or a split blade tubular
retractor (QUADRANT, MARS 3 retractor, etc.)
that can be expanded. The surgical microscope
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Fig. 4.3 Planning Tube placement—Navigated Probe

is then moved into the field and decompression
and interbody fusion are performed through the
tubular retractor with variations in the operative
steps as per the demands of the indication. The
soft tissue over the facet is removed with a long
monopolar cautery and Kerrison rongeur. The
facet-lamina junction is delineated using navi-
gated curette. Using an angled curette, the space
between the lamina and the ligamentum flavum
is defined after thinning out the lamina with a
high-speed navigated burr. Using the Kerrison
rongeur, the lamina—facet junction is removed. If
there is no stenosis, then a small laminotomy can
be done to allow the visualization of the neural
elements in close proximity to the facet joint. If
the patient has stenosis on the ipsilateral side, a
complete laminectomy should be performed. In
cases of bilateral stenosis, the spinous process
is undercut and a contralateral laminectomy and
medial-facetectomy accomplished by tilting the
tube. If stenosis is severe or there is a significant
foraminal component on the contralateral side,
we suggest decompressing the lateral recess

down to the exit zone by wanding the tube cau-
dally [13]. For confirming adequate decompres-
sion, navigated probe is checked into spinal canal
and foramina in both ipsilateral and contralateral
sides (Fig. 4.4). A navigated burr may be used to
drill the lamina and the facets, but this decreases
the quantity of bone graft, since the surgeon relies
on locally excised bone for fusion.

4.5.6 DiscSpace Preparation

The next step is identifying the disc space. In
general, the traversing root is medial to the pedi-
cle and only minimal retraction is justified. The
exiting nerve root hugs the superior pedicle as it
exits the neural foramen and is generally cepha-
lad to the level of the disc in the foramen.
Although we do not necessarily dissect out the
exiting root, it may be protected by placing a
patty directed towards the cephalad pedicle in the
foramen. Discectomy and disc space preparation
are performed with the help of disc forceps,
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Fig. 4.4 Evaluation of decompression

Kerrison rongeurs, bayonetted curettes, and rotat-
ing end plate shavers. The completeness of exci-
sion of the intervertebral disc is evaluated by
introducing the navigation array probe in all
directions: contralateral-posterior, anterior and
ipsilateral-anterior, posterior quadrants of disc
space (Fig. 4.5) [14]. Once disc space is cleared
of the remnant disc, superior and inferior carti-
laginous endplates are curetted till superficial
bleeding appears on the bed of endplates to pro-
mote fusion. In certain complex situations such
as high-grade spondylolisthesis, conditions with
collapsed disc spaces, etc., identification of the
posterior annulus and intervertebral disc may be
difficult and the navigation probe has a role in
identifying the precise anatomy.

The appropriate size trial interbody cage is
then placed into the disc space. After confirming
proper placement on navigated screen, the trial is
removed and any fragment of bone and cartilage
is removed. Autologous bone graft is then packed

into the anterior disc space using a funnel and
checked with navigated probe for equal distribu-
tion of graft. The interbody structural device
(cage filled with bone graft) is then advanced into
the disc space. The size and position of the cage
to be placed was calculated using calibration
applications on the Stealth monitor. Interbody
fusions are performed using either titanium/
PEEK cage and autograft, the cage being pre-
cisely positioned and verified with navigation
assistance.

4.5.7 Percutaneous Pedicle Screw
and Rod Fixation

The skin and underlying fascia are dilated by
means of sequential dilators to create a pathway
for the pedicle screws over the initially placed
guide wires. The largest dilator is left in place to
protect surrounding soft tissue. Using navigation
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Fig. 4.5 Cage placement

assistance tracker attached to the handles of can-
nulated tap, advanced over the guidewire down to
the pedicle. Depth and diameter of pedicle can be
calculated using navigated measurement soft-
ware at the end of tapping. Care should be taken
to prevent the guidewire from advancing or
backing-out. Once the pedicle is tapped, the tap
and tissue dilator sleeve are withdrawn while the
screwdriver and tower assembly are placed over
the guidewire. The pedicle screw is advanced
with the navigated assistance polyaxial screw-
driver avoiding cranio-facet joint violation until
the appropriate depth is achieved (Fig. 4.6).
Coronal, axial, sagittal images are checked intra-
operatively to confirm the screw’s placement
within the pedicle, orientation, and overall depth.
Care should be taken to avoid advancing the
screw head to bone, which would limit the ability
to seat the rod. The guidewire is withdrawn as the
screw enters the pedicle in order to avoid it get-
ting bent ahead of screw tip and trapped. The
screwdriver is withdrawn from the tower assem-
bly. Subsequent pedicle screws are placed with
this same technique. It is important to note that
all screw tower assemblies should line up in the
same orientation and height before the next step
of the procedure (Fig. 4.6).

A rod measurement guide is placed to facili-
tate measurement of the rod size. The rod is
passed percutaneously through a separate stab
incision (SEXTANT) or placed freehand in other
designs leaving adequate lengths at both ends.
Once the rod is seated, a cap inserter is placed in
the tower assembly. Subsequent screw caps are
now placed. Compression can be achieved by
system specific methods. Final tightening of the
construct is performed with an anti-torque stabi-
lizer and torque-limited driver. The screw tower
assemblies are loosened and removed. Final
radiograph is obtained to confirm proper posi-
tioning of screws, cage, and rod (Fig. 4.7). Dorso-
lumbar fascia is approximated with absorbable
No. 2-0 Vicryl and subcuticular running closure
with Monocryl 3-0 done.

4.5.8 Post Operative Care

Ambulation usually begins on post-operative day
1. The average hospital stay is 2 days to longer
for patients who have additional medical comor-
bidities with most patients being discharged on
POD 4 with assisted ambulation. The scar at
6 weeks follow-up is cosmetic (Fig. 4.8).
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Fig. 4.6 Pedicle screw placement

Fig. 4.7 Placement of screws and rods

4.5.9 Advantages of MIS

The conventional open posterior approach con-
tributes to wide soft tissue dissection and leads to
localized denervation of muscles, extensive blood
loss, fibrous tissue (dead space), persistent back
pain, and muscle spasm after the procedure [15—

17]. Kawaguchi et al. [18] demonstrated that the
duration of muscle retraction during spine sur-
gery, pressure of the retractors, and the number of
levels exposed directly correlate with the post-
operative elevation of serum creatinine phospho-
kinase isoenzymes, a marker of muscle injury.
The MIS-TLIF procedure has overt advantages
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Fig. 4.8 Scar at 6 weeks post single-level 3D navigated
MIS-TLIF

over open TLIF in reducing blood loss (intra-
operative and post-operative) thus abolishing
need for transfusion, reduced infection rates [19,
20]. These specific advantages can be attributed
to fall back of the dilated muscles in the tracts
thus collapsing the dead space, which in turn
helps to hasten post-operative recovery and early
rehabilitation in MIS-TLIF.

4.6 Advantages of Navigation-

Assisted Surgery

Although MIS-TLIF with fluoroscopy causes
lesser damage to the patients, the intra-operative
challenges faced by surgeons in inserting percu-
taneous pedicle screw are spinal alignment, qual-
ity/quantity of multifidus muscle, and depth of
screw entry point. Furthermore, the pedicle
dimensions, facet joint arthritis, screw location
(ipsilateral and contralateral), screw length,
screw diameter, cortical encroachment, frank
penetration, and screw trajectory angle are all
uncertainty screw-related variable [4].

4.6.1 Accuracy

Navigation-assisted screw  positioning has
reported lower misplacement rate compared to
the freehand placement. Rajasekaran et al. in a
recent article have analyzed pedicles and docu-
mented an accuracy rate of 96.2% using intra-
operative CT based navigation [21]. In addition
to pedicle screw placement, navigation helps to
classify these non-negotiable pedicles and pre-
vents the surgeon from attempting to instrument
it. Navigation has resulted in pedicle perforation
rates as low as 1-5%. The accuracy of 3D naviga-
tion system is considered to be superior to virtual
fluoroscopy and 2D navigation [22]. A meta-
analysis of 9019 thoracic pedicle screws estab-
lished the superiority of CT navigated
instrumentation over fluoroscopic guidance [23].
Castro et al. noted a 40% pedicle breach follow-
ing freehand pedicle screw placement in
fluoroscopy-assisted surgery in spite of anatomic
visualization of entry points [24]. MISS is likely
to have much higher misplacement rates.
Navigated spine surgery has the potential to cre-
ate phantom screw trajectories and helps the sur-
geon to apply stab incision at the appropriate
level through which screws can be placed with
ease in correlation with these phantom images.
Baaj et al. used intra-operative navigation to
apply percutaneous pedicle screws in short con-
structs in degenerative spine [25]. Kim et al.
observed an accuracy rate of 96.6% in MISS
using computer aided navigation and intra-
operative CT [26].

4.6.2 Radiation Safety

It has been noted that for the spine surgeons, radi-
ation exposures are up to 10—12 times greater
than in other orthopaedic procedures and may
approach or exceed guidelines for cumulative
exposure [27]. Minimally invasive spine surger-
ies (MISS) involve notoriously high amount of
radiations to the surgeon and other operating
room staff due to the non-visualization of ana-
tomical landmarks for freehand placement of
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screws. In such a scenario, navigation-assisted
surgery reduces the radiation exposure for the
operative team, as all members are protected dur-
ing the scanning procedure. They also found 87%
less exposure time to radiation while using intra-
operative CT in comparison to fluoroscopy used
in MIS procedures [28]. From the patient’s per-
spective, the radiation exposure for CT based
navigation systems is significantly higher when
compared to fluoroscopy-based systems, yet they
fall within permissible limits.

4.6.3 Surgical Site Infection

A review of MIS-TLIF studies suggest an infec-
tion rate of 0-10% [26]. Similar experience has
been highlighted by the author’s team [20].
O’Toole et al. found that the incidence of surgical
wound infection was significantly lower after
MIS-TLIF (0.6%) than after open TLIF (4.0%)
[29]. To reduce the rate of infection with MIS-
TLIF, it is recommended to avoid placing fingers
into the surgical wound, which may increase the
risk of surgical wound infection if there are
microscopic breaks in the surgeons gloves. Nassr
A also concluded that MIS-TLIF is associated
with lower incidence of surgical site infection
than open TLIF [30].

4.6.4 FacetJoint Preservation

There is also a high chance of facet joint viola-
tion in MISS which in turn results in adjacent
segment degeneration. The real advantage of
navigated MIS-TLIF lies in the fact that precise
facet joint sparing entry can be taken and optimal
trajectory in axial plane can be made with maxi-
mal screw length to achieve a near perfect and
extremely safe pedicle screw with maximum pos-
sible pull-out strength (Fig. 4.9). Lau et al.
observed lesser facet joint violations in MISS
while using intra-operative navigation [31].

4.6.5 InObese/Osteoporotic

Patients

Instrumentation using MISS in obese patients
and frail osteoporotic patients is challenging as
manual tactile feel of the pedicles would not be
possible, and spinal navigation comes to the res-
cue in such scenarios.

4.7 Concerns with Spine
Navigation
4,7.1 Operative Time

The older generation of navigation systems
employing manual point matching registration
did lead to increased operative times. This draw-
back has been overcome with newer generation
navigation systems that allow for automatic reg-
istration and a larger field of scan (BRAINLAB)
extending to multiple vertebral segments.
Improvement in quality of virtual images, reduc-
tion in acquisition time, and automatic registra-
tion process have contributed to the reduction in
the duration of a surgery over the years. The over-
all duration is set to improve steadily as the expe-
rience of the surgeon and operating room
personnel rises resulting in a systematic work-
flow in the long run.

4.7.2 Wobbling and Motion Related
Artefacts

Whilst the entry points and trajectories of instru-
mentation are clearly defined by image-guided
surgery, the wobble created by manually tapping
or inserting screws across the trajectories
involved might result in inaccuracies due to the
maximal radial movement from its centre of axis
[10]. This is best avoided by postponing the
screw insertion process after creating trajectories
of all planned screws. Nowadays, powered pedi-
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Fig. 4.9 (a, b) Set-up of navigation apparatus (b, ¢) Healed scar area; (d—g) CT scan showing good alignment of
pedicle screws with interbody cage
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cle screw drive systems are available which
enhance surgeon experience with faster, accurate
screw insertions. In lean and poorly built
patients, ventilation related movement of the
thoracic spine may hinder the accuracy of navi-
gation. It is better to acquire images in a non-
ventilation mode and reduce the tidal volume in
such scenarios to reduce motion-related arte-
facts. More important, all the nursing staff and
assisting surgeons who are involved in the han-
dling of instruments around the surgical field
must be aware of the fact that the slightest deflec-
tion of the fixed reference array might result in
severe inaccuracy. In doubtful scenarios, the sur-
geon needs to re-verify the accuracy. If the tip of
the pointer appears to be either underneath the
lamina or hanging above in space, one can be
sure that there has been a disturbance of the
array, and the entire navigation needs to be
repeated. Sometimes in spite of placing the sur-
gical instruments and camera in the “line of
sight,” navigation might be troublesome. It might
be due to bloodstain or debris covering the
spherical diodes. Care should be taken to gently
clear it to avoid disturbing the position of refer-
ence array.

4.7.3 Distance from Reference Array

The accuracy of instrumentation is directly pro-
portional to the distance of the level of interest
from the reference array. Even though the cur-
rent systems are capable of imaging the whole
spine, the accuracy is questionable at the far-
thest point from the reference array. This can be
solved in two ways. Firstly, when the surgeon
requires imaging of the entire spine in case of
complex deformity and surgery involves more
than 12 segments, it would be appropriate to
affix the reference array midway between the
ends of the surgical incision. On the other hand,
where the surgeon is not able to get an adequate
fixation point as in paediatric cervical spine,
considering the far distance of iliac crest from
the area of instrumentation, it would be better to
place the reference array on immobile regions

such as Mayfield clamp. Whenever instrumenta-
tion is attempted at distal levels, it is better to
re-verify the accuracy manually.

4.7.4 Cost-Effectiveness

The uptake of navigation technology has been
limited by start-up, acquisition, and maintenance
costs. The opponents of spinal navigation cite
this as one of the major drawbacks. The economi-
cal evaluations have recognized limitations and
challenges as the cost-effectiveness depends on
multiple factors such as the number of surgeries
performed, the intricateness of surgical proce-
dures undertaken, complications, and the cost of
revision surgeries. But a study also concluded
that it would actually be a cost-saving surgery for
a spine unit that does more than 254 spinal instru-
mentations yearly [32]. Al-Khouja et al.in his
systematic review states that the biggest advan-
tage of image-guided surgery is the prevention of
reoperation and four out of seven studies had a
zero reoperation rate [33].

4.7.5 Learning Curve

As with any new technology and its user experi-
ence, navigated spine surgery does have a learn-
ing curve. However, here, it requires
well-organized operating room personnel to
function as a single unit, and the success
depends on the learning curve of the entire team.
Each of the team needs to understand and exe-
cute their roles efficiently to reduce the nuances
of surgical duration and technical flaws. Bai
et al. in his prospective study analyzed the learn-
ing curve of surgeons using image-guided navi-
gation spinal surgery and noticed a steep incline
in operating time and screw perforation rate by
6 months and reached a plateau by 12 months
[34]. Sasso et al. in his retrospective analysis of
4-year data, noted an average reduction of
40 min in operative time for lumbar fusion using
navigation and image-guided surgery [35].
Ryang et al. in his prospective analysis of the
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learning curve using 3D fluoroscopy found a
learning curve of 4 months in placing lumbar
and thoracic pedicle screws [36].

4.8 Senior Authors Experience
The authors ventured to assess the impact of 3D
navigation in MI-TLIF in evaluating

Navigation setting time

Radiation exposure

Disc space preparation

Cage placement

Accuracy of pedicle screw placement
Cranial facet violation, and
Evaluation of canal decompression

Nk L =

4.8.1 Results

3D Navigation Setting Time Total time taken
for setting up of navigation including pre- surgi-
cal time, i.e. scrubbing of the parts, draping, ini-
tializing the 3D C-arm and the navigation
workstation, mounting reference array on the
patient, acquiring scans, and transferring the
same onto the navigation workstation was
46.65 + 9.45 min. As displayed in results, the
navigation setting up time progressively reduced
with increasing experience. Our setting time val-
ues were in consensus with a study conducted by
Balling et al. Balling [37] recorded an O-arm
guided 3D navigation setting time of
46.2 £ 10.1 min in a prospective study of 306
posterior instrumentations. In our study, we expe-
rienced navigation error in one case probably due
to translation of the reference array while operat-
ing. And this caused a medial breach in one
patient which was rectified immediately.
Rampersaud et al. suggested that error margins
were positive in <1 mm translation and 5° rota-
tion of the patient reference array in all regions of
spine [38]. Furthermore, a study by Rahmathullah
et al., with his experience of 1500 cases in navi-
gation commented that turning on the warmers
during registration can cause image artefacts
leading to error [39]. Again, while registration

and setting up of navigation take additional time,
the total operating time may get shorter in patients
with complex anatomy, as compared to
fluoroscopy-assisted MI-TLIF. To minimize ana-
tomical errors that could be secondary to respira-
tory movements, the authors temporarily suspend
ventilation (generally for a minute) at the time of
image capture by the C-arm [40].

Radiation Exposure In author’s experience,
117 patients were treated with single-level 3D
navigated MI-TLIF and 15 have lost to follow-
up. A total of 408 pedicle screws were implanted,
the mean time for fluoroscopy usage was
97.6 = 11.67, and mean amount of radiation from
fluoroscopy was 4.43 + 0.87 which was similar to
those found by Mendelsohn et al. who reported
that radiation exposure to patients using O arm
navigation was 2.77 times more when compared
to non-navigated surgeries. However, the dose of
5.69 mSv was much lower than a conventional
CT (7.5 mSv) and amounts to one-quarter of the
total occupational exposure allowed per year.
They also found 87% less exposure time to radia-
tion while using intra-operative CT in compari-
son to fluoroscopy used in MIS procedures. From
the patient’s perspective, the radiation exposure
for CT based navigation systems is significantly
higher when compared to fluoroscopy-based sys-
tems, yet they fall within permissible limits [28].
Kim et al. have also concluded that the use of
navigation-assisted fluoroscopy is feasible and
safe for minimally invasive spine surgery.
Radiation exposure is decreased to the patient as
well as the surgical team [41].

Volume of Disc Excised Adequate disc space
preparation is extremely vital for optimum
fusion. In our study, the amount of disc removed
was 75% in the ipsilateral-anterior, 81% in
ipsilateral-posterior, 63% in contralateral-
anterior, and 43% in contralateral-posterior quad-
rants. Following discectomy, Hurly et al. [42]
compared the area of empty disc space between
two techniques; cone beam navigation and open
technique using a navigation probe. Disc removed
using cone beam navigation was ipsilateral-
anterior = 75%, ipsilateral-posterior = 81%,
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contralateral-anterior = 63%, and contralateral-
posterior = 43%. Rhin et al. showed in his ran-
domized study of 40 lumbar TLIF that the percent
disc removed by volume (80% versus 77%,
p = 0.41), percent disc removed by mass (77%
versus 75%, p = 0.55), and percent total disc
removed by area (73% versus 71%, p = 0.63)
between the open and MIS approaches were
nearly same. The posterior contralateral quadrant
was associated with the lowest percent of disc
removed compared with the other three quadrants
in both open and MIS groups (50% and 60%,
respectively). Thus, concluding that navigation
can help guide adequate disc space preparation
intra-operatively and the surgeon should be gen-
erous during discectomy from the posterior con-
tralateral corner to minimize the likelihood of
pseudoarthrosis [43].

Cage Placement Transforaminal lumbar inter-
body fusion entails packing the anterior one-
thirds of disc space with bone graft and navigation
allows assessment of the thickness of this mantle
of bone graft using the navigation probe. While
the guidelines for exact placement of the cage
have not been published, numerous papers show
encouraging results with anterior and central
placement within the intervertebral disc space
[44]. In our study, the cage position was central in
87 patients, contralateral antero-central in six
patients, and ipsilateral postero-central in eight
patients. The Cohen’s kappa statistic test for
interobserver co-relation was 0.92 for the two
examiners with regard to cage placement.
Progressive posterior cage migration was noticed
in a patient with initial postero-lateral placement
of the cage and this was revised. Schupper et al.
had employed navigation in his revision L3L4
case, as an adjunct, to help localize the interspace
for cage deployment through minimal exposure.
The TLIF cage was able to be appropriately
placed in the collapsed disc space, as well as the
pedicle screws, which allowed for improvement
of lumbar lordosis. Similarly, Lian et al. in his 33
cases had determined the size and orientation of
the cage by the navigation and after the cage
insertion, a second scan was made to verify the
accuracy of all the implants. Navigation also
allows the surgeons to place and impact the cage

in the desired spot and also most importantly
avoid mishaps such as accidental penetration of
anterior longitudinal ligament (ALL) and retro-
peritoneal positioning of the cage [45].

Blood Loss The mean intra-operative blood loss
was 89.65 + 23.67 mL which is lower as com-
pared to Xu YF et al. [46] and Foley et al. [47].

Accuracy of Pedicle Screw Placement
Regarding accuracy 95.6% showed grade 0 and
4.4% had grade 1 pedicle breach. In one case a
grade 3 pedicle screw breach occurred; this was
suspected intra-operatively on the C-arm images
and confirmed by spinning the 3D C-arm again
and extracting images before extubating the
patient. The Cohen’s kappa statistic test with
regard to pedicle screw breach was 0.889 which
demonstrated high reproducible accuracy.
Freehand screw misplacement rates in spine is
much higher than other spinal segments, and it
becomes much more challenging in dysmorphic
pedicles as seen in deformities and in areas where
there is distortion of normal anatomical land-
marks such as trauma, revision surgeries, and
ankylosed spine. Navigation has resulted in pedi-
cle perforation rates as low as 1-5%. The accu-
racy of 3D navigation system is considered to be
superior to virtual fluoroscopy and 2D navigation
[22]. A meta-analysis of 9019 pedicle screws
established the superiority of CT navigated
instrumentation over fluoroscopic guidance [22,
23]. Similarly 94.6% had grade 0 and 5.4% dem-
onstrated grade 1 cranial facet violation as was
observed by Lau et al. [31]. Thus, 3D-navigation
makes sure that the pedicle screw is implanted in
the most precise trajectory in all the 3 planes with
added benefit of protection against radiation.

Cranio-Facet Violation The facet joint cranial to
the level of fixation is a critical anatomic structure
and protection of this joint is vital in avoiding adja-
cent segment disease [48, 49]. In the current study,
only 25 out of 408 pedicle screws (6.1%) violated
the cranial facet joint, with 94.6% and 5.4% of
pedicle screws demonstrated grade 0 and grade 1
cranial facet violation, respectively, reinforcing
the advantages of navigation-assisted insertion of
pedicle screws. Again, the degree of violation in
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these 6.1% of screws appears relatively inconse-
quential (grade 1), based on the classification of
Babu et al. [50]. The Cohen’s kappa statistic test
with regard to cranial facet violation was 0.878
which demonstrated high reproducible accuracy.
Ohba et al. [51] reviewed 194 pedicle screws in 28
consecutive patients and found that 87.5% and
94% of screws inserted using conventional fluo-
roscopy and 3D navigation group, respectively,
did not violate the facet joint. Park et al. [48]
reported a high rate of cranial-facet joint violation
in fluoroscopic MISS surgery when compared to
open surgeries (31.5% vs. 15.2% of all screws,
p <0.001).

Evaluation of Canal Decompression In our
study, the navigation array probe was utilized to
verify the adequacy of decompression and to
confirm the anatomical landmarks as and when
necessary. In their study on 28 patients undergo-
ing MIS-TLIF, Lee et al. [52] found that the
Mean spinal canal cross section area at disc

spaces have increased significantly at 12 months
post-operatively from 157.5 mm? to 294.3 mm?,
(p = 0.012) leading to a good clinical outcome,
which could easily be evaluated intra-operatively
using the navigation like in our study [42].

Reduced Surgical Site Infection In the present
study of 117 patients, no surgical site infection
was seen. In our another study of 1043 patients
treated with MIS techniques, 763 underwent non-
instrumented surgeries and 280 underwent instru-
mented fusion. The overall infection rate after
MISS was 0.29%, 0% in non-instrumented cases
and 1.07% [3 out of 280 cases] in instrumented
cases. Nassr A also concluded that MIS-TLIF is
associated with lower incidence of surgical site
infection than open TLIF [30].

Example 1
Figure 4.10 demonstrates the use of navigation in
L4L5 MI-TLIF in a patient with adult degenera-

Fig. 4.10 (a) Accurate placement of screws across
rotated pedicles with malformed anatomy due to advanced
degenerative arthritis is seen. (b) The cage can be placed

optimally using navigation. (¢) Post-operative X-ray and
healed scar of MI-TLIF
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Fig.4.11 (a) Poorly defined anatomy on 2D fluoroscopy images. (b) Pedicle screw insertion using 3D navigation. (c)
Post operative X-ray of MI-TLIF

tive scoliosis in which only selective fusion of L4
L5 is indicated.

(a) Accurate placement of screws across rotated
pedicles with malformed anatomy due to
advanced degenerative arthritis is seen.

(b) The cage can be placed optimally using
navigation.

(c) Post-operative X-ray and healed scar of
MI-TLIF.

Example 2

Figure 4.11 demonstrates the use of 3D naviga-
tion in ill-defined anatomy at L4L5 in advanced
degenerative arthritis

(a) Poorly defined anatomy on 2D fluoroscopy
images.

(b) Pedicle screw insertion using 3D navigation.

(c) Post operative X-ray of MI-TLIF.

TLIF] technique with fluoroscopy and 3D naviga-
tion. With vast experience in minimally invasive
techniques, we find MIS to be associated with less
post-operative infection rates as compared to
open techniques. With 3D navigation, MIS
becomes safer and highly accurate. MIS-TLIF
with 3D navigation has satisfactory clinical out-
comes and fusion rates with the additional bene-
fits of less initial post-operative pain, less blood
loss, earlier rehabilitation, and shorter hospital-
ization. MIS-TLIF with 3D navigation is a more
cost-effective treatment than MIS-TLIF with
fluoroscopy.

Conflict of Interest The authors have no con-
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49 Conclusions

At author’s institution, almost all cases requiring
fusion are operated with Minimally Invasive
Transforaminal Lumbar Interbody Fusion [MIS-
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Navigation Guided Oblique
Lumbar Interbody Fusion

Masato Tanaka and Sagar B. Sharma

Oblique lumbar interbody fusion (OLIF) refers to
a technique of lumbar interbody fusion where an
interbody cage is inserted through an oblique
corridor made through the retroperitoneal space
anterior to the psoas major muscle. The pre-psoas
or ante-psoas (anterior to psoas muscle) approach
for lumbar interbody fusion has been present
since more than two decades, described first in
1997 by Mayer. OLIF consists of insertion of a
cage with a large footprint through the retroperi-
toneal approach from the left side via corridor
between the anterior border of psoas muscle and
the abdominal aorta [1]. It is now the first choice
of lumbar interbody fusion for many surgeons
around the globe. Being a minimally invasive
technique with shorter operative times and better
biomechanical attributes, OLIF has been proved
in numerous studies to be, at least, as good as, if
not better than, TLIF—Transforaminal Lumbar
Interbody Fusion [2—4]. One of the major draw-
backs of the technique is the unfamiliar oblique
approach for disc space preparation and cage
insertion leading to repeated fluoroscopic expo-
sures increasing the risk to operating room per-
sonnel. The supplementation of navigation to
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OLIF mitigates many, if not all, the disadvan-
tages and risks of OLIF approach [5, 6].

5.1 Indications

OLIF is indicated in the following conditions
requiring interbody fusion from L1 to L5. At L5-
S1, the high iliac crest, anterior position of the
vascular window, and a different set of armamen-
tarium are challenges to OLIF that require suffi-
cient expertise [7]. However, recently, OLIF is
also used by many surgeons at L5S1 level as
well. Broadly, the indications of OLIF include
the following:

1. Degenerative spondylosis with or without
Grade I/II listhesis

2. Spondylodiscitis

3. Adult degenerative scoliosis

4. Adjacent segment disease

5.2  Advantages of OLIF Over
Other Interbody Fusion
Techniques [8]

5.2.1 OLIFVs.TLIF

1. Biomechanical—OLIF cages are larger than
TLIF cages and are placed along the biome-
chanical axis of load bearing leading to better

53

J.-S. Kim et al. (eds.), Technical Advances in Minimally Invasive Spine Surgery,

https://doi.org/10.1007/978-981-19-0175-1_5

5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0175-1_5&domain=pdf
https://doi.org/10.1007/978-981-19-0175-1_5#DOI

54

M. Tanaka and S. B. Sharma

correction of lumbar lordosis and the segmen-
tal lumbar lordosis [9].

2. Biological—OLIF provides a large bed for
graft, thorough preparation of the end plate of
vertebral bodies, and insertion of wide cages
which rest on the ring apophysis of the verte-
bral body (which is the strongest part of the
vertebral body). Theoretically, these arguments
increase the probability of fusion and decrease
the incidence of cage subsidence [10].

3. Indirect decompression—OLIF relies on indi-
rect decompression of the neural canal, that is,
via increasing the disc height, it makes the
ligamentum flavum taut and also increases the
neural foramen diameter. There is no interac-
tion with the dura and hence minimal chance
of dural damage [11, 12].

4. Preservation of posterior elements—The back
musculature, posterior tension band struc-
tures, and posterior bony elements are pre-
served in the procedure. Moreover, being a
minimally invasive approach with minimal
abdominal muscle damage, it allows for a
faster post-operative recovery and earlier
mobilization.

Left crus of diaphragm
Subcostal nerve
llioinguinal nerve

Quadratus lumborum
Transversus abdominis
Psoas major
Genitofemoral nerve

lliacus

iliohypogastric
nerve

ilioinguinal

1= transverse abdominis £
muscle

2 = internal oblique
muscle

3 = external oblique

5.2.2 OLIF Vs. Direct/Lateral Lumbar
Interbody Fusion (DLIF/LLIF)

OLIF approach was introduced to abate the com-
plications associated with LLIF. Damage to lum-
bar plexus was the primary disadvantage of
LLIF. OLIF avoids the exposure through the
psoas muscle and decreases the chances of injury
to lumbar plexus [13].

5.3  Relevant Surgical Anatomy
In order to create a safe corridor for the proce-
dure, it is necessary to be aware of the important
structures encountered in the approach [14].
These include the abdominal wall muscles; sub-
costal, iliohypogastric, and ilioinguinal nerves;
psoas muscles; lumbar plexus and genitofemoral
and femoral nerves; ureter; sympathetic chain;
abdominal aorta and segmental vessels and ilio-
lumbar vessels (Fig. 5.1).

The anterior abdominal wall muscles consist
of external oblique, internal oblique, and trans-
verse abdominis. The subcostal, iliohypogastric,

C lliohypogastric
nerve (T12, L1)

llioinguinal
nerve (L1)

Genitofemoral
nerve (L1, L2)

Lateral femoral
cutaneous nerve
(L1, L2) posterior

divisions

L5

Lumbosacral

Femoral nerve trunk (L4, L5)

(L2-L4) posterior
divisions

Obturator nerve
(L2-L4) anterior
divisions

Fig. 5.1 Anatomy of the anterior abdominal wall. (a) Abdominal wall musculature and the related nerves (b) Psoas
muscle and relation to important nerves (¢) Anatomy of lumbar plexus
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and ilioinguinal nerves run in the substance of
these muscles. The psoas muscles arise from the
transverse processes of L1 to LS5 vertebrae and
form an important landmark for the approach. It is
anterior to the anterior border of the muscle that
the disc space is entered. The lumbar plexus con-
sists of network of nerves derived from the lum-
bar roots L1-L4. The lumbar plexus lies in the
posterior 1/4th of the vertebral bodies in lateral
view from L1 to L3 and in the posterior 1/2nd of
the vertebral bodies from L4-L5. Important
nerves arising from the plexus include iliohypo-
gastric, ilioinguinal, femoral, and obturator
nerves. The femoral nerve (L.2,3,4) is the largest
branch and found deep in the posterior half of
substance of the psoas muscle descending in a
gradual posterior-to-anterior direction at L4-5
disc space. It passes down between the psoas and
the iliacus muscle, beneath the inguinal ligament,
and into the thigh. The iliohypogastric and ilioin-
guinal nerves emerge from the posterolateral bor-
der of the psoas and cross obliquely into the
retroperitoneal space in front of the quadratus
lumborum and the iliacus muscles to reach the
iliac crest. The genitofemoral nerve travels
obliquely in the substance of the psoas muscle
from its origin, crossing the L2-3 disc space and
emerges from its medial border at the L3—4 level.
It then descends on the surface of the psoas major,
underneath the peritoneum, and on the anterior
1/4th of the L4 and LS5 vertebral bodies. Another
important neural structure to be considered is the
lumbar sympathetic chain. It lays anterolateral to
the vertebral bodies, just underneath the medial
border of psoas major muscle [15].

The ureter is another structure which is
encountered in this approach. The ureter is a thin
tubular structure which begins from the antero-
medial surface of the kidney and passes down-
wards in the retroperitoneal fat, anterolateral to
the psoas muscle. It is attached to the posterior
portion of the peritoneum. Identification of the
ureter is important in developing a corridor of
OLIF. The vena cava is located on the right of the
patient while the aorta is located more in midline.
This anatomy allows for oblique corridor access

from the patient’s left side. Therefore, placing the
patient in a right lateral decubitus position
increases the size of the corridor because great
vessels move to the right side with gravity [16].
Bifurcation of the aorta and vena cava is most
often found at the lower L4 vertebral body. The
segmental lumbar arteries arise at multiple levels
and pass laterally over the mid-part of the verte-
bral bodies. The iliolumbar vein is the segmental
vein for the L5 vertebral body. It runs transversely
anterior to posterior across the L5 vertebral body
and turns cephalad, crossing the L4-L5 disc
space posteriorly. If the patient has transitional
anatomy, the course of the iliolumbar vein may
be observed at the L4-L5 disc space. If that is the
case, it can be carefully visualized during the
procedure and protected.

5.4 Advantages of Navigation

in OLIF

In OLIF, fluoroscopy is required at many steps in
the procedure from skin marking, to endplate
preparation, cage insertion, and percutaneous
pedicle screw (PPS) insertion. Also, with begin-
ners, the oblique corridor is confusing leading to
increased fluoroscopy times [17—-19]. Addition of
navigation has numerous advantages compared
to fluoroscopy based OLIF which include:

—

. No/reduced radiation exposure

2. Reduced operative times

3. Increased accuracy of interbody bed prepara-
tion and implant placement

4. Reduced complications related to implant
placement [20]

5. Real-time position
instruments

6. With increasing experience, simultaneous

insertion of the interbody cage and percutane-

ous pedicle screws can be done [21].

and depth of the

Whether this leads to improved patients out-
comes/rapid recovery remains to be proven in
studies.
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5.5

1.

Fig.5.2 MRI analysis

Technique of OLIF

Preoperative planning: As in all fusion pro-
cedures, preoperative assessment includes
analysis of standing X-rays in AP and lateral
views and MRI. X-ray analysis includes
assessment of disc height, segmental lordo-
sis, whole lumbar lordosis, degree of listhe-
sis (if present), coronal alignment, heights of
iliac crest, etc. MRI evaluation is most
important to establish a candidate’s suitabil-
ity to OLIF. The morphology of psoas mus-
cle and the corridor between the psoas
muscles and anterior vasculature should be
assessed carefully. The surgical corridor
between the anterior border of psoas muscle
and lateral border of aorta should be at least
1 cm (known as fixed OLIF corridor). The
presence of a fat plane between the psoas and
the disc means it can be easily retracted. The
space created by retraction of the psoas mus-
cle until the middle of the disc is called the
flexible OLIF corridor. The bulk of the psoas
muscle should also be evaluated. Any abnor-

mality of the abdominal viscera, particularly
the kidneys and ureter and the aorta must be
noted and carefully evaluated (Fig. 5.2).

. Patient positioning: The standard approach

for OLIF25 is from the left side of the patient.
For navigation guided OLIF, a radiolucent
table (preferably a carbon fibre Jackson
table) is used. The patient is positioned in
right lateral decubitus with the left side up.
The patient is secured to the table with tapes
over the chest and iliac crest and supports
from dorsal and ventral sides. The operating
surgeon stands on the abdominal side of the
patient. All the body prominences are pad-
ded. An axillary roll in the axilla protects the
neurovascular structures. Another pad is
placed between the knees. The right hip and
knee is kept extended while the left hip and
knee is flexed to relax the psoas major mus-
cle. Breaking the table to increase the dis-
tance between the rib cage and iliac crest
depends upon the personal choice of the sur-
geon and patient characteristics. While it
does ease the access, it may increase the

of the OLIF corridor
showing important
anatomical structures

Psoas

-_—

muscles
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chance of lumbar plexus traction injury if
continued for longer periods (Fig. 5.3).

. Registration of navigation system: A key step
for successful and precise execution of the
surgery is insertion of reference frame (also
called Patient reference array). An incision is
made 3—4 cm proximal to the posterior supe-
rior iliac spine over the iliac crest and the
reference frame is anchored to the bone. It
must be pointed out the greater the distance
between the reference frame and the disc
space of interest, the lesser is accuracy.
Hence, in case of L2-3 OLIF, it is better to
attach the reference frame on the spinous
process of the cranial vertebra. After attach-

ing the reference frame, a 3D scan is obtained
and data registered with the navigation sys-
tem (Fig. 5.4).

4. Localization of level: With navigation, the

localization of the disc space becomes very
easy. The endplates of the concerned level
are drawn over the skin and the inclination of
the disc space and midpoint of the disc is
marked. A 4-5 cm oblique incision is made
starting from the midpoint of the disc space.

5. Dissection: After making a skin incision and

dissecting the subcutaneous fat, the abdomi-
nal musculature is reached. A bipolar cautery
is preferred for haemostasis over monopolar.
The external oblique fascia is reached and

Fig.5.4 (a) Registration of the navigation system (b) Insertion of patient reference array
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will need to be sharply incised. After that, the
internal oblique and transversus abdominis
are dissected. The muscle fibres are dissected
in line with the muscle fibres as these muscle
layers run in opposite directions. The nerves
encountered during this approach should be
identified and protected. After bluntly pene-
trating the transversalis fascia, the yellow
retroperitoneal fat is exposed. Care should be
taken not to injure the peritoneum at this
stage. Once inside the retroperitoneal space,
the index finger is directed backwards to fol-
low the internal abdominal wall dorsally
down to the psoas muscle, which can be
visualized. Entering the transversalis fascia
obliquely from anterior in the incision to
posterior to the quadratus muscle will pre-
vent inadvertent entry into the peritoneum.
Palpating the quadratus muscle, followed by
the tip of the transverse process and finally
the psoas muscle, will help verify that the
correct retroperitoneal plane is being entered
and ensures that the peritoneum is not com-
promised. The finger is used to sweep the
peritoneal contents, including the ureter,
which reflects with the peritoneum and the
retroperitoneal fat anteriorly. It is possible to
visualize the structures in addition to tactile
feel to ensure a safe approach to the disc
space free from vascular, peritoneal, and
nerve obstructions. Blunt dissection with fin-
ger or a mop is done to clear the psoas major
muscles and the antero lateral portion of the
vertebral bodies. One can palpate the pulsa-
tions of the aorta ventrally [22]. The psoas
may be mobilized dorsally till the midpoint
of the disc space. (Fig. 5.5).

Dilatation and retractor placement: Using a
navigated dilator, the anterior portion of the
disc space is localized. The initial placement
is just anterior to the psoas major muscle.
Over the initial dilator, serial dilators are put
until a 22 mm expandable retractor is placed
and a fibre-optic light source is attached to the
retractor system (Fig. 5.6). The retractor is
attached to the flexible table arm to maintain
the retractor position. It is important to align

Fig. 5.5 Pathway for dissection of OLIF corridor by
blunt dissection using fingers

the retractor blades such that the opening
between them is parallel to the disc space. The
marking of the endplates done initially over
the skin may be utilized for reference. The
retractor blades are fixed to the vertebral body
using threaded pins. One should avoid injury
to the segmental vessels during pin insertion.
The iliolumbar vein must be carefully evalu-
ated in preop MRI and identified intraopera-
tively and protected during insertion of L5
pin. Navigation avoids the use of an initial
Jamshidi needle and guide-wire placement
into the disc space and thus reduces chances
of injury to contralateral nerve root by sharp
instruments. Avoiding the posterior half of the
psoas major muscle protects the lumbar
plexus. Cadaveric studies have identified that
the lumbar plexus lies in the posterior one
third of the psoas major muscle. The position
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of the retractorblades and the orientation of
the corridor can be evaluated in real time
using the navigated probe.

7. Annulotomy and disc space preparation:

Using a Penfield dissector, residual soft tis-
sue is dissected off the annulus. A rectangu-
lar annulotomy of about 15-20 mm is made
under visualization carefully protecting the
aorta ventrally and the psoas muscle dor-
sally. The psoas muscle can be retracted till
the middle of the disc space. Then the disc
space is prepared using pituitary forceps,
shavers, and endplate curettes. A large
Cobb’s elevator is passed along both end
plates to the contralateral annulus. A mallet
is then used to gently release both the supe-
rior and inferior aspects of the contralateral
annulus. This step is critical to ensure that
appropriate distraction so that a larger size
cage may be placed. All disc preparation
instruments, including the Cobb’s elevator
and end plate shavers enter obliquely through
the retractor and then turned dorsally to
allow the surgeon to work orthogonally
across the disc space and release the contra-
lateral annulus. The retractor blades should
be slightly opened to allow the instruments
to turn orthogonally. Adequate preparation
of disc space by thorough removal of carti-
laginous endplate is essential to achieve
proper fusion. It is also essential that the
bony endplate is not damaged to prevent
cage subsidence.

. Trialling: Serially graduated trials are
inserted obliquely and turned orthogonally

9.

10.

11.

Fig. 5.6 Marking of the disc space with initial navigated dilator and localization of the disc space

before impacting into the disc space. The
cage with the largest possible height is
inserted to obtain adequate indirect decom-
pression. The cage should be centred over
the spinous process and span the entire ring
apophysis on both sides (Fig. 5.7). Using
navigated cages, real-time information about
the position of the trail can be obtained.
However, it is difficult to judge the disc trac-
tion achieved using the trial by navigation
and is best judged by the firm fitting of the
trial into the disc space.

Implant  placement: After trialling, a
polyether ether ketone (PEEK) cage of
appropriate height, length, and lordosis is
selected and filled with auto graft or bone
graft substitute. The cage inserter has retract-
able sleeves which cover the graft site of the
cage and prevent graft dislodgement during
insertion. Using navigation, the cage is gen-
tly hammered into appropriate direction. The
position and angulation of the cage can be
monitored in real time using navigation
(Fig. 5.8). Once in proper position, the
inserter is unscrewed and removed.

Closure: After removal of the inserter, the
retractor pins are unthreaded and the retrac-
tor blades are removed. Thorough wash with
saline is ensured. The external oblique apo-
neurosis is closed with interrupted absorb-
able sutures. The subcutaneous fascia and
skin is closed.

Percutaneous pedicle screw (PPS) insertion:
Then the patient is turned prone and again an
O-arm or 3D C-arm image is obtained and
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Fig. 5.8 Insertion of final cage under real-time image guidance

Fig. 5.9 Insertion of percutaneous pedicle screws (PPS)

registered with the navigation system.
Percutaneous pedicle screws are inserted
using navigation system. In our institute, we
perform a simultaneous insertion of OLIF
cage and PPS in lateral position utilizing two

teams of surgeons. However, doing simulta-
neous procedures requires coordination and
proficiency but saves the surgical time
(Fig. 5.9). A case example is discussed in
Figs. 5.10 and 5.11.
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Fig. 5.10 (a) Preoperative radiographs of a patient showing listhesis with dynamic instability at L4-5 level (b) MRI
image of the same patient showing stenosis at L4-5 level

Fig. 5.11 (a) Post-operative radiograph of the same patient after surgery showing implant in situ (b) O-arm images
taken intraoperatively showing proper position of the screws and cage

. . Immediate Late
5.6 Comp.llcatlons ‘?f OLIF Intraoperative post-operative | post-operative
and TIpS to Avoid them Lower extremity | Retrograde
symptoms ejaculation
The complications of OLIF can be divided into  caused by
intraoperative and post-operative complications Zﬁiﬁiﬁi&;
(23, 24]. lumbar plexus
injury
Immediate Late Contralateral Lumbar
Intraoperative post-operative | post-operative nerve root plexopathy
Ilioinguinal/ Transient hip Adjacent damage
iliohypogastric | paresis, anterior | segment Peritoneal Surgical site
nerve injury thigh numbness | degeneration laceration infection
Ureteric injury Deep vein Cage subsidence Endplate Pedicle screw
thrombosis and fracture breach

pseudoarthrosis

Vessel
injury—Aorta,
segmental
vessels,
iliolumbar vein

Paralytic ileus

Ventral dural
injury [25]
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e Intraoperative:

1. Nerve injury: during the approach, it is

possible to damage the ilioinguinal, iliohy-
pogastric nerve during the dissection of the
abdominal wall. The genitofemoral nerve
which lies on the ventral surface of the
psoas major muscle is also liable to get
injured during retractor placement. Careful
visualization and blunt dissection is essen-
tial to avoid these injuries.

. Ureteric injury: Injury to ureter occurs dur-

ing dissection through the retroperitoneal
fat. In multilevel fixations, manipulation of
the retractor blades from one level to
another without proper dissection of the
retroperitoneal plane can damage the ure-
ter. It requires prompt attention and repair
[26].

. Vessel injury: this is by far the most com-

mon injury reported in literature. The
aorta, segmental arteries and veins, and the
iliolumbar vein have all been reported to
be injured. Very rarely, the inferior vena
cava may be injured if the approach is from
the right side. It is observed that in chronic
degenerative changes in the intervertebral
disc space, the aorta is adherent to the
osteophytes and the rudimentary discs.
Very rarely, the aorta may have intrinsic
diseases such as aortic aneurysm and aortic
dissection which can very well be recog-
nized on preoperative MRI. The lumbar
arteries or segmental arteries of corre-
sponding levels run along the middle of the
vertebral bodies. These can get damaged
during the insertion of Schanz screws of
the retractor blades. Hence, while putting
these screws should be placed as close to
the endplate as possible. At the L5 level,
the iliolumbar vein lies very close to the
L4-5 disc. The bleeding from this vein can
be torrential and difficult to control. Hence,
it is essential to identify this vein, if present
in the planned level of surgery and it is
advisable to avoid putting the L5 pins if
this vein is present.

. Sympathetic chain injury and Ilumbar

plexopathy: The sympathetic chain lies

between the aorta and the anterior border
of psoas major muscle and is liable to get
injured during disc space preparation.
Sympathetic ~ chain  injury  causes
post-operative limb  paraesthesia and
warmness due to loss of vasomotor activ-
ity. In some cases, retrograde ejaculation is
a possibility. The lumbar plexus is less
likely to be injured in the pre-psoas
approach. However, prolonged retraction
beyond the mid-sagittal plane or breaking
the Jackson table for prolonged periods
increases the chances of lumbar
plexopathy.

5. Dural tear and contralateral nerve root
injury: These complications are likely to
occur during endplate preparation and cage
insertion. The direction of the OLIF corri-
dor is oblique and lies in line with the con-
tralateral nerve root. The ventral dural sac
may be damaged if the instruments are
inserted too obliquely. Hence, the orthogo-
nal manoeuvre is a very important step in
endplate preparation and cage insertion.
The orthogonal manoeuvre directs the
instruments directly lateral and thus pro-
tecting the dural sac and the contralateral
nerve root.

6. Other rare complications: Numerous other
complications have been described in lit-
erature which are infrequent. Endplate dis-
ruption can occur with inexperienced
hands and osteoporotic bones and lead to
suboptimal distraction. Cage subsidence
and pseudoarthrosis are rare and late com-
plications related to every fusion
technique.

5.7 Disadvantages of OLIF

Although there are very few complications asso-
ciated with the procedure, there are a few disad-
vantages to the technique. Being a minimally
invasive technique with an unfamiliar approach,
it has its own learning curve for beginners.
Traditional OLIF requires frequent radiation
exposure; however, navigation mitigates most of
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the disadvantages associated with technique. The
setup of navigation has its own technical ele-
ments that require training of the OT personnel
and the surgeon with increased operative times in
the initial cases.

5.8 Limitations of OLIF

Although OLIF can be used in any patient where
TLIF can be used, there are a few cases in which
OLIF cannot be practical. In patients with a bulky
psoas, it may be easier to do a trans-psoas
approach than an ante-psoas approach. Caution is
also warranted in some cases such as spondylo-
discitis where anatomical details may be obscure
and the bed for interbody graft is inadequate.
Although OLIF is reported to improve the spinal
sagittal parameters, it may not be adequate in
cases with severe deformity and may require
additional posterior corrective osteotomies.
However, with increasing experience, OLIF can
be utilized in almost all patients for interbody
fusion.

5.9 Conclusion

With increasing utilization of OLIF as an inter-
body fusion technique, addition of navigation
complements its advantages. By providing the
surgeon about the real-time location and depth of
the instruments, navigation increases the efficacy
and safety of the procedure. It also greatly
reduces the radiation exposure to the OT person-
nel. Simultaneous insertion of interbody cage and
percutaneous pedicle screws can also be done.

References

1. Jin C, et al. Outcomes of oblique lateral interbody
fusion for degenerative lumbar disease in patients
under or over 65 years of age. J Orthop Surg Res.
2018;13:38.

2. Koike Y, Kotani Y, Terao H, Iwasaki N. Comparison
of outcomes of oblique lateral interbody fusion with
percutaneous posterior fixation in lateral position
and minimally invasive transforaminal lumbar inter-

10.

11.

12.

13.

14.

body fusion for degenerative spondylolisthesis. Asian
Spine J. 2021;15:97.

. Keorochana G, Setrkraising K, Woratanarat P,

Arirachakaran A, Kongtharvonskul J. Clinical out-
comes after minimally invasive transforaminal lumbar
interbody fusion and lateral lumbar interbody fusion
for treatment of degenerative lumbar disease: a sys-
tematic review and meta-analysis. Neurosurg Rev.
2018;41:755-70.

. Lin G-X, et al. Clinical and radiologic outcomes of

direct versus indirect decompression with lumbar
interbody fusion: a matched-pair comparison analy-
sis. World Neurosurg. 2018;119:898-909.

. Konieczny MR, Krauspe R. Navigation versus

fluoroscopy in multilevel MIS pedicle screw inser-
tion: separate analysis of exposure to radiation of
the surgeon and of the patients. Clin Spine Surg.
2019;32:E258-65.

. Sardhara J, et al. Neuro-navigation assisted pre-psoas

minimally invasive oblique lumbar interbody fusion
(MI-OLIF): new roads and impediments. Neurol
India. 2019;67:803-12.

. Kim J-S, Sharma SB. HOW I DO IT-SPINE

DEGENERATIVE How I do it? Oblique lumbar
interbody fusion at L5S1(OLIF51). Acta Neurochir.
2019;161:1079-83.

. Mobbs R, Phan K, Malham G, et al. Lumbar inter-

body fusion: techniques, indications and comparison
of interbody fusion options including PLIF, TLIF,
MI-TLIF, OLIF/ATP, LLIF and ALIF. J Spine Surg.
2015;1:2-18.

.Lu T, Lu Y. Comparison of biomechanical perfor-

mance among posterolateral fusion and transfo-
raminal, extreme, and oblique lumbar interbody
fusion: a finite element analysis. World Neurosurg.
2019;129:e890-9.

Lin G-X, Sharma S, Rui G, Song M-S, Kim
J-S. Minimally invasive transforaminal lumbar
interbody fusion with intraoperative fluoroscopy for
disc space preparation: analysis of fusion rate and
clinical results. Oper Neurosurg. 2020; https://doi.
org/10.1093/ons/opaal78.

Mabhatthanatrakul A, Kim HS, Lin GX, Kim
JS. Decreasing thickness and remodeling of ligamen-
tum flavum after oblique lumbar interbody fusion.
Neuroradiology. 2020;62:971-8.

Lin GX, Rui G, Sharma S, Mahatthanatrakul A,
Kim JS. The correlation of intraoperative distrac-
tion of intervertebral disc with the postoperative
canal and foramen expansion following oblique lum-
bar interbody fusion. Eur Spine J. 2020; https://doi.
org/10.1007/s00586-020-06604-3.

Jin J, et al. Comparative study of the difference of
perioperative complication and radiologic results.
Clin Spine Surg. 2018;31:31-6.

Uribe JS, Arredondo N, Dakwar E, Vale FL. Defining
the safe working zones using the minimally invasive
lateral retroperitoneal transpsoas approach: an ana-
tomical study. J Neurosurg Spine. 2010;13:260-6.


https://doi.org/10.1093/ons/opaa178
https://doi.org/10.1093/ons/opaa178
https://doi.org/10.1007/s00586-020-06604-3
https://doi.org/10.1007/s00586-020-06604-3

64

M. Tanaka and S. B. Sharma

15.

16.

17.

18.

19.

20.

Wang H, et al. Radiographic study of lumbar sympa-
thetic trunk in oblique lateral interbody fusion sur-
gery. World Neurosurg. 2018;116:e380-5.

Ouchida J, Kanemura T, Satake K, Nakashima H, Segi
N. Anatomic evaluation of retroperitoneal organs for
lateral approach surgery: a prospective imaging study
using computed tomography in the lateral decubitus
position. Eur Spine J. 2018; https://doi.org/10.1007/
s00586-018-5803-x.

Zhang YH, White I, Potts E, Mobasser JP, Chou
D. Comparison perioperative factors during mini-
mally invasive pre-psoas lateral interbody fusion of
the lumbar spine using either navigation or conven-
tional fluoroscopy. Glob Spine J. 2017;7:657-63.
Park P. Impact of spinal navigation on the oblique
lumbar interbody fusion. Neurospine. 2020;17:268-9.
Tajsic T, Patel K, Farmer R, Mannion RJ, Trivedi
RA. Spinal navigation for minimally invasive thoracic
and lumbosacral spine fixation: implications for radia-
tion exposure, operative time, and accuracy of pedicle
screw placement. Eur Spine J. 2018;27:1918-24.

Xi Z, Chou D, Mummaneni PV, Burch S. The navi-
gated oblique lumbar interbody fusion: accuracy
rate, effect on surgical time, and complications.
Neurospine. 2020;17:260-7.

21

22.

23.

24.

25.

26.

. Tanaka M, Ruparel S, Fujiwara Y, Uotani K, Yamauchi

T. Simultaneous oblique lumbar interbody fusion
(OLIF) and lateral percutaneous pedicle screw fixa-
tion (lateral PPS): a technical note. Res Arthritis Bone
Study. 2019;1:1-8.

Molinares DM, Davis TT, Fung DA. Retroperitoneal
oblique corridor to the L2-S1 intervertebral discs: an
MRI study. J Neurosurg Spine. 2015;24:1-8.
Silvestre C, Mac-Thiong JM, Hilmi R, Roussouly
P. Complications and morbidities of mini-open ante-
rior retroperitoneal lumbar interbody fusion: oblique
lumbar interbody fusion in 179 patients. Asian Spine
J.2012;6:89-97.

Quillo-Olvera J, Lin G-X, Jo H-J, Kim
J-S. Complications on minimally invasive oblique
lumbar interbody fusion at L.2-L5 levels: a review of
the literature and surgical strategies. Ann Transl Med.
2018;6:101.

Chang J, Kim J-S, Jo H. Ventral dural injury after
oblique lumbar interbody fusion. World Neurosurg.
2017;98(881):e1-881.e4.

Lee HJ, Kim JS, Ryu KS, Park CK. Ureter injury as
a complication of oblique lumbar interbody fusion.
World Neurosurg. 2017;102:693.¢7.


https://doi.org/10.1007/s00586-018-5803-x
https://doi.org/10.1007/s00586-018-5803-x

®

Check for
updates

Navigation-Guided Spinal Fusion:
MIS Fusion and Reconstruction
in Complex Spine Disease

and Deformity

Ken Ishii, Norihiro Isogai, and Haruki Funao

6.1 Introduction

Advances in diagnostic technologies [1, 2] and
surgical procedures [3-5] in addition to the
development of new implants [6, 7] and biologi-
cal agents [8] in the field of spinal surgery have
revolutionized our understanding and treatment
of various spinal disorders. In the past, good sur-
gical results for various pathological conditions
such as trauma, degenerative diseases, deforma-
tion, and inflammatory diseases have been
reported. However, difficult surgical procedures
are often required for complex conditions such as
severe spinal deformity, failed back surgery syn-
drome, multiple operations on the back, spinal
tumor, and congenital deformity. Technically
challenging procedures require a high level of
skill on part of the surgeon and often involve long
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operation times, high invasiveness, and increased
risk of complications; therefore, a reliable and
safe procedure is warranted.

In recent years, the demand for various mini-
mally invasive spine (MIS) surgery has rapidly
increased, and the technique has also been popu-
larized against the backdrop of an aging society
and extended life expectancy. These MIS tech-
niques include the MIS-TLIF procedure using
percutaneous pedicle screws described by Foley
et al. [3, 7] and the combination of microendo-
scopic techniques and percutaneous instrumenta-
tion to perform MIS-PLIF through a tubular
retractor described by Khoo et al. [9]. A 2001
study by Pimenta [10] reported a new MIS proce-
dure using the lateral endoscopic trans-psoas ret-
roperitoneal approach. Following this study,
retractors and spinal monitoring were developed
to allow direct visualization, which led to the cre-
ation of the extreme lateral interbody fusion
(XLIF) procedure [11]. The oblique lateral inter-
body fusion (LIF) was first described by Mayer
[12] in 1987, which provided additional modifi-
cations to prevent known complications of the
muscle-splitting retroperitoneal approach such as
lumbar plexus and femoral nerve palsies [12].
The modified approach diversified the available
options for LIF procedures and enabled inter-
body correction for spinal deformities and indi-
rect decompression for spinal canal stenosis [13].
Minimally invasive spine stabilization (MISt)
techniques such as MIS-TLIF, MIS-long fusion,
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percutaneous kyphoplasty, XLIF/DLIF/OLIF,
cortical bone trajectory, and total disc replace-
ment have since become popular as they offer
immediate stabilization of the spine. Moreover,
these techniques can reduce muscle damage,
blood loss, recovery time, postoperative pain,
hospital stay, the necessary period of bed rest,
and motion preservation of the affected level
when compared to previously available methods.
Thus, MISt offers a promising alternative to con-
ventional open procedures, with emphasis placed
on minimizing exposure-related morbidity.
Despite their advantages, MISt procedures
pose several difficulties and limitations for sur-
geons, including small skin incisions leading to
narrow working spaces, lack of clear anatomic
landmarks, and overall limited visualization.
MISt has an inherently shallow learning curve
with comparatively fewer complications and pro-
vides surgeons an alternative to open procedures.
With navigation technology, there has been a
remarkable demonstration of safety and accuracy
improvement in the placement of spinal instru-
mentation. Although the use of navigation in
spine surgery was by and large initially imple-
mented in the conventional open approach, the
increasing adoption of MIS techniques has also
prompted the use of navigation in MIS.

6.2 CT (O-Arm)-Based

Navigation Surgery

In 1981, Japan introduced the world to car navi-
gation technology. This technology would soon
be adopted for medical use with computed
tomography (CT)-based navigation and has since
continued to gain traction worldwide. A major
challenge of MIS surgery can be potentially
addressed through the implementation of car
navigation technology in medicine by reducing
the burden on surgeons and at the same time pro-
viding a safer and more accurate surgical proce-
dure. The technology creates something of a
microcosm in the operating theater when draw-
ing parallels between the infrared sensor of the
navigation system and the satellite, the patient’s
body and the map, and the various surgical instru-
ments and the car. Surgical instruments have

been increasingly adopting innovative technol-
ogy like that of cars, and the introduction of
instruments such as pneumatic drills have allowed
an expanded range of indications with better
accuracy. The newest generation of navigation
technology has led to an enormous improvement
in imaging resolution of the spine via intraopera-
tive three-dimensional (3D) CT-based navigation
using the mobile O-arm (Medtronic, Minneapolis,
MN, USA) [14]. CT-based navigation has enabled
the surgeon to refine MIS techniques through
enhancements of real-time virtual images, map-
ping of planned trajectories, and visualization of
deep spine anatomy. By increasing the accuracy
of the pedicle screw and instrumentation place-
ment in the cervical, thoracic, and lumbar spine,
CT-based navigation in spine surgery has led to a
significant decrease in instrumentation-related
morbidity.

With the currently available technology, the
use of CT-based navigation can be especially
useful in (1) the implantation of cages, pedicle
screws, and pelvic anchors [15-17], (2) bone
tumors resection [18], and (3) performing the
anterior floating method for the ossification of
the posterior longitudinal ligament (OPLL). In
the insertion of implants, it is also effective for
MISt with percutaneous pedicle screws.
Application of navigation even for open sur-
geries such as corrective surgery for spinal
deformity, tumor resection, and OPLL resec-
tion, the application of navigation can reduce
the invasiveness compared to conventional
approaches (e.g., less soft tissue exposure,
greater precision, and better rate of securing
an appropriate resection margin). In the surgi-
cal corrections for adult spinal deformity,
O-arm navigation allows the physician to
place the minimally invasive lateral interbody
cages, percutaneous pedicle screws, and
S2-alar-iliac screws with precision (Fig. 6.1a—c).
It can be applied for three-column osteotomies
such as pedicle subtraction osteotomy and ver-
tebral column resection to obtain clear ana-
tomical orientation. In bone tumor resection,
navigation enables surgeons to perform resec-
tions with appropriate tumor margins. The
tumor resection of lumbar osteochondroma
under O-arm navigation is shown in Fig. 6.2.
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Fig. 6.1 Computed tomography (O-arm)-based naviga-
tion surgery for severe adult spinal deformity. O-arm navi-
gation allows the precise placement of minimally invasive

lateral interbody cages (a), percutaneous pedicle screws
(b), and S2-alar-iliac screws (c)

Fig. 6.2 Computed tomography (O-arm)-based naviga-
tion surgery for securing an appropriate resection margin
in bone tumor. The bone tumor is shown in purple on pre-

The complete resection of the tumor can be
performed with a wide resection margin. On
the other hand, some of the limitations noted
for the use of navigation include its high cost,
medical exposure, interface errors involving
the operator, and errors related to reference
markers.

operative 3D-CT image (a). On navigation monitor (b),
the wide margin can be easily detected to perform en bloc
tumor resection

6.3  Mixed Reality-Based

Navigation

In recent years, immersive technologies such as
virtual reality (VR), augmented reality (AR), and
mixed reality (MR) have been widely applied in
the medical field. VR provides a complete sensory
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immersion that is experienced through an artificial
environment. AR projects an artificial environ-
ment onto the physical environment. MR mediates
between the extremes of virtuality, with either the
artificial environment being projected into the
physical environment or the physical environment
being completely immersed by the artificial envi-
ronment. These technologies are now used in the
gaming industry and entertainment industry such
as film, manufacturing, construction, logistics,
advertising, tourism, education, and sports.

We have applied MR technology using
Microsoft HoloLens in spinal surgery since 2017.
Microsoft HoloLens is a pair of MR smart glasses
developed and manufactured by Microsoft
Corporation. HoloLens was the first head-
mounted display to support the Windows MR
platform that was introduced as part of the
Windows 10 computer operating system. The
HoloLens is equipped with a group of optical
sensors, with four peripheral sensors to facilitate
environmental perception, a main downward-
facing depth camera to detect hand motions, and
specialized speakers to simulate the spatializa-
tion of sound by capturing the head-related trans-
fer function. The HoloLens also has several
microphones, a head-mounted camera, an ambi-
ent light sensor, and a custom ‘“Holographic
Processing Unit” that Microsoft claims to dem-
onstrate a processing power that exceeds that of
an average laptop. The combination of these
components permits the device to sense the spa-

tial orientation of the display unit, track walls and
objects, and blend holograms into the environ-
ment. In actual surgery, polygonal models are
created from the volume data of preoperative or
intraoperative CT images and installed in
HoloLens [19]. MR technology produced by
HoloLens can project 3D images of organs, blood
vessels, and bones on the patient’s body or the
actual surgical field (Fig. 6.3a). Devices that use
MR technology can be beneficial tools for
implant placement as well as understanding the
intraoperative orientation of tissues and organs.
Moreover, the trajectory and location of pedicle
screws can be added to polygonal data (Fig. 6.3a).
Another advantage is that the same 3D images
can be shared between multiple HoloLens via
Wi-Fi (Fig. 6.3b). In our experience, this excel-
lent MR technology can be applied to complex
spinal surgery indicated for conditions such as
severe spinal deformity and total en bloc spondy-
lectomy. Although the technology is still in a
developmental stage, we believe that there is
great potential to achieve further strides in the
future.

6.4 Augmented Reality-Based

Navigation

AR is a general term for technologies that add
real-time information to moving images of the
real world. A familiar example of AR is software

Fig.6.3 Mixed Reality (MR)-based navigation for severe
spinal deformity. HoloLens can project 3D images of
organs, blood vessels, and bones on the patient’s body (a).

The same projection image can be shared intraoperatively
between the operator and assistants (b)
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that adds CG illustrations to facial photographs
taken by smartphone cameras. AR technology is
defined by three essential characteristics: (1) a
combination of the real and virtual, (2) real-time
interaction, and (3) 3D registration [20].
AR-based navigation is a novel type of naviga-
tion that distinguishes itself from other state-of-
the-art navigation systems. Philips N.V. has
introduced a next-generation AR system
(ClarifEye; Philips, Amsterdam, Netherlands)
equipped with a visible light camera that simul-
taneously captures tracking markers on the body
surface via spinal fluoroscopy (Fig. 6.4). The
ClarifEye system is a surface referenced, naviga-
tion system based on video input from four opti-
cal cameras mounted into the frame of a C-arm
detector. Acquisition and patient tracking are
ensured by continuous video detection of 8—10
sterile, flat, adhesive, circular markers randomly
placed on the skin around the surgical field. In
addition, instruments equipped with an optical
marker, in this case, the bone access needle with

an optical marker on the shaft (Galt Medical
Corp., Garland, TX, USA), can be tracked by the
navigation system in three dimensions. The nee-
dle was specifically designed to be tracked by
the system and does not require any calibration.
During needle insertion, AR views provide real-
time feedback to the surgeon (Fig. 6.4c, d). The
AR views show the location of the tracked nee-
dle and the planned path on the cone beam CT
volume reconstruction. The needle position is
overlaid on at least one of the optical camera
views to indicate the accuracy of the tracked
needle. The C-arm enables 3D cone beam CT
scans (XperCT; Philips, Amsterdam,
Netherlands) for planning screw placement as
well as confirming screw position. The vertebrae
and corresponding pedicles are automatically
segmented with the planning software. The opti-
mal screw path through the vertebra and the
physical dimensions of the screw are specified
by the operator. The intraoperative CT planned
paths for screw placement and needle position-

Fig. 6.4 Augmented Reality (AR) (ClarifEye)-based
navigation for spinal deformity. Video cameras integrated
into X-ray detector frame cover (b) for tracking with non-
invasive markers (a) placed on the patient’s skin. Live dis-
play from the video cameras augmented with 3D volume

rendering of the spine and planned path of a pedicle screw
(c and d). The left viewport in (d) corresponds to a bull’s
eye view, whereas other viewports display line paths for
instrument alignment. (a, ¢, d): Courtesy of Dr. Scarone,
Neurosurgeon, EOC Lugano, Switzerland
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ing are added onto the video images of the surgi-
cal field. A previous study showed that
percutaneous pedicle screw insertion with
AR-based navigation with instrument tracking
functionality is feasible and results in accuracy
compared to the standard fluoroscopy-guided
percutaneous method [21]. Another study car-
ried out in a cohort of mostly spinal deformity
cases indicated that AR surgical navigation with
intraoperative 3D imaging in a hybrid operating
room demonstrated a statistically higher screw
placement accuracy compared to the free-hand
technique [22]. Procedure time, length of hospi-
tal stays, and blood loss did not show any statis-
tical difference between surgical techniques. In a
comparative study between XperCT and O-arm,
the estimated patient dose for small, medium,
and large phantoms imaged by O-arm in low,
standard, and high doses ranged from 9.4 to
27.6 mGy, 89 to 33.3 mGy, and 13.8 to
40.6 mGy, respectively. With XperCT, the esti-
mated patient dose under the same condition was
2.8-4.6 mGy, 5.7-10.0 mGy, and 11.0-
15.2 mGy. The contrast-to-noise ratio for the
small, medium, and large phantoms was 2.9, 3.7,
2.0-3.0, and 2.5-2.6 times higher with the
XperCT system, respectively [23]. Although the
utilization of AR-based navigation surgery in the
field of spinal surgery is still a developing tech-
nology, it has the potential to make significant
progress in the future.
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Single-Stage Lateral Lumbar
Interbody Fusion Based on O-arm

Navigation

A Simultaneous Anterior and Posterior
Procedure in a Lateral Position

Jun Ouchida, Hiroaki Nakashima,
and Tokumi Kanemura

7.1  Introduction

Lateral interbody fusion (LIF) has become
widely used to treat patients with spinal instabil-
ity, deformity, or lumbar canal stenosis. The cage
used in LIF has the advantage of having a higher
height and larger footprint when compared to
cages for posterior or posterior-lateral approach
methods, thus providing a solid spinal stabiliza-
tion, alignment correction, and intervertebral disc
restoration [1, 2]. In addition, these advantages of
the LIF cage profile provide effective indirect
decompression and allow less invasive circum-
ferential anterior-posterior spinal fusion with
percutaneous pedicle screw (PPS) [3, 4]. On the
other hand, the anterior-posterior fixation usually
requires repositioning the patients between ante-
rior and posterior fixation procedures, which is
associated with the disadvantages of requiring
medical staff resources for repositioning and
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twice surgical materials to create a sterile field
compared to a single-position surgery.

We have combined LIF surgery with PPS inser-
tion in a single lateral decubitus position assisted
by intraoperative Computed Tomography (CT)-
based navigation. The usage of intraoperative CT
images for the navigation system provides reliable
surgical imaging assistance for patients, especially
those with obesity and significant spinal degenera-
tion where there is a difficulty encountered in rec-
ognizing anatomical landmarks of the spine using
intraoperative fluoroscopy alone. In addition, this
surgical procedure reduces radiation exposure to
surgeons and medical staff compared to fluoros-
copy-guided methods. In this surgical technique,
two surgeons perform anterior-posterior surgical
procedures simultaneously.

The indications for this single-position
anterior-posterior fixation method are the same
as for indirect decompression, i.e., lumbar spinal
canal stenosis with instability, with mild to mod-
erate (grade 2 or less) spondylolisthesis.
Calcification in the foramen, severe (grade 3 or
more) spondylolisthesis, and preoperative blad-
der and rectal disturbance or motor paralysis are
not considered indications for this surgical strat-
egy [5]. To perform anterior and posterior surgical
procedures simultaneously, two surgeons skilled
in spinal fusion surgery are required.

73

J.-S. Kim et al. (eds.), Technical Advances in Minimally Invasive Spine Surgery,

https://doi.org/10.1007/978-981-19-0175-1_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0175-1_7&domain=pdf
https://doi.org/10.1007/978-981-19-0175-1_7#DOI
mailto:hirospine@med.nagoya-u.ac.jp
mailto:spinesho@vmail.plala.or.jp

74

J. Ouchida et al.

7.2  Settings and Surgical

Techniques

After general anesthesia, the patient is placed in a
lateral position on the operating table. The
approaching side is determined by preoperative
CT to evaluate the bowel, vascular, and ureteral
tracts. The side of the body to be entered is turned
up, and the hip and knee joints are each flexed
30° and fixed to the operating table with tape
(Fig. 7.1). Cushions are placed between the
thighs and lower legs and the bed to distribute the
weight of the patient in order to prevent skin
damage or compressive peripheral nerve disorder
at the fibular head. The patient’s anterior-posterior
position should be adjusted so that the operating
table does not interfere with the floor side screw
insertion, e.g., leaving a palm space between the
patient’s back and the table’s edge (Fig. 7.1a). An
operating table should be bendable at the patient’s

waist to prevent the iliac bone from interfering
with the approach to the lateral space of the low
lumbar level (Fig. 7.1b, ¢). The bending of the
operating table should be limited to about 15-20°
in the case of using intraoperative CT scanning,
any further bending may cause a collision
between the operating table and the CT unit.
After sterilization, drapes and compressions are
placed on the patient’s body and a sterile surgical
field is established. Because of the proximity of
the skin incision for the floor side screw insertion
and the table’s sterile zone, the drapes are secured
to the patient’s body with a suture to prevent
contamination.

To perform simultaneous anterior and poste-
rior fixation, the surgeon responsible for the
anterior fixation component stands on the
patient’s ventral side while the surgeon undertak-
ing the posterior fixation stands on the patient’s
dorsal side. Two monitors that display the navi-

Fig. 7.1 The patient is fixed with tape on the bendable
Jackson bed (ProAxis® Spinal Surgery Table, MIZUHO
OSI, Union City, CA, USA). The patient’s position was
adjusted to keep the space between the patient and table

edges (double-headed arrow) not too far apart so that the
table is not in the way during floor-side screw insertion
(a). The pictures are from the anterior (b) and posterior (c)
views of the patient
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gation images to be referenced should be avail-
able and placed on the facing side of each
surgeon. An optical navigation camera is placed
on the patient’s head side. The intraoperative CT
unit is located on the patient’s foot side and slides
to the head side for image acquisition. It is prefer-
able to have one assistant assigned for the ante-
rior and one for the posterior surgeon, respectively
(Fig. 7.2).

The surgical procedure is performed by plac-
ing the navigation reference frame in the iliac
bone on the patient’s operative entry side through
a small incision in the hip (Fig. 7.3). The placing
position and direction of the navigation reference
frame is crucial for barrier-free surgical procedure
in a lateral single-position surgery with intraop-
erative CT-based navigation. The reference frame
is placed at an angle to avoid interference between
the surgical instruments and the infrared receiver
during anterior cage placement and posterior
screw insertion. After intraoperative CT images
are obtained by the O-arm® O2 imaging system
(Medtronic Sofamor Danek, Inc., Memphis, TN,
USA), the anterior fixation surgeon, referring to
the navigation images, makes a skin incision in
the patient’s lateral side of the abdomen,
approaches the lateral area of the anterior disc in a

Fig. 7.2 Position of surgical assistance equipment. (a)
O-arm, (b) the navigation optical camera, (c) the naviga-
tion monitor for anterior fixation surgeon, (d) the naviga-
tion monitor for posterior fixation surgeon. This picture
was taken from the posterior side of the patient

Fig. 7.3 The navigation reference frame for (a) is placed
in the posterior superior iliac crest with a small skin inci-
sion. (b) Bone marrow collection site to be mixed with the
graft bone, (c) location of the skin incision for percutane-
ous pedicle screw insertion, /C iliac crest

retroperitoneal approach, performs an anterior
disc dissection, and inserts the LIF cage.

The posterior fixation surgeon places the
screws using the PPS insertion technique
(Fig. 7.4a, b). Since the two channels of naviga-
tion guidance are not available at the same time,
two surgeons can perform simultaneous anterior-
posterior fixation by alternately referring to the
navigation when necessary (Fig. 7.5). Screw
insertion for posterior fixation should be per-
formed in sequence starting at the level of the
cranial vertebrae that are farther away from the
navigation reference since intervertebral manipu-
lation and correction of disc height by cage inser-
tion deteriorate the navigation accuracy of the
screw insertion on the far side from the naviga-
tion reference (Fig. 7.6). After the placement of
the cage in all intervertebral spaces, the rod is
connected to the PPS, and circumferential fixa-
tion is completed. At this point, it is recom-
mended to use fluoroscopy to detect navigation
misalignment or to confirm instrument position.
Before finishing the surgery, ensure that there are
no signs of visceral or vascular injuries in the
anterior surgical site and remove the retractor.
After confirming that the anterior and posterior
surgical sites are completely clear of persistent
bleeding, skin closures are performed.
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Fig. 7.4 The screws using the PPS insertion technique in a lateral position. All tabbed screws were inserted (a). The

rods were installed, and the screws were connected (b)

Fig. 7.5 Simultaneous proceeding of anterior—posterior
surgery. Two navigation monitors to which the anterior
and posterior fixation surgeons refer. Note: Since only one

7.3  Advantages of Single-
Position Anterior
and Posterior Lumbar

Interbody Fusion

A simultaneous single-position lumbar inter-
body fusion can reduce operating room occu-
pancy time compared to conventional two-staged
surgery with repositioning. A study done at our
institution compared single and two-staged
anterior-posterior fixation at 1.2 of mean fixed
vertebral levels, respectively, where the operat-
ing room occupancy of the single position group
was reduced to an average of 176 min, compared
with 272 min in the repositioning group [6].

navigation system is available at a time, each surgeon
refers to the navigation alternately

This method allows two surgeons to perform the
anterior-posterior surgical procedures simultane-
ously, reducing the operating time and the risk of
complications for patients associated with long
operation time. In a comparative study, Blizzard
et al. also demonstrated that the single-position
all-lateral technique with fluoroscopy was feasi-
ble in terms of accuracy of screw placement, time-
saving on operating time, fluoroscopic image
usage, and complication rates being compara-
ble to conventional anterior-posterior surgeries
using LLIF [7]. The single-position technique is
expected to be cost-effective because it reduces
the required number of staff and surgical mate-
rials for the position change between the ante-
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Fig. 7.6 Simultaneous proceeding of anterior-posterior
surgery. The procedures are done in alphabetical order.
The navigation screens to which the posterior fixation sur-
geon refers; the awl for left L4 pedicle (a), the screw tap
for left L4 pedicle (c¢), the pedicle screw insertion to left L4
pedicle (e), to right L4 pedicle (f), to left LS pedicle (h),

rior and posterior surgeries. On the other hand,
a tendency to increase intraoperative blood loss
has been reported (93.4 vs. 40.9 ml, p <0.001) in
our study series [6], and meticulous hemostatic
manipulation is therefore recommended.

Although the concern about inadequate lum-
bar lordosis acquisition in spinal fusion in lateral
decubitus position is still controversial, our study
showed that the radiographic outcomes in this
single position group were comparable to those
of the repositioning group with supine screw fix-
ation concerning the acquisition of lumbar lordo-
sis and vertebral height restoration. Furthermore,
Hiyama et al. reported that in a comparative study
between single-position LLIF and repositioning
LLIF, there was no difference between the two
groups in terms of radiographic parameter
changes and dural sac enlargement on postopera-
tive MRI [8].

Intraoperative CT images in the operative
position provide reliable support even for obese
patients and patients with severe degeneration
where it is challenging to identify anatomi-

and to right L5 pedicle (f). The navigation screens to which
the anterior fixation surgeon refers; the probe (b), the cobb
elevator (d), the trial (g), the curet (i), the pedicle screw
insertion (j) and the OLIF cage insertion (k) to L4/5 disc.
Note: Since only one navigation system is available at a
time, each surgeon refers to the navigation alternately

cal orientation with intraoperative fluoroscopy
equipment, thereby reducing radiation expo-
sure to surgeons and medical staff compared to
fluoroscopy-based methods [9].

7.4  Learning Curve

We conducted a comparative survey to investi-
gate the learning curve of single-position surgery
compared to the conventional repositioning tech-
nique. Single-position surgeries performed by
two surgeons in 39 consecutive cases since the
initial introduction was compared with the repo-
sitioning method performed by two surgeons in
38 cases since its initial introduction. We investi-
gated the surgery time, occupancy time in the
operating room, and the accuracy of screw inser-
tion in postoperative CT scans as variables
reflecting the learning curve. A significant reduc-
tion of approximately 30 min in the occupancy
time of the operating room was observed from
the earliest stage (first to tenth cases) of the intro-
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duction (83.0 £ 14.7 vs. 110.3 + 34.8 min), and a
reduction of more than 60 min in operating time
was observed from the 21st cases and after com-
pared with the conventional method (201.6 + 60.0
vs. 262.4 + 42.7 min). In addition, the accuracy
of screw insertion was comparable to that of the
traditional process from the early stage (first to
tenth cases) of introduction. This study suggests
that single-position LIF-PPS with O-arm-based
navigation exhibits equal surgical outcomes as
conventional repositioning LIF-PPS as well as
attaining reduction in the occupancy time of the
operating room from the initial introduction.
Lastly, we noted that the surgery time tended to
become shorter with the number of cases. We
believe that institutions performing two-stage
anterior and posterior spinal fusion using the con-
ventional repositioning method can expect to
achieve favorable treatment effects and time ben-
efits by introducing single-position surgery under
appropriate indications for surgical strategy.

7.5  Future Possibilities of Single-

Position Surgery

The efficacy of indirect decompression has been
reported in several papers, and Thomas et al.
reported a very low failure rate (1.7%) of indirect
decompression surgery for the lower lumbar level
[10]. Indirect decompression is performed by
percutaneous posterior fixation and does not
directly manipulate the dural periphery, so it is
considered minimally invasive leading to less
risk of nerve injury. Because of the reduction in
operative time compared to surgery with reposi-
tioning, the necessity of direct decompression for
the pathology of each case and the need to prop-
erly estimate the risks associated with prolonged
operative time and increased intraoperative blood
loss should be considered in the surgical strategy,
and the single position may be one of the solu-
tions to make surgery safer. Due to the minimally
invasive nature of PPS, this surgical approach
may also be a useful option in patients with
comorbidities or those who cannot tolerate mas-
sive surgery. We consider the potential of intraop-
erative CT-based navigation assistance to be

highly compatible with single-position spine sur-
gery for patients with such an anatomical com-
plexity. Furthermore, although the case series of
our institution included primary spinal fusion
surgery by two surgeons, the single-position
technique is considered to be feasible compared
with the conventional repositioning method, even
with a single surgeon situation or revision sur-
gery [11], this surgical technique may become
the gold standard for anterior and posterior fusion
using LIF in cases that do not require direct
decompression.

In addition to surgical indications for short
segment spinal fixation for lumbar spondylolis-
thesis, it is expected that this advantageous surgi-
cal technique can be widely applied to other
spinal diseases. One example would be the dislo-
cated fractures of the ankylosing spine with
severe kyphosis that have difficulty achieving an
adequate reduction in the supine position
(Fig. 7.7). The increased flexibility of the patient’s
position may also contribute to the development
of reduction techniques for displaced spinal
trauma. It may also be beneficial in spinal fixa-
tion for malignancy in the spine (e.g., palliative
surgery in spinal fixation for metastatic spinal
tumors), requiring a minimally invasive interven-
tion or not being tolerant of prolonged surgery
under general anesthesia [12].

Intraoperative CT navigation assistance is
useful for screw placement in patients with com-
plex anatomical characteristics. Furthermore,
navigation-guided robotic surgery in the spine
has recently been introduced and is expected to
be applied to PPS placement in the decubitus
position [13]. Huntsman et al. reported a favor-
able accuracy rate of 98% for successful screw
placement in postoperative radiographic evalua-
tion of single-position pedicle screw placement
using robot-assisted technology under intraoper-
ative CT navigation [14]. The development of
navigation-assisted surgery is expected to be
applied to anatomically complex structures. For
example, the lumbosacral junction is still consid-
ered challenging to approach using the MIS tech-
nique as well as the anterior fixation in the lateral
supine position due to their anatomical complex-
ity. However, with the development of navigation
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Fig. 7.7 The dislocation fracture of the ankylosing spine
with severe kyphosis. Preoperative lateral radiograph (a)
and sagittal CT (b). Lateral radiograph after posterior fixa-
tion in a lateral position with O-arm navigation (c). Lateral

technology, single-position surgery may be fea-
sible for regions that are currently difficult to
approach safely [15].

Single-position surgery offers an option for
anterior and posterior spine surgery that can be
valuable in enhancing medical efficiency through
time savings, reducing the risk of surgical com-

setting position (d). Making a hole for thoracic pedicle
screw insertion with a navigated surgical drill (e). The
navigation screen at thoracic pedicle screw insertion (f)

plications due to prolonged surgery time, and
reducing the amount of personnel and medical
resources used for repositioning compared to
conventional repositioning methods. We believe
that advances in assisted navigation technology,
the application of robotic surgery, and the intro-
duction of augmented reality technology to spine
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surgery will accelerate the expansion of the
application of single-position techniques.
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The Role of 3D Navigation for MIS
Cervical Spine Surgery

Tokumi Kanemura, Takamitsu Tokioka,

and Kotaro Satake

8.1 The 3D Navigation for MIS
Cervical Spine Surgery
8.1.1 Evolution of Posterior Cervical

Fixation

In various cervical disorders or trauma, a secure
stabilization is required to save the compromised
bone- or neural structure. Since the early twenti-
eth century, the methods of anterior and posterior
cervical fixation have been developed. Different
from an anterior fixation with a simple use of
metal plates or cages, the posterior fixation has
been upgraded to achieve more secure stabiliza-
tion for more complicated cases.

Hadra reported the spinous process wiring for
Pott’s disease in 1891 [1] and thereafter the wir-
ing technique was developed by others [2-6].
Interlaminar clamps for C1-C2 fixation were
reported in the 1970s [7]. In fact, the posterior
wiring could restore the posterior tension band
constructs; however, it could not stabilize the
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construct against extension, rotation, or lateral
bending moments [8]. In addition, wires and
clamps could not be used in patients requiring
posterior  decompression  procedures  [9].
Consequently, screw systems combined with
plates or rods were developed. Roy-Camille
reported the lateral mass screws combined with
plates for fixation of the unstable cervical spine
[10]. Nonetheless, this procedure was later modi-
fied by others [11-13] with different entry points
and trajectories of the screws.

The screw and rod system was developed to
facilitate the application for cases with severe
degenerative spondylosis or trauma [14] in the
1980s and 1990s [15, 16]. It also enabled multi-
level fixation, including occipitocervical or cervi-
cothoracic lesions [14].

Abumi et al. [17] first reported the cervical
pedicle screw (CPS) fixation for subaxial trauma
cases. CPS placement offers three-column fixa-
tion [18] and is probed to provide great pullout
strength in various biomechanical examinations
[19-21]. However, the accurate placement of
CPS by freehand technique is technically diffi-
cult [8] due to its small target [22-24] as well as
the large convergent pedicle trajectory [25, 26],
seen especially in the subaxial vertebrae. CPS
placement contains the potential risk of injuries
to the vertebral artery (VA) or the exiting nerve
roots [8, 27]. Thus, the navigation system has
been expected to solve the technical difficulties
faced with CPS placement technique.
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8.1.2 Development of Navigation
System for Cervical Spine
Surgery

Since the beginning of the twenty-first century, a
computer-assisted technique such as computed
tomography (CT)-based navigation has been
applied for cervical spine surgery, particularly for
CPS placement [28-30]. The CT-based naviga-
tion system significantly improved the accuracy
of CPS placement compared to the freehand
technique using lateral fluoroscopy alone [28,
31].

The first type of navigation system is based on
the CT data acquired preoperatively. The CT data
set is transferred to the navigation system; how-
ever, the data obtained in a supine position is dif-
ferent from that in the intraoperative prone
position in terms of cervical alignment. To adjust
the positional gap of each vertebra, a complicated
registration procedure with surface-matching is
required in the first step of navigation surgery.
This is time-consuming and has been thought to
be a cause of navigation error especially for the
small targets in cervical spine surgery [32, 33].
Thus, fluoroscopy, which can provide 3D CT
images intraoperatively, has been replacing the
preoperative CT-based navigation system.

Iso-C 3D (Arcadis Orbic 3D®, Siemens
Medical Solutions, Erlangen, Germany) (Fig. 8.1)
is the first device that can create intraoperative
3D images. It does not require anatomical regis-
tration and is able to renew 3D images during
surgery repeatedly. It reduces the prevalence of

Fig.8.1 Iso-C 3D (Arcadis Orbic 3D®, Siemens Medical
Solutions, Erlangen, Germany)

malposition of CPS significantly compared to the
conventional technique performed with 2D fluo-
roscopy alone [31]. The drawbacks are the low-
quality images compared to the traditional CT
and its potential risk of contamination of the sur-
gical field during intraoperative scanning.

Most recently, O-arm (O-arm®, Medtronic
Navigation, Littleton, CO, USA), an intraopera-
tive full-rotation and multidimensional image
system, was introduced in 2006. In the character-
istic O-shaped gantry, the X-ray tube and flat-
panel detector are able to turn 360°. Moreover,
the image quality is almost the same as the recent
multidetector helical CT scans. The gantry is
covered with a special plastic sterilized bag that
helps avoid contamination of the surgical field. It
can provide more clear images than Iso-C 3D
with tremendously reduced metallic artifacts and
can also easily facilitate the intraoperative detec-
tion of the implant position. This is thought to be
helpful in reducing the instrumentation error.
Although there were no direct comparative
reports on the accuracy of CPS placement, O-arm
provided a reduced rate of CPS malposition com-
pared to Iso-C 3D in two reports published from
the same institute [31, 34]. In 2015, the latest ver-
sion of O-arm, O-arm?2 (Fig. 8.2), was released. It
reduces the radiation exposure up to a maximum
of 50% of the previous version of O-arm. In addi-
tion, the field of view expanded from 20 to 40 cm,
and the image transfer time to the navigation sys-
tem was reduced as well.

8.1.3 Development of Navigation
Tools

Since the development of 3D navigation systems
for spine surgery, there have been reports of
improved accuracy of CPS placement [28, 31,
34-44], especially O-arm-based full-rotation
image acquisition, which provides a high-quality
image and helps to evaluate the CPS position
intraoperatively [34, 35]. The reference frame for
the cervical spine used to be the same type for the
thoracic- or lumbar spine, which includes a clamp
to a spinal process. This clamp does not always
fit the small cervical spinal process and has a
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Fig. 8.2 O-arm2 Imaging System (O-arm2®, Medtronic Navigation, Littleton, CO, USA). (a) Image acquisition sys-
tem (O-typed gantry) and mobile view station. (b) O-2arm setting at cervical posterior surgery

Fig. 8.3 Navigation reference frames with a 3-point clamp. (a) This type is Appropriate for grabbing the spinous pro-

cess of C2. (b) Setting on the spinous process of C2

potential risk to drift accidentally at the touch of
surgeons in the small surgical field. Recently, ref-
erence frames with a 3-point clamp (for C2)
(Fig. 8.3) or a double spine clamp (for subaxial
spine) (Fig. 8.4) have improved the stability and
the reliability of the navigation system. Various
surgical tools (taps or screwdrivers) with the nav-
igation system have been simultaneously devel-
oped as well (Figs. 8.5 and 8.6). Based on these
navigation tools, each procedure can be projected
on the navigation monitor.

8.2 Cervical Pedicle Screw

Placement with Navigation

Cervical pedicle screw (CPS) fixation provides
more excellent segmental stability than other
fixation techniques such as sublaminar wiring or
lateral mass screw (LMS) fixation [19, 22, 45,
46] and is helpful in the treatment of various dis-
orders or trauma of the cervical spine [47-49]. As
mentioned in the introduction, the accurate place-
ment of CPS is technically challenging in the
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Fig. 8.4 Navigation reference frames with a double spine clamp. (a) This type can grab two or three cervical spinous
processes. (b) Setting on the spinous processes of C3 and C4. SP spinous process

Fig. 8.5 Navigated screw tap for cervical pedicle. (a) Navigated screw tap for C4 pedicle. (b) Navigation screen moni-
tor showing navigated screw tap for C5 pedicle. NRF navigation reference frame, PS pedicle screw

Fig. 8.6 Navigated screwdriver for cervical pedicle. (a) ~ with a navigated screwdriver. NRF navigation reference
C4 pedicle screw inserted with a navigated screwdriver.  frame, PS pedicle screw
(b) Navigation screen monitor showing C5 pedicle screw
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freehand technique [8] due to its small target
[22-24] as well as the large convergent trajectory
[25, 26], encountered especially in the subaxial
cervical vertebrae.

The ideal entry point and trajectory for CPS
placement are challenging to locate and repro-
duce intraoperatively. As for the entry point, few
anatomical characteristics guide surgeons in the
lateral mass of cervical vertebrae. In the case of
degenerative or traumatized cervical vertebra, it
is much more complex. Lateral fluoroscopy can
guide the pedicle trajectory in the sagittal plane.
However, an anterior-posterior view of fluoros-
copy cannot indicate the accurate trajectory in an
axial plane. In terms of CPS misplacement, lat-
eral violation of the pedicle wall contains a
potential risk of vertebral artery (VA) injury. The
medial or rostral violation has a risk of injury to
the spinal cord or exiting nerve root [8, 27]. VA
injury, especially, is a critical and life-threatening
complication though its incidence is quite low
[8]. Nevertheless, previous literature reported the
dominance of lateral violation over medial one
[27, 50].

Abumi et al. [51] performed CPS placement
using lateral fluoroscopy and reported a 6.8% of
screw breach rate with 1 VA injury and two nerve
root injuries. Yukawa et al. [52] reported the ped-
icle axis view method using oblique fluoroscopy
to identify the entry point simultaneously and the
trajectory for CPS placement in cervical trauma
cases. Their reported breach rate was 13.1%.
Finally, Miyamoto et al. [53] invented a CT cut-
out technique using the sterilized CT film cutouts
of the axial plane indicating the entry point and
trajectory, with a breach rate of 3.8%.

In terms of spinal navigation, Kotani et al.
described an improved accuracy of CPS place-
ment using a computer-assisted navigation sys-
tem with a 1.2% reported breach rate [28]. Later,
Ito et al. introduced intraoperative 3D-CT-based
navigation for CPS and LMS placement and
reported their 2.8% of breach rate [39].

CPS Placement

with Intraoperative 3D-CT
Based Navigation System
(O-Arm)

8.2.1

Following the induction of general anesthesia,
the patient is placed on a radiolucent table such
as a Jackson table (Modular Table System,
Mizuho OSI®, CA, USA) with the skull fixation
using a carbon Mayfield device. The cervical
alignment should be checked and adjusted before
the surgical draping. The use of an additional
bandage is adequate to fix the Mayfield device to
the table securely. Following the draping of the
surgical field, the O-arm covered with a sterile
plastic drape is placed at the caudal end of the
table.

Even under navigation surgery, a wide-open
exposure of the cervical index vertebrae is
required, the same as a conventional freehand
technique. This is due to reducing the pressure of
paravertebral muscles toward the medial side.
Therefore, before obtaining 3D-CT images, a
surgeon should roughly estimate the entry point
of each vertebra and simulate the trajectory with
the use of a pointer or a screwdriver. If the para-
vertebral muscles are still an obstacle to taking a
position to probe in an appropriate trajectory, the
exposure should be expanded more rostrally and
caudally. In terms of the subaxial cervical spine,
each lateral mass of the whole C2—-C7 should be
exposed up to the lateral edge.

C2 spinous process is the most secure point to
dock the reference frame. The retractors are
placed so as to not obstruct the communications
between the reference and the infrared camera of
the navigation system. The position of the intra-
operative CT gantry is adjusted to focus on the
index cervical spine by its fluoroscopic view in
the anteroposterior (AP) and lateral plane. O-arm
is moved to the targeted area and 3D scanning is
performed. Breathing should be halted during
3D-CT scanning to reduce the image deviation.
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The image dataset is transferred to the navigation
system and the O-arm is moved back to the cau-
dal position. Registration of various navigation
tools (probe, tap, and screwdriver) is performed.
Before the CPS placement procedure, the sur-
geon should verify the surface matching between
the actual bone and the virtual image in the navi-
gation monitor.

The probe shall be advanced gradually with
rotation torque, not with pushing force. In the
axial plane of the navigation monitor, the probe
shall go more medially than the anatomical axis
toward the medial cortex of the pedicle. This is
because a surgeon feels the resistance of the com-
plex cortex of the medial pedicle wall and
advances the probe alongside the cortex. A sur-
geon shall occasionally assess the trajectory in
the monitor by releasing the probe. Following the
completion of the probing, the length and the
diameter are measured in the monitor and the
appropriate size of screw is selected. The position
of CPS shall be checked intraoperatively by a
3D-CT image.

8.2.2 The Problems
of the Navigated CPS
Placement

There are some theories advocated to explain the
reasons why lateral violation is dominant in CPS
misplacement. First, the medial cortex of the cer-
vical pedicle is thicker than the lateral one [23,
24, 27, 50], and the anatomical transverse angle
of pedicles is very large, especially at C3-C6.
[25] Initial probing tends to be repelled laterally.
Second, the paravertebral muscle is always forc-
ing the probing tool inward and makes the tip go
outward in the direction of the transverse fora-
men [27, 50]. The insertion trajectory is forced to
be more straight-forward from the more medial
point of the bony surface than the anatomical
pedicle axis. Third, this pressure derived from the
paravertebral muscle also obliges surgeons to
grasp the insertion tools tightly. This forcible
procedure makes the cervical vertebra rotate
quickly to the opposite side, even with a Mayfield
fixation [27, 34]. This vertebral rotation is likely

to lead the trajectory laterally. Finally, in the cer-
vical pedicle with sparse cancellous bone, it is
difficult to adjust the course of the following tap-
ping and screwing from the initial probing. The
failed initial probing tends to result in the screw
malposition.

8.2.3 Navigated Surgical Drill
for CPS Placement

A navigated high-speed drill (Stealth-Midas®,
Medtronic ~ Powered  Surgical  Solutions,
Fortworth, TX, USA) (Fig. 8.7) is a newly devel-
oped high-speed drill integrated with a naviga-
tion sensor that can be monitored on a navigation
screen  (Stealth  Station S8®  Medtronic
Navigation, Littleton, CO, USA) (Fig. 8.8). It

Fig. 8.7 A navigated high-speed drill (Stealth-Midas®,
Medtronic Powered Surgical Solutions, Fortworth, TX,
USA)
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was released in 2016, and we have used this navi-
gated drill for the initial probing of CPS place-
ment, then combined it with an O-arm-based
navigation system. Unfortunately, so far, there
have been no clinical reports on the navigated
drill application for CPS.

8.2.3.1 CPS Placement with the Use

of a Navigated Drill with Use

of O-arm
The navigated drill is connected to an electric
motor system and is set up at 2000-3000 revolu-
tions per minute (rpm). A 2.2-mm steel burr
(match head type) (Fig. 8.9a) is attached to the

2018 Medtroinc

navigated drill. The burr is maneuvered gently
through the pedicle up to the vertebral body
(Fig. 8.9b), and after that additional probing up to
the anterior vertebral wall, which is completed
with a manual probe. Tapping and screw inser-
tion procedures are performed under the naviga-
tion guide as well. The most beneficial aspect of
the navigated drill in CPS placement is that it can
probe the pedicle without forcible maneuver. The
drill burr is stiffer than the manual probe due to
the short tip (maximal 24 mm from the attach-
ment top). Furthermore, it can advance the pedi-
cle by its rotation torque, not by pushing force. It
is also capable of grazing the thick medial cortex

Fig. 8.8 StealthStation S8° (Medtronic Navigation, Littleton, CO, USA). (a) StealthStation S8 navigation system. (b)
S8 navigation monitor showing the navigated high-speed drill

N

Fig. 8.9 A navigated high-speed drill. (a) A match head typed 2.2-mm steel burr attached to the navigated drill. (b)
Making a hole for C4 PS inserting with the navigated high-speed drill
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of the pedicle even with gentle handling. Thus,
even for difficult cases due to various anatomical
problems (thick paravertebral muscles, small and
largely convergent pedicles, or a hypertrophic VA
on the dominant side), and in order to make the
CPS pathway along with the anatomical pedicle
axis, the navigated drill allows a surgeon to
intentionally make the pilot hole medially and to
graze the medial cortex gently.

As previously described, the navigated drill is
set at a very low speed (2000-3000 rpm). We
confirmed that the burr does not penetrate even a
surgeon’s plastic glove at this speed. This low-
speed burr facilitates the surgeons’ feel of the
subtle resistance of the medial cortex without a
forcible maneuver. In addition, it possibly reduces
the disorientation in the virtual monitor of the
navigation system.

8.2.3.2 Clinical Results
In our data [54] using the Neo grading scale [27]
in postoperative CT images, the navigation drill
demonstrated a reduced rate of pedicle wall vio-
lation compared to the conventional navigated
manual probe though the difference was not sig-
nificant (navigated drill vs. manual probe; Grade
1: 59% vs. 10.9%, Grade 2: 1.3% vs. 3.6%,
p = 0.25). However, the violation rates to the lat-
eral cortex (36.4% vs. 87.5%, p = 0.037) were
significantly reduced in the navigated drill com-
pared to the conventional manual probe. The
dural sac has a space of 2.4-3.1 mm from the
medial border of the pedicle [55]. Theoretically,
this space allows Grade 2 perforation of CPS. On
the other hand, the safe zone for VA in the trans-
verse foramen (the space between the lateral ped-
icle wall and the VA) is reported as 0.65—1.7 mm,
according to a CT angiography study [55].
Mahesh et al. reported a partial drilling tech-
nique of the medial cortex in CPS placement
under lateral fluoroscopy, and their lateral perfo-
ration rates were 13.9% in total [56]. However, it
is technically demanding to estimate the accurate
axial angle and drill the medial cortex without
any guide in the axial plane. Even though the
navigated drill might not decrease the total perfo-
ration rate of the pedicle wall, it could reduce the
incidence of lateral perforation in CPS place-

ment. The navigated drill has the potential to
make initial probing easier without forcible
manipulation which might provoke vertebral
rotation.

8.2.3.3 Case Presentation

A 68-year-old male with a diffuse idiopathic
skeletal hyperostosis suffered a C6/C7 disloca-
tion fracture in an accidental fall (Fig. 8.10a). He
was overweight (BMI 27.5 kg/m?) and bull-
necked. Preoperative CT angiography demon-
strated a hypertrophic dominant VA on the left
side (Fig. 8.10b). A posterior arthrodesis with
CPS fixation was undergone at C4-T2 using an
ND. Postoperative CT revealed a Grade 1 viola-
tion of the left CPS at the medial pedicles of C4.
However, the transverse foramen remained intact,
and the left VA was safe (Fig. 8.10c).

8.3  Minimally Invasive Cervical
Pedicle Screw Fixation
(MICEPS) via a Posterolateral

Approach

Cervical pedicle screw (PS) fixation provides
great mechanical strength; however, it requires
wide soft tissue detachment. In the acute phase of
injury, a wide posterior exposure also poses a risk
for massive bleeding. Although cervical PS fixa-
tion can be an essential part of reconstruction in
spinal disorders, it has the potential risk of injury
to the vertebral artery (VA), as previously
described [57]. To avoid lateral misplacement of
cervical PS, we developed a new method for min-
imally invasive cervical pedicle screw (MICEPS)
fixation through a posterolateral approach. This
chapter describes the novel surgical technique.

8.3.1 Minimally Invasive Cervical
Pedicle Screw Fixation

(MICEPS)

The indications for MICEPS fixation through the
posterolateral approach are the same as those for
conventional posterior cervical fusion from C2—
C7, such as: cervical instability due to trauma,
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Fig. 8.10 68 years old male who suffered a dislocation
fracture at C6/C7. (a) Preoperative CT sagittal plane
(white arrow: fracture site). (b) Preoperative CT angiogra-

metastatic tumor of the cervical spine, infectious
spondylitis of the cervical spine, and segmental
instability of degenerative cervical spinal
disorders.

The contraindications for MICEPS fixation
are: congenital anomalies (i.e., defects of the cer-
vical pedicles), traumatic VA aneurysm and bilat-
eral vertebral artery injuries (VAI), and difficulty
lying in a prone position. In addition, patients
with fracture-dislocations or fractures of the lat-
eral mass of the cervical spine often have con-
comitant traumatic VAI, which can lead to the
brainstem or cerebellar infarction by the maneu-
ver of closed reduction. The ideal situation for
the patient is to undergo coil embolization of the
injured VA, followed by a reduction of the dislo-
cation. Inserting the PS to the embolized side
does not pose a problem; however, close attention
must be paid to inserting the screws to the domi-

phy at C4 (white arrow: the dominant VA in the left trans-
verse foramen). (¢) Postoperative CT axial plane at C4
(white arrow: medial violation of the left CPS)

nant VA side. A posterolateral approach directly
visualizes the facet joint and enables us to reduce
dislocated facet joints even if closed reduction
fails.

8.3.1.1 Instruments and Materials

The following instruments and materials are
required when performing MICEPS fixation: a
radiolucent operating room table and a carbon
Mayfield head holder; intraoperative computed
tomography scans and a 3D navigation worksta-
tion; intraoperative fluoroscopy; high-speed burr,
1.4-mm guide wires, a 2.9-mm cannulated drill, a
power tool, a navigated guide tube, and a cannu-
lated PS and rod system.

8.3.1.2 Surgical Technique
The patient is positioned prone on a radiolucent
carbon table with a carbon Mayfield frame. For
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patients with cervical facet dislocation, a closed
reduction before surgery is performed whenever
possible.

The cervical spine is positioned parallel to the
floor, and the shoulder girdles are pulled caudally
and fixed by taping. An image intensifier is
rotated so that an appropriate circular portion of
the pedicle cortex wall is identified in the inclina-
tion angle from 30° to 45° from the midsagittal
plane (pedicle axis view [52]), then the incision
lines are marked. The operative field is disin-
fected widely, close to the ears, and the patient is
draped 360° around the neck. A reference frame
is attached to the spinous process through a mid-
posterior small skin incision. An isocentric C-arm
acquires multiple successive images as it per-
forms an automated 190° rotation around the
patient’s cervical spine. Afterimage acquisition,
the navigation workstation generates axial, sagit-
tal, and coronal reconstructions of the imaging
anatomy. CiosSpin (Siemens Healthineers,
Munich, Germany) and Kick (BrainlabAG,
Germany) for computer navigation are used to
place screws in cervical pedicles.

8.3.1.3 Instructions for the Procedure
1. Incision and Exposure
Bilateral skin incisions are made for screw
insertion under navigational guidance. After
skin incisions of ~4 cm in length have been
made, the underlying subcutaneous tissue and
nuchal fascia are divided with electrocau-
tery. The lateral mass is exposed with blunt
dissection, and a finger is inserted between
the elevator scapulae and splenius muscles
(Fig. 8.11a). The posterior rami’s medial
branches, which often appear on the multifi-
dus muscle, should be retracted (Fig. 8.12a).
A self-retaining tubular retractor with illumi-
nation applied between the split muscle fibers
allows sustained exposure of the lateral mass
(Fig. 8.11a). This posterolateral approach
involves transmuscular dissection and is
often bloodless. To expose the C2 screw entry
point, we retract the obliquus capitis inferior
muscle medially and the great occipital nerve
(C2 posterior nerve root) cranially. The third

occipital nerve must be retracted cranially
when the C3 screw is inserted.

. Identification of the Entry Point

The multifidus muscles are partially separated
on the lateral masses. The entry point of the
PS is determined using a 3D navigation sys-
tem (Fig. 8.13) and confirmed by the pedicle
axis view of the oblique C-arm image. A start-
ing hole is made from the lateral mass to the
cancellous bone in the pedicle by a 5-mm
high-speed diamond burr. A pilot hole is
drilled using a 3-mm high-speed diamond
burr with a 10-mm stop to access the medial
cortex of the spinal canal.

. Direction of the Guide Wire

A 1.4-mm guide wire is inserted obliquely
from the pilot hole in the pedicle to the verte-
bral body using a navigated guide tube and
power drill driver (Fig. 8.11b). The most criti-
cal point of this procedure is to direct the
guidewire not to the center of the pedicle but
to the medial cortex of the spinal canal corre-
sponding to the axial view of the navigation
image (Fig. 8.13). Careful attention must be
paid to avoid breach of the transverse fora-
men. We do not use a pedicle probe because it
often causes misdirection. When pressure is
applied on one side of the vertebra while the
pedicle probe is being inserted, the vertebra
tends to rotate away from the intended point
of placement, causing the probe to be inserted
more vertically. The use of a guidewire and a
power drill driver can prevent this vertebral
rotation. We carefully check for the guide
wire’s direction and depth using a lateral fluo-
roscopic image (Fig. 8.14a, b).

. Placement of the PS

To avoid VAI, the surgeon should feel the
hardness of the medial cortex through the
power drill driver. A drill, a tap, and a can-
nulated PS are inserted sequentially over the
guidewire. The diameter of the cannulated PS
inserted in this procedure is 4.0 mm, with a
length ranging from 26 to 30 mm (Fig. 8.15).
Medial perforation of the spinal canal with
screws is permitted as it provides mechanical
strength and safety compared to lateral devia-
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Fig.8.11 Positioning and surgical setup. (a) Tubular retractor with illumination. (b) A guidewire is inserted obliquely
in the pedicle using a navigated guide tube and power drill driver

Fig. 8.12 Intraoperative photographs. (a) Multifidus facet joint of C6/7 (black arrow). (¢) Bone graft on to facet
muscle and posterior rami medial branch of spinal nerve  joint. (d) A rod was connected to pedicle screws
(white arrow). (b) Inserted pedicle screws and reduced

tion. To insert the Th1 and Th2 PS, we made 5. Facet Fusion

an additional small midline skin incision and Facet joints are visible directly through this
placed them conventionally. After blunt fin- posterolateral approach (Fig. 8.12b). Open
ger dissection through the muscle, we pushed reductions of dislocated facet joints are pos-
the rod to connect the midcervical and tho- sible with lifting the inferior articular process

racic PS. by applying a leverage force with a spatula, if



92 T.Kanemura et al.

Fig. 8.14 Intraoperative fluoroscopic image. (a) Insertion of guidewire. (b) Insertion of cannulated pedicle screw
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Fig.8.15 A 77-year-old man with C6—C7 bilateral facet
dislocation. (a) Preoperative computed tomography (CT)
showed anterior C6 dislocation. (b) AP X-ray after opera-

necessary. Decortication of the facet joints is
performed with a diamond burr, and chips of
local bone from the spinous processes and
artificial bone such as hydroxyapatite are
grafted into the facet and onto the lateral
masses (Fig. 8.12¢).
6. Rod Connection

Rods are placed onto the screw heads and
secured (Fig. 8.12d). A lateral radiograph can
be used to verify the alignment. The wound is
closed in layers without a suction drainage
tube.

8.3.1.4 Complications

Although VAI is rare, it may be critical if it
occurs. Surgeons should evaluate VA anatomy
before surgery. The posterolateral approach pro-
vides the optimum trajectory of the PSs within
the shortest distance. PSs should be placed close
to the medial cortex of the spinal canal to obtain
solid bony fixation and avoid VAL If a vascular
injury occurs during the preparation of the screw
track, hemostasis can often be achieved by pack-
ing the hole with bone wax.

Nerve root injury can occur if the screw perfo-
rates a pedicle caudally and irritates the exiting
nerve root. After surgery, any patient with new
radicular symptoms should undergo advanced
imaging to ensure that the screw is not malposi-

tion. (c¢) Lateral X-ray. (d) Postoperative CT of C6. Black
line showed Alpha-angle. (e) Postoperative CT of C7

tioned. In addition, close attention must be paid
to prevent injury to the medial branch of the pos-
terior rami, especially the great occipital nerve
(C2) and the third occipital nerve (C3), when
inserting PSs (Fig. 8.16).

8.3.1.5 Clinical Results

Our comparative study included 119 consecutive
patients who underwent surgery for cervical frac-
tures (conventional cervical PS, n = 19; MICEPS
fixation, n = 100). We inserted a total of 342 cer-
vical PSs. In the MICEPS fixation group, 32 and
68 patients were treated with unilateral and bilat-
eral fusion, respectively. In total, 82 patients
(82%) underwent surgery within 24 hours after
injury. In both groups, all PSs were inserted using
a spinal navigation system.

The average surgical time was 217 and
152 min with conventional PS and MICEPS fixa-
tion, respectively (P = 0.0014). The average
intraoperative bleeding volume was 560 and
150 ml in conventional and MICEPS fixation,
respectively (P < 0.0001). We assessed the posi-
tions of 434 screws using computed tomography
according to the Neo classification as follows:
grade 0, no deviation (i.e., the screw was con-
tained in the pedicle); grade 1, deviation <2 mm;
grade 2, deviation >2 mm but <4 mm; and grade
3, deviation >4 mm. Grade 2 or 3 screw deviation
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Fig.8.16 Posterior rami of the spinal nerve. (a) Posterior rami medial branch of C4 (arrow). (b) Great occipital nerve

(GON) and third occipital nerve (TON)

Table 8.1 Alpha-angle

C2 C3 C4 C5 C6 C7 Thl Total
Conventional CPS No. of screws 8 6 11 13 18 17 8 81
Alpha-angle* 20 43 44 37 34 27 26 -
MICEPS No. of screws 18 19 55 91 94 47 29 353
Alpha-angle* 36 48 52 51 48 34 20 -
*Average

CPS cervical pedicle screw, MICEPS minimally invasive cervical pedicle screw

was considered clinically significant in the pres-
ent study, and the incidence of grade 2 or 3 screw
deviation was significantly lower in the MICEPS
group than in the conventional cervical PS group
(P = 0.0039). In the conventional cervical PS
group, 71 screws (87.7%) were classified as
grade O or 1, and 10 screws (12%) were classified
as grade 2 or 3, of which 4 and 6 had lateral and
medial deviation, respectively. One patient with a
laterally deviated screw had cerebellar infarction
but fully recovered. In the MICEPS fixation
group, 348 screws (98.0%) were classified as
grade O or 1, and 7 screws (2.0%) were classified
as grade 2 or 3 with medial deviation. There were
no neurological complications attributable to
medially deviated screws in either group; there-
fore, no screws were replaced. A significant
screw deviation was significantly lower in the
MICERPS fixation group than in the conventional
cervical PS group (P = 0.0039).

The alpha-angles of PSs on postoperative CT
scan (Fig. 8.15d) in the MICEPS group were

oblique angles compared to those in the conven-
tional group, which means the insertion angle of
PSs was close to the horizontal line (Table 8.1).

8.3.2 Advantages of MICEPS

Posterior fixation surgery using a PS system
ensures good biomechanical stability; however,
the considerable posterior exposure poses a risk
of massive bleeding and the thick muscles disturb
the trajectory of the PS, which leads to lateral
misdirection and VA injury. One of the advan-
tages of this MICEPS fixation is horizontal PS
fixation at the mid-cervical spine, which can
avoid VAL This technique is helpful because it is
minimally invasive and provides an ideal trajec-
tory for the PS to prevent VAL

A computer 3D navigation system is neces-
sary to achieve this technique [34]. C7 PS should
be inserted from a midline posterior approach
where the muscles (i.e., trapezius) are thick. If a
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surgeon wants to fix the midcervical PS inserted
through a posterolateral approach and C7 or Thl,
arod can be connected through the subcutaneous
tunnel.

This mini-open intramuscular approach allows
for the ideal trajectory of PS insertion using a 3D
navigation system and reduces intraoperative
bleeding.

8.4  Minimally Invasive C1-C2
Posterior Fixation Via

a Posterolateral Approach.

The atlantoaxial junction is a highly compli-
cated region with important neurovascular struc-
tures, such as the vertebral arteries (VA) and
the upper cervical spinal cord, allowing a huge
range of motion. Posterior fusion of C1-C2 is
a well-known technique for treating traumatic,
inflammatory, and congenital instability of the
C1-C2 junction. Unfortunately, primary stabil-
ity following sublaminar wiring is often poor and
burdened with a considerable rate of non-union.
Transarticular screw fixation described by Magerl
[58] has been shown to result in a high fusion rate
of nearly 100%, although it is still technically
demanding. The CI lateral mass-C2 pars screw
fixation technique described by Goel [59, 60]
and Harms [61] has become an effective alterna-
tive to transarticular screw fixation; however, it
requires extensive posterior exposure, which has
been associated with superficial infections and
occipital nerve injury. Bleeding from the venous
plexus during C1-C2 joint exposure is also fre-
quently encountered. Patients also suffer from an
increased risk of intraoperative VA injuries due to
anatomical variations in the VA and instability of
C1. Spinal navigation techniques are frequently
used to perform posterior stabilization of C1-C2
to avoid neurovascular injuries [62].

From the perspective of navigation technol-
ogy, the surface matching of C1 is hindered by
the reduced osseous surface of C1 and the deep
screw entry point on the lateral mass of C1. Using
an intraoperative CT scan promises to overcome
these problems by allowing CT after positioning
and reducing the C1-C2 malposition at the same

time [62, 63]. To overcome the limitations of the
conventional posterior approach, an intramuscu-
lar posterolateral approach was applied to the
C1-C2 region. A new technique of minimally
invasive stabilization of the upper cervical spine
via the posterolateral approach using intraopera-
tive CT-guided 3D navigation was introduced.

8.4.1 Minimally Invasive C1-C2

Posterior Fixation

The indications for minimally invasive C1-C2
posterior fixation through the posterolateral
approach are: fractures, tumors, congenital defor-
mities, and degenerative or inflammatory dis-
eases. Such indications at this level lead to
instability, which poses a significant risk to the
associated neurovascular structures.

8.4.1.1 Surgical Technique

The same instruments and materials as described
in the MICEPS technique of the subaxial cervical
spine are required when performing minimally
invasive C1-C2 posterior fixation. The patient
was positioned prone on a radiolucent carbon
table with a carbon Mayfield frame under general
anesthesia. The same intraoperative fluoro-CT
scan and a computer-navigation system are used
as in the MICEPS technique. The operative field
is disinfected widely, close to the ears and
occiput, and the patient is draped 360° around the
neck. A small midline incision is performed to
attach the referential frame to the C2 spinous
process.

8.4.1.2 Instructions for the Procedure

1. Posterolateral approach
A posterolateral 4 cm long, longitudinal skin
incision is required at the C1-C2 level, which
is approximately 4-5 cm lateral from the C2
spinous process. The underlying subcutane-
ous tissue and nuchal fascia are divided with
electrocautery. The fascia is opened, and the
semispinalis capitis and splenius capitis mus-
cles are divided bluntly by the fingers. The
splenius muscles are split using fingers from
the C1 and C2 lateral masses. Blunt dissection
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Fig.8.17 Entry point of C1 lateral mass screw. (a) White
star demonstrates great occipital nerve (GON), the muscle
surrounded white lines is the oblique capitis inferior

is performed along the lower border of the
oblique capitis inferior (OCI) muscle
(Fig. 8.17a).

The great occipital nerve (GON) is detected
on the OCI muscle (Fig. 8.17a), and the third
occipital nerve (TON) is often detected in the
multifidus muscles at the C3/4 level. Each
nerve is hung using vessel tape. The GON is
the first landmark of this approach. Large
venous plexuses in the lateral intramuscular
space must be handled appropriately. Blunt
dissection is performed along the upper bor-
der of the oblique capitis inferior (OCI) mus-
cle cranially in the suboccipital triangle
(Fig. 8.17b). The medial border of the Cl
attachment of the OCI muscle is an entry
point for the C1 lateral mass screw (Fig. 8.17c).
The vertebral artery (VA) is protected crani-
ally by a retractor [64].

This posterolateral approach involves
transmuscular dissection and is often blood-
less. However, a large venous plexus occa-
sionally appears behind the OCI muscle.
Bipolar cautery and hemostatic agents such as
a flowable gelatin matrix with thrombin are
used to control bleeding from the venous

(OCI) muscle. (b) broken line shows suboccipital triangle.
White arrow is the entry point of C1 lateral mass screw;
(¢) C1 lateral mass screw is inserted

plexus surrounding the C2 nerve and that
which surrounds the VA.

. C2 pedicle screw

The GON was retracted cranially, and the
multifidus muscles were split on the C2 lateral
mass (Fig. 8.18a, b). The entry point of the C2
pedicle screw was determined using a naviga-
tion system (Fig. 8.18c, d). If the patient has
an abnormally high position of VA in the C2
vertebrae (Fig. 8.19), screws are inserted par-
allel to the VA pathway through the spinal
canal. This trajectory of the C2 pedicle screw
is not the pars screw but the real pedicle screw.
A 5-mm entry hole was dug with a 3-mm
high-speed diamond bur (Fig. 8.18c). A 1.4-
mm K-wire was inserted obliquely through a
guide tube with the help of a navigation sys-
tem and a power drill driver (Fig. 8.18d).
Drilling and tapping are performed through
this guide pin, and a 4.0-mm diameter cannu-
lated screw is inserted (Fig. 8.18d). Cannulated
pedicle screws are aimed at the medial wall of
the C2 canal using a 3D navigation system to
avoid lateral misplacement. Medial perfora-
tion of the C2 canal with screws is permitted
as it provides better mechanical strength and
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Fig.8.18 Surgical technique: C2 pedicle screw. (a) Skin incision; (b) great occipital nerve; (¢) entry point of C2 ped-
icle screw; (d) a guidewire is inserted through a navigated guide tube

safety when compared to lateral deviation. If
the C2 structure seems to be risky, it is pre-
ferred to choose C3 pedicle screws.
. ClI lateral mass screw

When the C1 lateral mass is exposed, there
are two ways to deal with the OCI muscle.
One approach is that the OCI muscle is pulled
caudally, and the lateral mass is accessed via
the suboccipital triangle. This approach
quickly exposes the lateral mass directly;
however, VA is often encountered cranially
(Fig. 8.19). Another way is that the inferior
C1 attachment of the OCI muscle is coagu-
lated and resected, half of the C1 lateral mass
is exposed, and VA is protected cranially by
the remaining muscle fibers (Fig. 8.20a).

A self-retaining retractor applied between
the C2 pedicle screw and OCI muscle allows
sustained exposure of the C1 lateral mass so
that the GON is retracted cranially with
OCI. The medial border of the OCI attach-

ment of C1 was used as an entry point of the
C1 lateral mass screw, and the precise entry
point was confirmed by a navigation system
(Figs. 8.20b and 8.21). Partial resection of the
OCIT attachment of C1 helps expose the entry
point of the C1 lateral mass screw.

A 1.4-mm K-wire was inserted through a
guide tube to penetrate the anterior arch of C1
(Fig. 8.20c). Unfortunately, C1 is unstable,
and the navigation is not as reliable in all
cases as in C2, where the reference frame is
attached.

The use of a guidewire and a power drill
driver can prevent vertebral rotation from reduc-
ing the pressure on unstable C1. We carefully
checked the guide wire’s direction and depth
using a lateral fluoroscopic image (Fig. 8.20c).

The diameter of the cannulated PS inserted
in C1 is 4.0 mm, with a length ranging from
26 to 34 mm, whereas a sufficient length of
screws is recommended.
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Fig. 8.19 High position of vertebral artery (36-year-old
male, pseudarthrosis of odontoid fracture). (a) Plain X-ray
of lateral C1-C2; (b) CT-myelogram; (c¢) axial view of
CT myelogram showed high position of vertebral artery;
(d) enhanced 3D-CT angiogram. (e) Postoperatively

(18 months) plain A-P X-ray; (f) Postoperatively
(18 months) lateral X-ray; (g) Postoperatively (18 months)
axial CT of C1. CI a-angle 33° in right screw, 40° in left;
(h) Postoperatively (18 months) axial CT of C2. a-angle
30° in right screw, 49° in left
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Fig. 8.20 Surgical technique: C1 lateral mass screw. (a) indicates vertebral artery; (c¢) intraoperative fluoroscopy
Retractor is applied between C2 pedicle screw and OCI ~ of CI lateral mass inserted a K-wire; (d) a rod is con-
muscle; (b) entry point of C1 lateral mass. White arrow  nected to C1-C2

Fig.8.21 Navigation view of C1 lateral mass
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4. Bone graft
Decortication is performed around the cortical
bone of the C1 and C2 screws to create space
for the bone graft. Venous bleeding originates
from the extradural venous plexus surrounding
the C2 nerve when the facet joint of C1-C2 is
widely decorticated using a high-speed diamond
bur. A flowable gelatin matrix with thrombin is
useful for a quick and reliable hemostatic effect.
Allografts, autografts, or artificial bone grafts,
such as hydroxyapatite, are used. To gain an
effective bone union in cases of pseudoarthrosis
of odontoid fracture, a bone graft is added to the
C1-C2 region from the mid-posterior approach.

5. Rod connection
Rods are fixed to maintain the C1-C2 align-
ment (Fig. 8.20d).

8.4.1.3 Complications

VA injury may be catastrophic if it occurs.
Anatomical variation of the VA pathway is not
rare in the C1-C2 segment. The VA anatomy
should be evaluated using enhancement 3D-CT
before surgery (Fig. 8.19d). Screw placement
using this technique is easy and safe for VA com-
pared to Magerl’s transarticular fixation. If a vas-
cular injury occurs during the preparation of the
screw track, hemostasis can often be achieved by
packing the hole with bone wax. If VA is injured
in the free pathway cranial to C1 [64], hemosta-

MIS

sis becomes troublesome. Vascular surgeons or
radiologists of catheter intervention must be
called immediately while packing gauze with
hemostatic agents such as a flowable gelatin
matrix with thrombin.

Although the C2 nerve root is sacrificed rou-
tinely in the Goel and Harms technique [59, 60],
this nerve is preserved using this method. The
GON is a posterior ramus of the C2 nerve and is
protected medially by the OCI muscle. Neither
the C2 nerve ganglion nor the anterior rami of the
C2 nerve appear in this technique because of
their deep position. If the GON is damaged dur-
ing surgery, postoperative occipital pain can be a
complaint.

8.4.1.4 Clinical Results

Forty patients underwent this new method (MIS
group) and were compared to 13 patients who
underwent conventional CILM-C2PS fixation
via a mid-posterior approach (P-group) per-
formed at our institute. The mean age at opera-
tion was 72 years (range, 27-97 years). The
diagnoses were axis fractures in 21 patients, atlas
fracture in 1, rheumatoid arthritis (RA) in 4,
degenerative subluxation of CI-C2 in 13, and
C1-C2 dumbbell tumor in 1 case. The insertion
angle of the screws to the sagittal axis (alpha-
angle) was measured on postoperative CT
(Fig. 8.22).

Goel-Harms

Fig. 8.22 Insertion angle of screws to sagittal axis (alpha-angle) measured on postoperative CT. (a) C1 lateral mass
screw of MIS group. a-angle 40°in right; (b) C1 lateral mass of Goel-Harms group. a-angle —9° in left
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The average bleeding volume in the MIS group
was 115 ml relative to 352 ml in the conventional
P-group (p = 0.0102), and the average surgi-
cal time was 198 min in the MIS group versus
260 min in the P group (p = 0.1190). Forty-eight
screws were inserted in C1 lateral masses, 42
screws in C2 pedicles, 26 screws in C3 pedicles,
and 10 screws in opposite transarticular C1/2. No
significant complications or screw misplacement
occurred. Three screws (7.1%) out of 42 pedicle
screws in C2 deviated medially to avoid damage
to the high position of the VA. The average alpha-
angle of CI lateral mass screws was 32.0° in the
MIS group relative to 7.1° in the P-group, and
the alpha-angle of C2 was 38.4° in the PL group
versus 14.3° in the P group. The diameter of all
screws was 4.0 mm in PL-group and 3.5 mm in
P-group. The MIS group’s fusion rate, which
was followed up for more than 12 months, was
18/18 (100%), compared to 11/13 (84.6%) in the
P-group, which showed postoperative sublux-
ation due to loosening of C1 LMS and salvaged
transarticular fixation of C1-C2.

8.4.2 The Intraoperative 3D
Navigation for Minimally
Invasive C1-C2 Posterior
Fixation

The Goel-Harms technique has become an effec-
tive alternative to Magerl’s transarticular fixa-
tion; however, it requires extensive posterior
exposure, which has been associated with super-
ficial infections and occipital nerve injury. The
sacrifice of the C2 ganglion provides wide
exposure to the region for the conduction of sur-
gery, which enables screw insertion into the cen-
ter of the CI lateral mass without a navigation
system. Huge venous bleeding and postoperative
occipital neuralgia occur because of C2 neurec-
tomy. Another entry point of the C1 lateral mass
is suggested at the midpoint of the posterior C1
arch (Tan method [64]) or in the inferior aspect of

the C1 arch (notch method). It should be noted
that VA often runs in a sulcus on the superolateral
aspect of the CI posterior arch [65], and care
should be taken to avoid drilling or tapping in this
area. The C1 posterior arch is too small to insert
a 3.5-mm screw in some cases. A drill bit rarely
breaches the posterior arch or harms the VA [65].
Each conventional method from a posterior
approach has disadvantages, which has encour-
aged the development of a breakthrough idea of a
new posterolateral approach to the C1-C2 region,
attained with the help of intraoperative 3D-CT
navigation.

The posterolateral approach directly visual-
izes the C1 and C2 lateral masses and the best
screw placement trajectory to avoid VA injury
(Fig. 8.23). The venous plexus appears behind
the OCI muscle, whereas bleeding is completely
controlled. VA is superior to the C1 sulcus and is
protected by a retractor and OCI muscle fibers.
The 4.0-mm cannulated screws are placed in all
C1 because the exposed lateral mass is wider
from this approach. If the patients have a high
position pathway of VA in C2, the pedicle screw
is inserted obliquely, parallel to the VA from this
approach.

Spinal navigation systems can reduce the VAI
risk during posterior instrumentation surgery of
C1-C2; however, Cl1 is unstable, and C1 naviga-
tion is unreliable compared to C2. Therefore, to
verify the accuracy of the navigation, meticulous
intraoperative control of anatomical landmarks
should be performed (Fig. 8.5). Nevertheless, the
highly accurate screw positioning for the place-
ment of C1 and C2 is demonstrated despite the
complicated anatomy, owing to the intraoperative
3D navigation system and a new posterolateral
approach [62, 63].

This method using an intraoperative 3D navi-
gation system provided a direct, oblique explora-
tion of CI lateral masses. It allowed the correct
oblique angle of the screw position, resulting in
less lateral deviation and reduced muscle damage
and bleeding from the venous plexus.
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Fig. 8.23 Entry points of C1 lateral mass screw. (a) A
new entry point of C1 lateral mass screw from a postero-
lateral approach (red arrow). This new method provides
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9.1 Introduction

9.1.1 Background

The morbidity related to anterior and posterior
approaches for interbody fusion led, in the late
1990s and 2000s, to the development of other
techniques with the aim to find new anatomical
corridors, that could allow for a better bony
fusion.

Driven by the development of endoscopic
techniques, a new anterolateral approach to the
lumbar spine through the psoas muscle was ini-
tially proposed [1]. The endoscopic approach has
been then largely abandoned, mainly because of
a higher incidence of new postoperative neuro-
logical deficits that occurred in 30% of cases [2],
the main reason being the absence of intraopera-
tive neuromonitoring.

The mini-open lateral retroperitoneal approach
was then pioneered by Luiz Pimenta in the early
2000s [3], as a minimally invasive surgical tech-
nique to perform a complete discectomy and an
interbody fusion through a new surgical corridor,
without the need for dissection of aorta and vena
cava. Because of the easier anatomical pathway
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and the possibility to treat a wider spectrum of
spine pathologies compared to the anterior lum-
bar interbody fusion (ALIF), the use of this
approach increased dramatically in the following
decade.

The original technique, later introduced in the
literature as lateral transpsoas interbody fusion
[4], was designed as a minimally invasive,
muscle-sparing lateral approach to the vertebral
column. Compared to posterior approaches, the
technique allows for an indirect decompression
of neural structures with ligamentotaxis [5],
avoiding any nerve retraction or manipulation,
and also for the possibility to insert a large ante-
rior support through different types of interbody
cages specifically designed [6].

In 2004 Bergey et al. [2] published the first
experience of a minimally invasive lateral trans-
psoas approach supported by triggered EMG to
identify the position of the lumbar plexus. The
results were encouraging, but 30% of thigh
numbness and pain was reported.

Only in 2010, Uribe et al. [7] standardized the
approach describing the safe working zone. From
2011 on, intraoperative neuromonitoring (IONM)
has been extensively applied during lateral
approach, reducing the risk of postoperative par-
esthesias secondary to lumbosacral plexus injury
from 30% to 0.7% [8].

Nowadays, several different platforms for
minimally invasive lateral transpsoas approach
exist, that include the Direct Lateral Interbody

105

J.-S. Kim et al. (eds.), Technical Advances in Minimally Invasive Spine Surgery,

https://doi.org/10.1007/978-981-19-0175-1_9

9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0175-1_9&domain=pdf
https://doi.org/10.1007/978-981-19-0175-1_9#DOI
mailto:martina.dalolio@eoc.ch
mailto:davide.croci@hsc.utah.edu
mailto:davide.croci@hsc.utah.edu
mailto:luca.valci@eoc.ch
mailto:pietro.scarone@eoc.ch
mailto:pietro.scarone@eoc.ch

106

M. Dalolio et al.

Fusion (DLIF®, Medtronic Sofamor Danek,
Memphis, TN), Lateral Lumbar Interbody Fusion
(LLIF®, Globus Medical Inc., Audubon, PA), and
Extreme Lateral Interbody Fusion (XLIF®,
NuVasive Inc., San Diego, CA).

Procedural recommendations for all these plat-
forms include the use of fluoroscopic imaging to
confirm the surgical level and to check intraopera-
tive implant positioning during surgery. In many
situations, it is recommended that the operating
room setup during the approach provide the sur-
geon the ability to obtain an adequate visualization
of the lumbar spine in the lateral as well as in the
frontal plane. In fact, patient rotation before or
during surgery could prevent surgeons to visualize
the correct trajectory to access disc space and
potentially cause injury to contralateral vascular
structures during disc preparation [6, 9].

Apart from the need for intraoperative fluoro-
scopic imaging, many differences exist between
the different surgical platforms, including the
design of retractor used during the approach and
the technique used for intraoperative monitoring.

The present chapter will focus on the LLIF
approach done with the so-called shallow dock-
ing technique, originally described by Acosta
et al. [10]. Briefly, this approach relies on the
direct visualization of the lateral aspect of the
psoas muscle, prior to dissection down to the
spine. The surface of the psoas muscle is explored
using a neuro-stimulating probe to confirm the
location of the neural elements. Compared to the
original technique [10], at this stage navigation is
used to identify the safe working zone where the
tubular expandable retractor will be placed
through the psoas, and the neuro-stimulating
probe is again used through this working window
to confirm that the neural elements are not on the
way of the retractor. Psoas muscle fibers are not
dissected; instead, sequential dilators are placed
to transverse the muscle and dock the working
tube on the lateral aspect of the disc space.

9.1.2 3D Navigation
with an Intraoperative CT

In recent years, intraoperative image-guided sys-
tems that allow for real-time, 3D navigation of

different surgical instruments have been intro-
duced in spinal procedures. A substantial body
of literature in recent years has shown improved
accuracy during pedicular screw positioning
[11-16], with potential reduction of surgical
time [13, 17], intraoperative blood losses [13,
18-20], hospital stay [21], and radiation exposure
[22]. Many of these studies have used naviga-
tion technology coupled with a cone-beam CT
(O-arm®, Medtronic Sofamor Danek, Memphis,
TN) or a portable, 32-slice helical CT scanner
more recently developed (Airo®, Brainlab AG,
Feldkirchen, Germany).

Much of the literature studying the impact of
3D navigation on surgical efficiency is focused
on the evaluation of the accuracy of pedicle screw
positioning either in the cervicothoracic or in the
lumbar spine. In general, many studies have eval-
uated the position of the implants on intraopera-
tive and/or postoperative CT scans, using
different methods [23, 24]. However, the clinical
impact of these radiological measurements is not
obvious. Other studies have tried to evaluate the
impact of 3D navigation in spinal surgery, focus-
ing on the rate of postoperative neurological defi-
cits or reoperation for mispositioned screws [25].
However, probably because of the very low
reported incidence of these events, evidence from
the literature showing a better clinical outcome
using spinal navigation is still lacking. In a meta-
analysis including more than 5000 screws in
1288 patients, Verma et al. were not able to show
a benefit of spinal navigation over traditional
techniques in reducing neurological complica-
tions or improving clinical outcomes, while there
was a significant advantage in terms of accuracy
[26]. This is also consistent with recent data
reported from our own experience with two dif-
ferent 3D navigation systems in 263 consecutive
patients submitted to spinal fusion procedures in
the thoracic and lumbar spine [16].

However, even in the absence of evidence-
based data, a common experience of surgical
teams using spinal navigation on an everyday
basis show that intraoperative CT (iCT) 3D navi-
gation could be particularly useful in case of ana-
tomical landmark modifications (e.g., scoliosis,
degenerative spine disease, ankylosing spondyli-
tis) and in obese patients [27].
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This technology, moreover, could ameliorate
surgical efficiency and workflow compared to
traditional 2D fluoroscopic imaging. In a recent
retrospective analysis [28] Khanna et al. were
able to show a reduction in surgical time using
iCT navigation compared to free-hand technique,
despite a similar setup time. Moreover, the sur-
gical time showed a decrease over time in the
authors’ experience, suggesting a learning curve
effect. Together with reported personal experi-
ences of other authors [29], these data suggest
that spinal navigation coupled with an iCT could
significantly ameliorate the surgical workflow of
complex spinal procedures, and have arole also in
surgical procedures including lateral approaches.

Indeed, the use of navigation in lateral
approaches for degenerative diseases has been
previously described. Webb et al. [30] in a cadav-
eric study first showed a significant reduction in
time of surgery and radiation exposure with the
use of spinal navigation with C-Arm fluoroscopy.

Drazin [31] in 2013 introduced the use of 3D
navigation based on a cone-beam CT (O-Arm®).
In the following years, case reports and retro-
spective case series of patients submitted to lat-
eral approaches with O-arm navigation confirmed
higher accuracy of implant positioning without a
significant increase in radiation exposure for
patients [32, 33]. In 2018, Jiang et al. [34] retro-
spectively compared the outcome and complica-
tion rate of patients treated with navigated
(O-Arm) and not navigated DLIF, showing simi-
lar clinical outcomes, but a reduction of radiation
exposure with navigation.

Strong et al. [35] more recently reported a
series of 59 patients operated for spinal defor-
mity with posterior instrumentation combined
with lateral interbody cage positioning. One-
hundred seventy-five lateral cages were posi-
tioned using 3D navigation, with 2 patients
(3.4%) showing a complication related to naviga-
tion inaccuracy and 1 misplaced cage (0.6%)
requiring intraoperative revision.

Yu et al. [36] firstly introduced the use of 3D
spinal navigation coupled with a mobile iCT
(AIRO®, Brainlab AG, Feldkirchen, Germany)
during lateral thoracolumbar corpectomies in a
series of 20 patients, showing similar results

compared to 2D fluoroscopic guidance in terms
of blood losses, operative time, hospital stay, and
need for revision but reduced radiation exposure
with navigation. Experiences with mini-open lat-
eral access through a tubular dilator retractor
guided by 3D navigation remain however scarce,
and as far as we know, no author has reported on
this technique guided by navigation coupled with
a mobile iCT.

9.1.3 Main Indications
and Contraindications

The spectrum of spinal pathologies treatable with
a lateral approach is typically those requiring
interbody fusion in L1-L5. These may include
mild to moderate degenerative spondylolisthesis
(Meyerding [37] Grade I), adult scoliosis, degen-
erative disc disease, pseudarthrosis/nonunion,
spondylodiscitis/postoperative  infection after
posterior lumbar interbody fusion (PLIF) or
transforaminal lumbar interbody fusion (TLIF),
and revision surgery for adjacent disc disease
after PLIF/TLIFE. However, the level L5/S1 still
remains inaccessible from a lateral trajectory
because of the impendence of the iliac crest.
Major contraindications are previous extensive
retroperitoneal surgery or abdominal trauma, his-
tory of retroperitoneal infection (e.g., diverticuli-
tis), poor bone quality, and/or osteoporosis (risk
factor for interbody cage subsidence). A relative
contraindication exists at level L4/5 because of
the reported higher risk of thigh motor deficits,
particularly in case of L5 sacralization for the
anterior displacement of lumbar plexus. At this
level, moreover, the anatomy of the iliac crest
should be carefully evaluated preoperatively.

9.1.4 Preoperative Assessment
and Planning

A preoperative lumbar spine CT scan may be
useful in case of significant spinal deformity, to
assess the vascular anatomy in relation to the
anterior longitudinal ligament (ALL) and the
vertebral bodies. This evaluation is, in some cir-



108

M. Dalolio et al.

cumstances, necessary to determine the safest
side of the approach, given the fact that the great
vessels and especially the inferior vena cava
migrate posteriorly and laterally as they travel
from L1 to L5 [9]. We usually avoid performing
the procedure at L4/L5, because this level is the
most difficult to gain access and the most vul-
nerable to neural injury, and in most cases prefer
a left-sided approach, as the aortic wall is thicker
and more elastic than vena cava, therefore more
resistant in case of an encounter with the surgi-
cal instruments. However, the side of the
approach might change depending on the spine
pathology, the clinical picture, and the indica-
tion (e.g., high-level foraminal stenosis on the
right, previous neurological deficits in right
thigh, inaccessible disc space on the left side in
the case of vertebral rotation). Anatomical vari-
ations like situs inversus should also be
verified.

Lumbar spine MRI is also essential for the
planning. Particular attention should be paid to
the dimensions and shape of the psoas muscle to
assess the neurological risk for the patient and
choose the safest surgical corridor. As shown by
previous anatomical and radiological studies [38,
39] the choice of the trajectory through the psoas

a Vena cava distribution b

PV A 1 A
N
\

Fig.9.1 Illustration of the left side (upper quadrants) and
right side (lower quadrants) LLIF approach as related to
anatomical structures: (a) vascular structures distribution
(b) lumbar plexus distribution (c¢) safe zone, i.e. the zone

Neural distribution

PUV . LI 1A

muscle is critical to avoid damage to the lumbar
plexus. Moreover, patients with a higher anterior-
posterior to latero-lateral ratio of psoas muscle
on axial view show a higher risk of postoperative
pain and neurological deficits [40]. Hu et al. [39]
performed a preoperative evaluation of the anat-
omy of the psoas muscle and abdominal vessels
on 48 patients and divided the lumbar interverte-
bral disc spaces into six zones from the anterior
to the posterior according to Moro’s [38] method,
showing that the approach is safe through zones
IT-IT at L1/L2 and L2/L3, and only via zone II at
L3-L4 (Fig. 9.1). The anterior one-third of the
vertebral body should therefore be the aim of the
surgical corridor in order to avoid possible neuro-
nal injuries as the nerves run in the posterior two-
third of the vertebral body [7].

Some authors have also advocated the need to
verify the real position of the psoas muscle with a
preoperative lumbar spine MRI in a sitting posi-
tion, that can simulate the lateral side position
with flexed legs [41]. However, there is no clear
evidence to support the need to perform such an
MRI scan in every case.

Magnetic resonance neurography of the lum-
bar plexus has also been advocated as a preopera-
tive imaging modality useful to surgical plans

C Safe zone

PAV I I 1A

where tubular retractors, instruments for disc preparation
and interbody cages can be safely positioned. The safe
zone is narrower and more anterior progressing from cra-
nial to caudal levels. Taken from [39]
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Fig. 9.1 (continued)

Fig.9.2 Patient in right
lateral position secured
with supports and
strains. A blow-up
pillow is positioned
below the patient. The
arms are toward the head
and the legs are flexed

[42], but its use is limited by the inadequate visu-
alization of the nerves in the region of interest in
many cases, particularly in overweight patients.

9.2 Description of the Procedure

9.2.1 Surgical Technique

9.2.1.1 Patient Positioning

Correct positioning of the patient is the first fun-
damental step of any surgical procedure and even
more in the case of a lateral approach to the spine.
The patient, under general anesthesia, is posi-
tioned on the side on an unbroken, not bendable
mobile radiolucent carbon fiber table (Trumpf
TruSystem 7500, Trumpf Inc., Farmington,
Connecticut, USA) that is linked to the mobile
scanner, with appropriate pressure points padded.
Regarding laterality, a preoperative choice is

made to approach the side that allows the best
access to the target disc and pathology as previ-
ously stated. An axillary roll is positioned to pro-
tect the brachial plexus. A blow-up pillow
positioned below the patient is used to indirectly
open the contralateral space between the 12th rib
and the iliac crest, in order to facilitate the surgi-
cal exposure. The legs are slightly flexed, and the
arms are put toward the head with flexed elbows.
The patient is then secured in this position with
supports and strains (Fig. 9.2). Not opening
enough the subcostal space could prevent reach-
ing the disc space easily, the surgical corridor
being too long or narrow to use the instruments
safely. Equally, the surgeon should provide that
the patient is as perpendicular as possible to the
surgical table, in order to avoid rotation of the
spine, which can reduce the safe zone to access
the disc space. IONM electrodes are positioned
by a trained neurophysiology technician to allow
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for motor evoked potentials (MEPs) and sponta-
neous electromyography (SEMG).

Key Points

e Ensure adequate protection for brachial
plexus and pressure points.

e Inflate a blow-up pillow contralaterally in
order to augment the distance between the
iliac crest and the rib cage on the side of the
approach.

e Ensure that there is no rotation of the spine.
However, performing radiographs at this
stage is not necessary if iCT is used during the
procedure.

9.2.1.2 Room and Navigation Setup

The patient on the table is positioned with the
head toward the intraoperative CT (iCT) (AIRO®,
Brainlab AG, Feldkirchen, Germany), while
anesthesia is located at the head of the surgical
bed, the scrub nurse at the feet, and the surgeon
on the lateral back side (Fig. 9.3). An infrared
tracking camera (Brainlab Curve, Brainlab AG,
Feldkirchen, Germany), connected to the scan-
ner, is positioned at the feet of the patient.

The surgical field is disinfected and sterile
draped, taking care to ensure that the anterior
superior iliac spine (ASIS) is kept in the sterile
field. Alternatively, the posterior superior iliac
spine (PSIS) can be used. MEPs are tested as

Fig. 9.3 Anesthesia is
located behind the iCT,
the patient lays on the
carbon table with the
head toward the iCT, the
surgeon and the assistant

baseline acquisition. The iCT is covered with
a transparent drape that allows moving the iCT
scan on the patient under sterile conditions.
Then, two stab incisions are made over either
the ASIS or PSIS, and two pins are introduced
to fix the reference array for navigation sys-
tem (BrainLAB®, Brainlab AG, Feldkirchen,
Germany) (Fig. 9.4). An initial scan of the region
of interest is acquired and automatically trans-
ferred to the image-guidance system (Brainlab
Curve, Brainlab AG, Feldkirchen, Germany); the
accuracy of the navigation system is then veri-
fied checking the head—feet orientation and using
anatomical landmarks (such as iliac crest).

Fig. 9.4 Patient in right lateral position, surgical field is
draped, the navigation star is fixed on the left anterior
superior iliac spine, a sterile transparent plastic drape cov-
ers the iCT and the head of the patient to make a barrier
from anesthesia side and to allow patient and iCT transla-
tions maintaining the sterility

(green) are on both sides
of the patient, the scrub
nurse (blue), the

13!

navigation screens
(orange), and the
navigation camera (gray)
are at the patient’s feet,
and IONM machine is at
the back of surgeon

IONM
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Registration of surgical instruments such as
navigated drill-guide (Brainlab AG, Feldkirchen,
Germany) is then performed before skin incision.

Key Points

e Ensure the draping in order to allow move-
ment of the surgical table toward the scan
gantry and vice-versa.

o Verify the absence of any obstruction under
the surgical table, that may prevent adequate
movement of the iCT.

o Verify perfect fixation of the pins for the refer-
ence star on the anterior iliac crest, and the
absence of any obstruction of the infrared
camera sight.

9.2.1.3 Planning Skin Incision

and Performing Initial

Dissection
A one-incision approach is preferred by the senior
author (PS). Using the sagittal and coronal view of
the image-guided navigation system, we mark the
anterior and posterior margins of the vertebral bod-
ies as well as the target disc space. The skin incision
usually spans approximately 3 cm on an oblique
line centered over the disc space (Fig. 9.5), and con-
nects these margins previously identified with the
navigation. When two levels are addressed, the inci-
sion is centered between the two target discs.

Subcutaneous and fat layers are bluntly dis-

sected without electrocautery, to avoid injury to

Fig. 9.5 Lower right: Skin projections of (a) anterior
border of the spine, (b) posterior limit of vertebral body,
(c) the middle point of vertebral body on lateral side at the
disc level. The skin incision is an oblique line connecting
a to b passing through c at the level of interest (L3—4 in

this case). Panel a, b, and ¢ are the navigation screenshots
referring to the corresponding landmarks; in each panel
the navigated pointer (green) on the skin surface and its
virtual tip extension of 60 mm (red) are pointing to the
target in different planes
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subcostal nerves, which may lead to denervation
of abdominal wall muscles. The fascia is divided
and the abdominal wall muscles (external
oblique, internal oblique, and transversus abdom-
inis) are split following the fiber direction of each
layer to reach the retroperitoneum space. The
abdominal and retroperitoneal contents are care-
fully moved from posterior to anterior with a
curved blade until the lateral aspect of the psoas
muscle can be seen.

Key Points

* A single oblique incision is planned with help
of the image-guided navigation system at a
level of the disc space.

e The use of electrocautery during dissection
should be avoided in order to reduce the risk
of injuries to the lateral cutaneous branches of
iliohypogastric nerve.

9.2.1.4 Deep Dissection and Crossing
of the Psoas Muscle

The transpsoas entry point for the surgical corri-
dor to the anterior one-third of the vertebral body
is identified with navigation (Fig. 9.6). Prior to
dilation through the muscle, the entry point is
then tested by stimulating with a handheld EMG
probe (Inomed, Emmendingen, Germany) on the
surface of psoas muscle with different thresholds
(from 15 to 5 mA intensity) to map the region and
identify the motor nerves of lumbar plexus. The

lower the threshold required to evoke a response,
the closer is the motor nerve to the probe. We
usually start from the anterior margin of the mus-
cle, and then proceed posteriorly, trying to obtain
in every case a mapping of the neuroanatomy to
allow for a safe positioning of the retractor. In
most cases, stimulating the posterior part of the
muscle results in low response thresholds (at
5 mA), while anterior stimulation results in
higher response thresholds (>15 mA). The dila-
tion is not started until a complete absence of
responses is obtained in the anterior part of the
muscle.

In a safe region, a navigated drill guide
(Brainlab AG, Feldkirchen, Germany) is then
inserted through the muscle fibers and placed on
the lateral surface of the target disc space
(Fig. 9.7). A Kirchner wire is then inserted
through the drill guide manually into the disc and
the drill guide is retrieved. Sequential dilators are
then inserted over the wire, and finally, a mini-
mally invasive expandable tubular retractor
(MARS™ 3VL, Globus Medical, Audubon, PA)
composed of 3 or 4 independent blades and illu-
mination system, that allows for a good direct
visualization of surgical field (Fig. 9.7), is placed.

The retractor is opened under SEMG monitor-
ing to control and decide the range of muscle
retraction. In case of muscle fibrillations or if a
decrease in response thresholds is noted, the
retractor is closed to some mm or grades to avoid

Fig. 9.6 Left: Identification of the entry point on psoas
muscle corresponding to the anterior one-third of the ver-
tebral body with navigated pointer. Right: navigation

screenshot of corresponding point in different planes (top,
coronal and sagittal; bottom, axial and sagittal)
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Inline Sagittal

Inline Sagittal

Fig. 9.7 Upper left: A navigated drill guide is used to  flexible metallic arm is used to expose the lateral surface
place a guidewire at entry point to disc surface. Upper of the psoas muscle Lower left and right: navigation
right: a minimally invasive retractor (MARS™ 3VL, screenshots during wire positioning in different planes
Globus Medical, Audubon, PA) fixed at the table with a
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them. MEPs are checked and in case of reduction
>50% or loss of response on thigh or leg muscles
the retractor position needs to be changed.

Key Points

e Try to avoid any manipulation and dissection
through the psoas muscle before EMG
mapping.

e If a traversing nerve is encountered, gently
retract it dorsally.

* Retraction has to be performed primarily
anteriorly and in cephalocaudal orientation:
use navigation to confirm the position of the
target disc during retraction, and avoid
unnecessary exposure of lateral surface of
vertebral bodies.

9.2.1.5 Discectomy and Implant
Insertion

Once the disk and the superior and inferior end-
plates are well represented, an anulotomy is per-
formed with a scalpel, and disc material is
removed using a pituitary rongeur. In case of the
presence of lateral osteophytes, these can be
carefully removed with drill and Leksell ron-
geurs, in order to guarantee a complete exposure
of the lateral surface of the disk. Blunt shavers of
different dimensions are used to detach disc
material from the endplates. Finally, contralateral
anulus is carefully opened with a 5-mm-high,
20-mm-wide blunt tip trial under X-Ray control.
Any use of Cobb elevators is avoided to reduce
the risk of damage to contralateral psoas muscle
or vascular structures. The length of interbody
cage is decided on X-ray using the markers on
the trial, while the height and the eventual lordo-
sis are decided on intraoperative CT performed at
the beginning of the procedure. An expandable
cage (ELSA®-ATP, Globus Medical, Audubon,
PA) filled with a bioactive graft material
(Signify®, Globus Medical, Audubon, PA) is
inserted into the disc space and expanded under
X-Ray and sSEMG control (Fig. 9.8). In case of
muscle fibrillations on sSEMG that are not self-
reducing, the range of expansion can be
decreased.

This cage is then fixed with screws on adja-
cent vertebral bodies. Direction of screws is

planned with navigation (Fig. 9.9). In case of pre-
vious posterior fusion with pedicular screws,
navigation is essential to plan screws trajectory
and to avoid the posteriorly placed screws.
Finally, the retractor is gently removed, a con-
firmation scan is performed to verify the correct
position of the interbody implant (Fig. 9.10).
MEPs are checked at the end of procedure to be
compared with the baseline acquisition. In our
series, the minimum surgical time reached for the
whole procedure on 1 level, comprehensive of
initial and final verification scan, is 100 min.

Key Points

*  Minimize use of curettes and Cobb elevators
during discectomy, to avoid inadvertent dam-
age to the endplates.

*  More frequent use of navigation could be nec-
essary when the disc space is severely col-
lapsed, to avoid violation of endplates during
trial insertion.

e Do not over-expand the implant to avoid post-
operative subsidence: in general, the final
height is decided by taking the adjacent discs
as a reference, if not degenerated.

9.2.2 Use of Intraoperative CT
Navigation

Intraoperative CT (iCT) navigation relies on a
portable 32 slice helical CT scanner (Airo®,
Brainlab AG, Feldkirchen, Germany), that is
used during the intervention to obtain thin-cut CT
through the region of interest. Compared to a
cone-beam CT scanner (CBCT), the iCT emits a
“fan type” X-ray and is detected by a linear detec-
tor array [43]. This translates into a greater soft
tissue definition and bone resolution compared to
other intraoperative imaging modalities. The
higher intraoperative image quality results in a
better evaluation of vertebral pedicles and bodies,
especially in difficult anatomical conditions, like
in spinal deformity, or in certain regions like the
cervicothoracic junction [44]. The technical fea-
tures of the mobile iCT, including the extended
scan volume capacity, that eliminates the need to
re-center the device, make it perfectly suitable for
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Fig.9.8 (a)X-ray image showing an interbody expandable cage (ELSA®-ATP, Globus Medical, Audubon, PA) inserted
at level L3-L4, (b) the cage is expanded under fluoroscopic control, (¢, d) the expandable cage filled with bone expander

Fig. 9.9 Navigation screenshots and intraoperative fluo-  is used to plan the direction of each screw, particularly in
roscopic images taken during fixation of the implant to the  the presence of posterior pedicular screws in adjacent lev-
upper and lower vertebral bodies with screws. Navigation  els, like in this case at L4-L5
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Fig.9.10 Control scan made with the mobile iCT after cage positioning at L.3-1.4

lateral approach surgery, including the transpsoas
approach described in the present chapter.

The scanner usually translates from caudal to
rostral and creates 3D images that are automati-
cally registered and then transferred to a naviga-
tion workstation with a software specifically
designed for spinal surgery (Brainlab Curve,
Brainlab AG, Feldkirchen, Germany). Using spe-
cial instruments that are pre-calibrated, like a
navigation pointer, and a drill guide, the surgeon
is able to plan the surgical incision, evaluate the
correct trajectory to the target disc space and
measure any implant that needs to be positioned,
like an interbody cage or a screw.

At the end of the procedure, the iCT allows for
an immediate survey of interbody cage position-
ing. In case of misplacement, the surgeon is able
to correct the position. As a general rule, we per-
form a scan of the region of interest (ROI) after
any changement in the position of the implant.

Moreover, similar to what happens with cone-
beam CT devices, like the O-arm® (Medtronic
Sofamor Danek, Memphis, TN), the OR staff is
not exposed to radiation. The use of the ICT how-
ever could be associated with an increase in radi-
ation exposure for patients during the procedure.
Even if a previous comparative study [16] did not
show higher radiation exposure for patients with
the use of a mobile iCT compared to a cone-beam
CT during posterior screw fixation of thoraco-
lumbar spine, more studies focusing on the lat-
eral approach are needed.

9.2.3 IONM Tools

IONM, based on SEMG, triggered EMG (tEMG)
and MEDPs, is used during a surgical procedure to

identify neural elements and detect inadvertent
injury.

Registration leads are placed at different mus-
cles that are representative of the femoral nerve,
genitofemoral nerve, and ilioinguinal and ilio-
ipogastric nerves. These include vastus medialis,
vastus lateralis, tibialis anterior, tight adductor at
both sides, cremaster muscle in men, inguinal
muscle in women, and external oblique abdomi-
nal muscle ipsilateral to the approach side.
Muscle of thenar eminence of both hands is reg-
istered too, to have a control parameter.

Stimulation electrodes are placed on the scalp
in C3—4 and C1-2 positions (based on the inter-
national 10-20 system electroencephalography
scalp electrodes position). In our experience,
SSEPs are not reliable in this surgery. Some
authors advocated the use of saphenous SSEPs,
which is unfortunately difficult to read and inter-
preted [45].

Triggered electromyography (tEMG) has been
proven to be particularly useful during the lateral
transpsoas approach to the spine [4, 46]. This
technique uses a direct electrical stimulation on a
nerve (“mapping” technique) to elicit responses
in distal muscles and can provide surgeons rapid
information about the proximity of neural struc-
tures, particularly when the psoas muscle has to
be dissected to identify the target disc. Previous
studies demonstrated that a direct stimulation on
a healthy nerve elicits a distal response at approx-
imately 2 mA [46].

The mapping technique can help to confirm
the correct entry point through the psoas muscle
already defined by navigation. As the accuracy of
navigation is extremely high in our experience, in
most cases the mapping does not change the sur-
geon’s choice of entry point through the psoas
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muscle. However, the use of tEMG must be con-
sidered as a real-time, intraoperative measure to
reduce errors in case of navigation inaccuracy or
in the presence of anatomical variabilities.

As previously described by other authors [47,
48], we use a threshold of 1-5 mA as a value that
indicates close proximity to a nerve, and a thresh-
old greater than 10 mA as a safe value to be con-
sidered distant from the nerve.

The genitofemoral nerve can be occasionally
seen on the psoas muscle surface, at .34 level,
and its direct stimulation gives answer only on
cremasteric/inguinal muscle. This is useful to be
sure to confirm the location of this nerve. If this
nerve is visible much more attention in its mobi-
lization should be taken to avoid damage.

MEPs are not delivered continuously because
of the high intensity needed to induce inferior
limb muscles response, which may provoke
movements of the patient and disturb the surgeon
during delicate phases, eventually reducing navi-
gation accuracy. In our institution, MEPs are
tested at different stages: before skin incision
after lateral patient positioning, after the mapping
of the entry zone in psoas muscle, after retractor
positioning, after interbody implant positioning,
after any change in retractor or cage positioning,
and before skin closure. Once the psoas has been
dissected and the retractor positioned, SEMG is
used throughout the procedure. Responses like
burst trains and discharges, that reflect severe
irritation to a neural structure due to traction or
manipulation, are communicated to the surgeon.
In those cases, it is our practice to reposition the
retractor confirming its position with navigation,
and to repeat a mapping of the surgical field.

Moreover, an MEPs loss or a persistent ampli-
tude change superior to 50% after retractor posi-
tioning is always reported to the surgeon, who is
asked to exclude a change in retractor position.

In general, during a lateral transpsoas approach
every attempt should be made to reduce the total
time of distraction through the muscle. In our
experience, the reduction of MEPs response is
not directly correlated with a postoperative motor
deficit, but a loss of one or two muscles inner-
vated by the same nerve (i.e., femoral nerve) is a
negative prognostic factor.

9.2.4 Postoperative Management

Patients are usually mobilized on first postop-
erative day and a standing X-ray of the lum-
bar spine is performed the same day or the day
after. Postoperative pain is managed with anti-
inflammatory drugs and muscle spasms are treated
with muscle relaxants. Side effects of the approach
may include thigh pain and hip flexion weakness
due to psoas irritation and sensory changes in the
anterior thigh and groin region. All these effects, in
our experience, typically resolve within 3 months.
A recent qualitative retrospective analysis of more
than 100 patients reported a complete resolution
of pain, strength, and sensation changes within
3 months after the procedure in 84.1% of patients
and within 6 months in 93.2% [49]. Patients are
discharged home after a complete evaluation from
a physical therapist and in case of normal bowel
function. Follow-up includes clinical evaluations
at 1, 3, 6, and 12 months. A lumbar CT scan is
performed at 6 and 12 months.

9.3  Outcomes

One of the main reasons for the increasing use of
LLIF is the higher fusion rate that has been
described compared to standard posterior
approaches (7). Berjano et al. [50] reported a
97.4% rate of fusion, assessed with lumbar CT
scan with a mean follow-up of 34.5 months,
while Rodgers et al. [51] reported a rate of 97%
at 12 months. Improvements in lumbar pain and
disability as reported in the literature are also
considerable [51].

Moreover, the technique has been shown to be
effective in cases of spondylolisthesis [52] and
also capable to obtain a good correction of sagit-
tal and coronal imbalance in complex deformity
cases [53, 54].

One of the main advantages of the technique
consists in its power to provide a solid anterior
support without any disruption of the posterior
tension band [55]. Several supplemental fixation
materials, like posterior pedicular screws, facet
screws, or plate fixation can also be applied and
integrated into the approach.
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In recent years, LLIF has been proposed also
for patients with central canal stenosis. This con-
dition was initially considered a contraindication
by some authors [4], while others recommended
leaving posterior decompression to the surgeon’s
choice [55]. In a prospective study on 21 patients
with central and foraminal stenosis, Oliveira
et al. [56] looked at the ability of lateral interbody
fusion to indirectly decompress neural structures.
They noted substantial dimensional improvement
on all radiographic parameters with stand-alone
XLIF, even if indirect decompression was less
effective in patients with congenital stenosis or
locked facets.

In a recent retrospective study, Beng et al. [57]
evaluated the effect of indirect neural decompres-
sion with lateral interbody fusion through a pre-
psoas approach in adult patients with spinal
deformity. The authors reported greater improve-
ment with indirect decompression in patients
with more severe central stenosis and higher lum-
bar lordosis, concluding that indirect neural
decompression has not to be limited by the sever-
ity of spinal stenosis and should be considered an
option in place of conventional direct neural
decompression.

Newer manufacturing technologies in recent
years have led to the development of a new gen-
eration of expandable cages, like the one
described in the present chapter, that are suited to
be positioned from a lateral approach. Theoretical
advantages of using an expandable implant are
the possibility to position the implant through a
smaller window, to increase disc and foraminal
height, and to obtain a more effective indirect
decompression in cases of central stenosis.
Previous retrospective studies [58, 59] have
already demonstrated the impact of these particu-
lar features in patients submitted to minimally
invasive TLIF, even if a recent review of the lit-
erature [60] showed limited evidence directly
comparing postsurgical outcomes of expandable
and static devices.

Future prospective investigations comparing
outcomes of expandable and static devices fol-
lowing lateral lumbar interbody fusion are
required.

9.4 Complications

LLIF, as any retroperitoneal approach, comes
with the risk of vascular and visceral injuries.
The risk of vascular injuries reported in the litera-
ture ranges from 0.10% to 0.56%, compared to
3% in ALIF [53, 61, 62]. On the other hand, the
rate of visceral injuries is very low in LLIF
(0.08% reported in a large retrospective series
[62], compared to 1.6% in ALIF [63]) and mostly
due to inadequate release and anterior mobiliza-
tion of the peritoneum, making an injury possible
as the initial dilator and guidewire are passed
through the psoas muscle. On the other hand, the
risk of retrograde ejaculation in men, reported in
2% of cases in retroperitoneal and 25% in laparo-
scopic ALIF [53], is absent in LLIF.

Abdominal wall hernia has been reported in
the literature as a rare event and is generally due
to a lesion of subcostal nerves during initial
exposure and consecutive possible muscle atro-
phy (?). A blunt dissection of the abdominal wall
muscle is therefore recommended.

Specific complications of LLIF are mainly
peripheric neurological and due to potential lesion
of the lumbar plexus located between the psoas
muscle fibers during the approach. Based on an
anatomical study by Moro et al. [38], it is possible
to encounter the femoral nerve mostly below the
L4-5 level, while the genitofemoral nerve cross
from posterior to anterior and from deep to sur-
face of psoas muscle at level L3—4. A lesion to the
genitofemoral nerve is generally due to an inad-
vertent erroneous positioning of the retractor dur-
ing the approach and may happen very rarely. In
most cases, the nerve, along with the femoral
nerve that usually remains posterior to the retrac-
tor, is submitted to a tension during the expansion
of the minimally invasive retractor. This causes a
typical thigh numbness (which involves both sen-
sory territory of genitofemoral and femoral nerve,
the medial and lateral part of thigh, respectively)
in the immediate postoperative period. In the lit-
erature, this transient sensory deficit is reported in
0.7% to 30% of cases [8, 64-66].

The risk of motor deficits, in the majority of
literature reported without differentiation in hip
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flexion and thigh muscles, ranges instead from
3.4% to 23.7% [53, 66].

While a clear qualitative description of post-
operative neurological complications after LLIF
appears to be now clear, being the obvious conse-
quence of a partial or complete lesion to branches
of the lumbar plexus, the time to obtain a resolu-
tion of these symptoms has not been
investigated.

Nunley et al. [49] recently conducted a pro-
spective analysis to characterize adverse postop-
erative neurological changes after transpsoas
approach, and compared provider reported
changes to patients reported. One-hundred-
fifteen subjects were included: the authors
reported objective neurological exam changes in
14.8% of subjects, all resolved between 6 weeks
and 3 months. Approximately 20% of patients
reported thigh pain, which was resolved in all
cases at 3 months, while 38% of patients reported
hip flexion or extension weakness, which
resolved in more than 90% of cases at 6 months.

The variability in the rate of postoperative neu-
rological deficits that is described in the literature
seems to correlate with at least two factors. First
of all, good anatomical knowledge and surgeons
experience, which induces the choice of a safer
surgical corridor, the reduction in time of surgery
and therefore the time of psoas retraction, that has
been correlated with the risk of postoperative dis-
tal motor weakness [67]. Periodic posterior blade
stimulation has also been advocated by some
authors to reduce this risk [67]. In our institution,
the use of iCT navigation allows for an intraoper-
ative planification of the exact entry point through
the psoas (the “safe zone”), avoiding any manipu-
lation of the posterior one-third of the muscle,
where motor nerves are located [55]. Moreover,
the use of iCT and the reduction of surgical time
avoids any extensive or unnecessary retraction to
the muscle.

9.5 General Considerations

In our opinion, the biggest advantages of using
iCT 3D spinal navigation during LLIF are to
improve the accuracy of the procedure and to

widen the indications (e.g., obese patients).
Moreover, the choice of the safe zone during
transpsoas approach is the fundamental step in
LLIF surgery. This zone can be difficult to iden-
tify in lateral position only with X-ray, and ana-
tomical variabilities can also increase this task.
iCT 3D spinal navigation helps the surgeon to
have a better understanding of patient anatomy in
real time.

The correct positioning of the distractor also
plays a fundamental role in reducing neurologi-
cal damage and in positioning the interbody cage
correctly. In some situations, depending on
patient’s anatomy, BMI, and individual pathol-
ogy, choosing the ideal position could be difficult
under X-ray control, even with the guidance of
tEMG, and repositioning always brings a higher
risk of lumbar plexus damage. iCT 3D spinal
navigation can be safely used in all these circum-
stances, making the approach safer and also
reducing the radiation exposure for the surgical
team.

Intraoperative CT 3D navigation gives also
the advantage of precisely planning the dimen-
sions of the cage and verifying the cage position
at the end of the procedure, potentially reducing
the risk of non-fusion and subsidence.

9.6 Conclusion

The mini-open lateral transpsoas approach is an
effective technique that provides minimally inva-
sive lumbar interbody fusion and indirect decom-
pression of spinal canal and foramens. Its inherent
risks, related to the anatomical relationships
between the target discs and the lumbar plexus,
can be significantly reduced with the use of spi-
nal navigation coupled with an intraoperative
mobile CT.

9.7 Summary

Thanks to an easier surgical corridor and the pos-
sibilities to treat a wider spectrum of lumbar
spine pathologies compared to ALIF, resulting at
the same time in comparable high fusion rates,
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the use of lumbar lateral interbody fusion has sig-
nificantly increased in the last decade, resulting
at the same time in comparable high fusion rates.

However, even if the risk of vascular and vis-
ceral damage is reported to be lower than in
ALIF, the risk of postoperative neurological defi-
cit due to lumbar plexus injuries is still consider-
able, even with the introduction of intraoperative
neuromonitoring.

Intraoperative planning and identification of
the safer surgical corridor through the psoas is
one of the crucial aspects to reduce neurological
risk.

Intraoperative CT coupled with spinal naviga-
tion provides:

* A more precise real-time surgical trajectory
planning and verification in 3D, with any ana-
tomical variances, reducing the misposition-
ing of the retractor and possibly the risk of
neurological deficits.

e Real-time planning of the cage dimension,
controlled cage positioning and verification
on CT scan, reducing the rate of misposition-
ing and reposition of the cage, and possibly
the risk of subsidence.

* Reduction of radiation exposure for the surgi-
cal team.
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10.1 Introduction

MIS surgery has been defined by the AO
Foundation as an approach to spine surgery that
helps in reducing muscle damage, blood loss, and
postoperative pain [1]. With the advent of newer
instruments and imaging technologies, the appli-
cation of MIS approaches to all areas of spine,
both pathologically and anatomically, has
expanded at an enormous pace. The presence of
real-time image guidance and navigation capa-
bilities along with the computing ability to pro-
cess and reconstruct these data into an interactive
three-dimensional spinal “model” has helped
improve the precision targeting of specific ana-
tomical structures with minimal collateral dam-
age to the surrounding tissues. Emphasis can now
be laid on decreasing postoperative morbidity
and faster recovery times due to the inherent sur-
gical advantages as described in the definition of
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MIS surgery. One of the areas it has expanded
into is the cervical spine.

Posterior cervical microforaminotomy (PCM)
for decompression of cervical nerve roots is a
well-established procedure among operative
treatments for degenerative cervical spine dis-
eases associated with radiculopathy. It is mainly
reserved for posterolateral soft discs causing uni-
lateral upper limb radiculopathy not amenable to
treatment via conservative methods. It was first
described by Spurling and Scoville [2] and
Frykholm in 1947 [3] and was further modified
by Scoville et al. in 1951 [4].

After the description of the Smith-Robinson
anterior approach to the cervical spine for discec-
tomy and fusion, posterior foraminotomy
approach was restricted in its use. But there has
been recent renewal of interest in the posterior
foraminotomy surgical technique, both in part to
its avoidance of fusion and approach related mor-
bidity and the improvement in precision targeting
of anatomical structures in the cervical spine via
intra-operative navigation assistance. Cost-
analysis studies also favour posterior foraminot-
omy over ACDF [5, 6].

Nevertheless, the anterior approach is associ-
ated with risk of injury to the oesophagus, tra-
chea, carotid artery, jugular vein, recurrent
laryngeal nerve, superior laryngeal nerve, and
thoracic duct. Moreover, the sacrifice of motion
with anterior cervical fusion predisposes patients
to accelerated degeneration of adjacent motion
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Fig. 10.1 45° sagittal
oblique sections at the
level of the foramen
(Comparison of
anatomical specimen
and MRI T1-weighted
image). B vertebral
body, p pedicle, U
uncinate process, S
superior articular
process, v transforaminal
veins. The nerve roots
(dorsal and ventral
roots) are depicted by
the short and long
arrows, respectively [10]

segments. These risks are clearly avoided with
the posterior approach.

The minimal invasiveness of the tubular
retractor system, such as the METRx system
(Medtronic Sofamor Danek, Memphis, TN)
enables muscle-splitting dissection without the
traditional extensive subperiosteal stripping of
the paraspinal muscles in open posterior
approaches which may lead to postoperative neck
pain [7]. However, minimally invasive PCM
(MI-PCM) may be difficult for obese patients
with a short neck, especially in the lower cervical
spine or the cervico-thoracic junction.

In this chapter, we will describe the surgical
anatomy, indications and contraindications, and
surgical technique of MI-PCM with intra-
operative navigation guidance. Readers can also
go through these articles previously published for
further reference [8, 9].

10.2 Anatomical Considerations

The cervical foramen is bounded by the inferior
aspect of the cranial vertebral pedicle to the supe-
rior aspect of the pedicle of the caudal vertebra.
The anterior wall of the foramina is formed by

the uncinate process, the posterolateral aspect of
the intervertebral disc, and the adjoining verte-
bral body. The posterior wall of the foramen is
formed by the facet joint and superior articular
process of the caudal vertebra. The nerve root
enters from the medial margins of the cranial and
caudal pedicles and exits the foramen at the lat-
eral margins of the cranial and caudal pedicles.
The nerve foramen exits obliquely at 45° from
the sagittal plane. In the sagittal oblique plane,
the nerve roots are seen to lie below a line drawn
from the tip of the uncinate process to the tip of
the superior articular process (Fig. 10.1) [10].

When approaching the foramen posteriorly,
the most important landmark to visualise is the
laminofacet junction, which is formed by the
confluence of the inferior laminar margin of the
cranial vertebra and the superior laminar margin
of the caudal vertebra with the medial aspect of
the facet joint (Fig. 10.2).

10.3 Indications

MI-PCM is mainly indicated for cases of lat-
eralized disc herniation (prolapsed disc being
lateral to the edge of the thecal sac) or for
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Fig. 10.2 The laminofacet junction, depicted as the blue
arrow, which is the junction of the inferior laminar margin
of the cranial vertebra and the superior laminar margin of
the caudal vertebra with the medial aspect of the facet
joint

foraminal stenosis due to facet degeneration
and osseoligamentous hypertrophy. Patients
usually present with painful cervical radicu-
lopathy. Their MRI findings correlate with the
neurological findings in terms of sensory distri-
bution patterns and, in some cases, motor defi-
cits. Contraindications include pure axial neck
pain without correlating neurologic symptoms,
gross cervical instability on dynamic imag-
ing, symptomatic large central disc herniation,
anterior diffuse pathological processes such as
ossification of posterior longitudinal ligament
(OPLL), or a kyphotic cervical spine deformity
that would make posterior decompression inef-
fective [11].

In cases of equivocal clinicoradiological find-
ings, getting an EMG study and/or supplement-
ing with a selective nerve root block can help
in localising the levels at which the intervention
is required.

10.4 Surgical Technique

10.4.1 Patient Positioning,
Anaesthesia, and Operating
Room Set-Up

The patient is positioned prone with the head in
slight flexion with a Mayfield three-point fixation
under adequate general anaesthesia. All the bony
prominences are adequately padded. The whole
procedure is monitored with somatosensory-
evoked potentials (SSEP) and myotomal electro-
myography (EMG) (NIM-Spine System,
Medtronic, Inc., Memphis, TN). Before draping,
a spinal needle is inserted into the skin and a
radiograph is obtained to locate the level that will
be decompressed.

The operating room is set-up for an image-
based navigation wusing the StealthStation
Treon system (Medtronic Surgical Navigation
Technologies, Louisville, CO) consisting of an
infrared camera positioned at the caudal end
of the surgical table with its monitor placed on
the opposite side from the surgeon to facilitate
visualisation during the procedure. The dynamic
reference base (DRB) is attached over the cer-
vico-thoracic junction or over the upper thoracic
levels and contains passive markers that reflect
light from the infrared light source integrated
with the tracking camera system (Fig. 10.3).

As soon as surgical preparation is complete,
with the patient’s position fixed on the operating
table, an intra-operative CT image set is obtained
with the O-arm equipment (Medtronic, Inc.,
Memphis, TN) and transferred to the
StealthStation Treon image guidance worksta-
tion, where it is automatically registered. The
operative level is now again confirmed using the
navigation system.

10.4.2 Surgical Procedure

With the aid of the sagittal CT and the fluoros-
copy mode reconstructions aimed at the target
facet joint and the axial CT views pointing over
the laminofacet junction, the proper entry point is
defined which is 1.5 cm away from the midline
(Fig. 10.4). A 1.6- to 2.0-cm long incision is
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Fig. 10.3 Operating room setting. (a) Intra-operative CT scan being performed with O-arm; (b) navigation monitor;
(¢) Surgeon performing CT-guided navigation with dynamic reference base (DRB)

Fig. 10.4 (a) Pre-operative radiograph showing the difficulty in finding the correct level (C6—7 level) for the surgical
approach. (b) O-arm navigation images allowing proper localization of the level and laminofacet junction

made in the skin as well as the cervical fascia. For ~ dissection is used to split the paravertebral mus-
a two-level procedure, the incision is placed mid- cles, then sequential dilators are serially inserted,
way between the levels to be approached. Finger and the METRx tubular retractor is placed over
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the cortical bone at the laminofacet junction. It is
imperative to land on bone and avoid penetrating
the interlaminar space, as the lateral ligamentum
flavum is thinned out and may lead to iatrogenic
dural or spinal cord injury.

At this point, it is necessary to check the
matching accuracy between the patient’s anat-
omy and the images provided by the navigation
system on the monitor. For this purpose, specific
osseous landmarks inside the operative field are
selected as references with the pointer probe and
are then compared to decide if safe navigation is
possible. If the accuracy is not acceptable, the
matching procedure must be repeated. Once the
proper level has been reconfirmed with naviga-
tion, the METRX retractor is fixed in the selected
position with a table-mounted flexible retractor
arm. All surgical procedures following the
positioning of the tubular retractor are performed
under the operating microscope.

Remaining soft tissues are cleared from the
field, so that the facet joint, both ipsilateral lateral
masses and laminofacet junction, can be viewed
satisfactorily. Subsequently, the pointer probe is
used to determine the shape and size of the drill
hole according to the pre-operative plan. A 4-mm
diamond burr with a high-speed drill is preferred
both to provide some safety for neural structures
and for its hemostatic effect on the bone. In cases
where only a small foraminotomy is necessary, a
3-mm diamond burr can also be used instead.
Bone removal begins with the lateral part of the
superior and inferior hemilaminae and then pro-
gresses to the medial portion of the descending
facet. The drilling continues until the entire
medial aspect of the ascending facet is exposed.
The opened foraminotomy defect is then checked
again with the navigation probe to determine
whether any adjustment is needed. Upto 50% of
the facet joint can be drilled to make a forami-
notomy hole without significantly affecting the
stability of the cervical spine [12].

Subsequently, the ascending facet and the
remaining hemilaminae are drilled until a thin
layer of the deep cortical bone is visualized.
Then, with a small 45° angled curette and a
1-mm Kerrison punch, the soft tissues covering

the neural foramen and the lateral spinal canal
are exposed. Using dissecting hooks and the
same 1-mm Kerrison punch, the ligamentum fla-
vum is removed from lateral to medial direction,
and now the lateral dural sac as well as the nerve
root can be seen. In the event of epidural bleed-
ing, the source can be filled with gelatin foam
embedded with a thrombin activator component
or Floseal (Baxter Healthcare Corporation,
Deerfield, IL). We discourage the frequent use of
bipolar cauterization, and its use should be lim-
ited, keeping it in a low-intensity mode. After
this, the features of the foraminotomy defect are
reviewed visually, with a small probe to search
for the cranial and caudal pedicles, and recon-
firmed with the navigation probe. The disc space
is then identified and the discectomy is done,
either via fragmentectomy of the loose extruded
fragment or via an annulotomy followed by a
disc excision. Since the nerve root exits the the-
cal sac at roughly 45° angle, the bulk of the dis-
cectomy is done at the axilla of the nerve root.
After the discectomy is completed, both the
axilla and the shoulder of the nerve root are
inspected with a blunt tip right-angled probe for
any loose fragments and adequacy of decom-
pression via gentle excursion of the nerve root in
the foramen (see Video 1).

Care should be taken to avoid injuring the ver-
tebral artery as the nerve root passes in close
proximity to it laterally. Instruments should not
be passed beyond the bony posterior margin of
the foramen transversarium. The dense venous
plexus surrounding the vertebral artery, if dam-
aged, produces a brisk dark venous bleeding.
This kind of bleeding can be construed as a use-
ful warning to avoid further lateral dissection to
prevent iatrogenic vertebral arterial injury.

To assure complete decompression of the
nerve root, O-arm scanning is always performed
in all cases at this point in the procedure. After
this, we remove any residual compression in the
foramen, whenever indicated. After checking that
the decompression is adequate, the surgical
wound is closed. During the follow-up period, a
3D CT scan can be done to evaluate the grade of
laminofacet resection (Fig. 10.5).
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Fig. 10.5 Pre-operative MRI (a, b, ¢) showing severe
foraminal stenosis at C6—C7 level on the left side (cir-
cled). Post-operative posterior view of a 3D CT (d) scan

10.4.3 Post-operative Care

Most patients can be discharged and sent home
within 24 h. Patients having spasmodic muscular
neck pain due to surgical incision, or patients
with residual paraesthesias in the upper limb,
presumably due to nerve root handling, can be
observed in the hospital setting for 1-2 days for
adequate pain management. Anti-inflammatory
medications can be prescribed as per institutional
standards. Neuromodulatory drugs such as gaba-
pentin or pregabalin can be added to help allevi-
ate the residual mild radicular symptoms, if any.
Wound inspection is performed at post-
operative day 3, with care being taken to exclude
the presence of any signs of infection. Rapid
mobilisation is promoted and physical therapy is
started after wound healing. Use of soft collar is
optional and depends on the surgeon’s prefer-
ence. No follow-up imaging is usually required.

10.4.4 Complications

This procedure is generally very safe, and com-
plications reported are very few. One of the earli-
est reports by Adamson et al. [13] showed
operative complications in 3 out of their 100
patients (two dural punctures needing no inter-
vention and one superficial wound infection). A
recent meta-analysis [14] has also reported lesser
complication rates of MI-PCM compared to con-
ventional ACDF (4% versus 7.8%).

showing the small keyhole for decompression of a C6-7
left foraminal stenosis and demonstrating adequate pres-
ervation of facet joints (arrow)

The potential complications associated with
MI-PCM are due to error in accurate localisation
of the surgical level, especially in the lower cervi-
cal spine. This is one of the main advantages of
using navigation, wherein the surgical level can
be confirmed in real time with a very little margin
of error.

Nerve root injury can occur due to its misiden-
tification as a disc or due to its duplication, or
both, or due to crowding of surgical instruments
around the nerve root in a stenotic foramen.
These risks may be avoided by fully visualizing
the nerve root and then decompressing it. The
surgeon should also look for signs of double
roots at the index level on the pre-operative MRI.

latrogenic dural tears can generally be man-
aged with dural sealants and usually resolve with-
out complications in the post-operative period.
Occasionally persistent leakage from a larger dural
tear may require a lumbar drain along with a direct
dural repair. Use of bipolar diathermy should be
kept to a minimum, and a 45° angled diathermy
probe may be more useful in coagulating the
bleeding vessels from the foraminal venous plexus.

Post-operative instability can be avoided by
evaluating the pre-operative dynamic X-rays,
avoiding of bilateral surgery at the same level and
preserving up to 50% of the facet joint [12].
Patients having a kyphotic spine or a straight
spine may be better treated via an anterior
approach with or without fusion.

As previously mentioned, intra-operative ver-
tebral artery injury may occur if the facetectomy
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followed by soft tissue dissection extends too far
laterally. This can be avoided with the intra-
operative O-arm navigation which can delineate
the extent of foraminotomy and consequently
avoid lateral extension of the foraminotomy. Pre-
operative imaging should be carefully studied to
detect any anatomical abnormalities of the verte-
bral artery.

Recurrence of radicular symptoms should be
managed aggressively, as they may be indicative
of incomplete decompression of the foramen, a
nerve injury, or the presence of a post-operative
epidural hematoma or an abscess. An intra-
operative O-arm imaging can usually confirm the
adequacy of decompression, and any residual
osteophytes, if seen, can be removed before
wound closure. A post-operative epidural hema-
toma or abscess should be evacuated surgically to
relieve the compression.

10.5 Conclusion

MI-PCM assisted by O-arm-based navigation is a
safe, effective, and minimally invasive procedure
for the treatment of lateral disc herniations and
foraminal stenosis of the lower cervical spine and
C-T junction, offering the advantage of more
accurate targeting of the pathology, avoidance of
residual foraminal stenosis, and a reduced risk of
segmental instability.
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11.1 Introduction

Intraoperative navigation for spinal surgery has
rapidly evolved since the turn of the century.
With new functionalities supported by advance-
ments in technology, its utility in a variety of sur-
gical settings is expanding [1]. Navigation is
widely used in lumbar spine surgery to assist in
the placement of implants such as intervertebral
cages/spacers and with percutaneous pedicle
screw instrumentation [2—4]. Usage of intraoper-
ative navigation for lumbar decompression-only
surgery has been slowly adapted by spine sur-
geons for a variety of reasons including high pur-
chase and maintenance costs of the intraoperative
imaging technology, increased radiation expo-
sure to the patient, and longer setup and OR turn-
over times [5-8]. In general, both open and MIS
approaches for lumbar decompression surgery
can be performed successfully without intraop-
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erative navigation. Fluoroscopy is only required
for localization of the surgical level, and the
remainder of the procedure can be guided using
anatomical landmarks. Nonetheless, utilization
of intraoperative navigation can facilitate surgi-
cal workflow and provide benefits in certain clin-
ical situations when performing traditional open,
endoscopic, or tubular decompression in lumbar
spine surgery [9—12].

In the literature, numerous case series were
published showing favorable clinical outcomes
via the utilization of intraoperative navigation
guidance for lumbar decompression-only surgery
[13—-16]. Inaprospective study in 2013, Sembrano
et al. found intraoperative navigation using an
O-arm to be helpful in assessing the adequacy of
decompression of the lumbar spine in 38 patients
[16]. In another study including 50 patients who
underwent a MIS unilateral laminotomy with a
crossover decompression, Cardali et al. demon-
strated that a better control of the radicular symp-
toms was achieved when they used intraoperative
3D fluoroscopy and navigation to determine the
degree of decompression [13]. They found a cor-
relation between the extent of bone decompres-
sion and improvement in VAS and ODI scores.
We have previously published a step-by-step sur-
gical technique for the minimally invasive lami-
notomy for contralateral “over-the-top” foraminal
decompression using a portable intraoperative
computed tomography scanner [15]. Several
other authors have demonstrated the advantages
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of intraoperative navigation guidance during ana-
tomically complex decompressive procedures
[17, 18]. Our group described navigation-guided
extraforaminal decompression of the L5 nerve
root via a minimally invasive tubular approach in
10 patients with foraminal stenosis or extrafo-
raminal disc herniation [18]. Hartmann et al.
showed navigation-guided decompression of the
L5 nerve root ganglion and safe removal of the
extraforaminal extravasation of cement in a
patient after L5 vertabroplasty [17].

Navigation guidance may provide additional
benefits when performing MIS decompression
in the upper lumbar spine due to the more chal-
lenging anatomy [19]. For example, the inter-
laminar space is significantly smaller, the facet
joints are oriented in a more sagittal plane, and
the lamina are steeply sloped in these levels
compared to the lower lumbar levels. As we
demonstrate in Case 2, the intraoperative navi-
gation pointer can localize the pars and facet
joint precisely to guide the extent of laminot-
omy in an effort to avoid iatrogenic instability.
MIS approaches generally have a steep learn-
ing curve due to lack of broad visualization of
anatomical structures [20-22]. Intraoperative
navigation can be beneficial for surgeons inex-
perienced with MIS techniques, and it can pre-
vent wrong-level surgery [23].

Radiation exposure is frequently studied and
discussed in relation to navigation-guided spinal
procedures [23-25]. The use of intraoperative
navigation eliminates fluoroscopy; therefore,
radiation exposure is significantly reduced to the
surgeon and other OR staff. Although patients are
exposed to higher radiation during initial intraop-
erative CT scan, this shortcoming can be over-
come by obtaining low-dose CT scans which is
now readily available using newer imaging tech-
nologies [1]. Nevertheless, the use of intraopera-
tive navigation streamlines the surgical workflow
particularly in cases involving patients with obe-
sity, multi-level disease, and other complex anat-
omy (overgrown facet joints, deformity, scar
formations due to previous surgery) where exces-
sive fluoroscopy usage is usually needed if intra-
operative navigation is not available [12].

11.2 Indications

and Contraindications

In our institution, we perform navigation-guided
decompression for the management of various
lumbar pathology including central stenosis, lat-
eral recess stenosis, foraminal stenosis, epidural
lipomatosis, and thecal sac compression due to
facet joint cysts. Patients typically present with
neurogenic claudication, leg, foot, or buttock
symptoms, as well as radiculopathy or neurologi-
cal deficits. Contraindications to navigation-
guided tubular decompression include high-grade
spondylolisthesis, significant spinal instability,
and symptoms predominantly of mechanical
back pain.

11.3 Operating Room Setup
and Localization

After intubation, the patient is positioned prone
on the radiolucent table, which is perpendicular
to the intraoperative CT scanner (iCT). All perti-
nent cables, such as the intubation tube, monopo-
lar cautery, and suction, are fed through the
gantry of the iCT. After carefully padding pres-
sure points, the patient is taped to the table to
ensure immobilization and to increase the accu-
racy of navigation. The reference array is fixed
rigidly to the iliac crest. Two sterile half sheets
are clipped around the incision and mark the scan
range. To begin scanning, all staff leave the OR,
including the radiologic technologist, who brings
the CT scanner’s touch screen outside the door to
control the scanner. Therefore, no lead apron is
necessary for the surgeon or the rest of the OR
staff. When the scan is completed, the images are
automatically transferred to the stereotactic navi-
gation system (BrainLab Curve, Brainlab AG,
Feldkirchen, Germany). Schematic depiction of
the OR setup and navigation instruments are
illustrated in Figs. 11.1 and 11.2.

A stereotactic navigation pointer aids with the
localization of the pathology, planning of the
incision, and the proper surgical trajectory
(Fig. 11.3). Skin incision is marked using naviga-
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Fig. 11.1 Schematic depiction of OR setup and navigation instruments

Fig. 11.2 Key elements of the OR setup include the fol-
lowing: Positioning of the anesthesia unit and team close
to the patient’s head; neuro-monitorization unit position-
ing; positioning of the intraoperative CT; positioning of

tion guidance to identify the site of incision and
its proper trajectory, which help in obtaining the
best exposure with the smallest possible access
so prevent fighting the fascia to get a suitable tra-
jectory for our target point. After skin incision
has been made, accuracy is confirmed using the

the surgical team on both sides of the patient; positioning
of the intraoperative microscope; positioning of the scrub
nurse and surgical instruments; positioning of the naviga-
tion unit and infrared cameras

navigation pointer by palpating a transverse pro-
cess at a distance from the reference array.

With the assistance of the pointer, the tubular
retractor scope of vision is predicted. We use
15 mm and 18 mm tubular retractors for lumbar
discectomy and laminectomy, respectively. We
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Fig. 11.3 Intraoperative navigation is used for the localization of the pathology, planning of the incision, and the
proper surgical trajectory

aim to show the working zone, which includes
the pars and the inferior laminar border of the
upper level and the superior articular process of
the lower level, forming the facet joint (Fig. 11.4).
The bony anatomy is then re-confirmed with the
pointer and the tubular retractor is adjusted as
needed.

11.4 Surgical Technique

After adequate exposure of the bony anatomy is
achieved, the intersection of the inferior edge of
the cranial lamina and the base of the spinous
process is identified using pointer as it is the drill-
ing start point. Ipsilateral laminotomy is per-
formed up to the cranial insertion of the
ligamentum flavum (LF) using a 3-mm curved
matchstick drill bit and bayonet-shaped 2- and
3-mm Kerrison punches. A ball-tip probe or blunt
nerve hook is used to lift up and strip the cranial
attachment of the LF. Then, the ipsilateral LF is
removed using a 2-3 mm Kerrison punch. In
order to visualize the contralateral side, the oper-

ating table is tilted away from the surgeon and the
tubular retractor is angled medially. The base of
the spinous process is identified via the pointer.
Next, the spinous process and the contralateral
lamina are undercut. During this step, contralat-
eral LF is left intact to protect the dura during
contralateral laminotomy. Exposure and decom-
pression of the exiting nerve root is completed by
subarticular undercutting until the nerve root
passes the contralateral inferior pedicle. It may
be necessary to undercut ventrally to the facet
joint to access the contralateral foramen. At the
end, adequate contralateral decompression can
be confirmed using stereotactic navigation.
Hemostasis is achieved with repeated irrigation
with saline solution, bipolar coagulation, or the
use of hemostatic/sealing agents. The tubular
retractor is slowly removed while identifying and
addressing any bleeding. After closure of the fas-
cia and adaptation sutures of the subcutaneous
tissue, the skin is closed by resorbable intracuta-
neous running suture. The muscle can be injected
with local anesthetic for postoperative pain con-
trol (Fig. 11.5).
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Fig.11.5 Large superiorly extruded left L5-S1 foraminal =~ T2-weighted MR images; (¢, d) Axial T2-weighted MR
greater than posterolateral disc herniation resulting in  images; (e, f) Adequate decompression is confirmed using
compression of the left L5 nerve root. (a, b) Sagittal intraoperative navigation
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11.5 Case Example 1:
Revision Case

A 51-year-old female patient with a past medical
history of left-sided L5-S1 microdiscectomy
10 months prior presented to the clinic with
residual/recurrent foraminal disc herniation at
L5-S1 compressing the left L5 nerve root. The
patient had left lower extremity pain in the left
hip and thigh that radiated down the front and
side of the leg, as well as tingling and numbness
in the left foot. She failed multiple steroid injec-
tions and other non-surgical treatments. Her neu-
rological exam was intact except a positive
straight leg raise test on the left and numbing of
the left foot at LS nerve distribution. She under-
went an MRI of the lumbar spine which demon-
strated foraminal and extraforaminal L5/S1
recurrent/residual disc herniation. T1-weighted
post-contrast images showed postoperative
changes from the first surgery with extensive scar
formation along the extraforaminal approach
area and discectomy side. The decision was made
to offer a right-sided minimally invasive lami-
notomy for contralateral “over-the-top” forami-

nal decompression using intraoperative 3D
navigation due to the presence of extensive extra-
foraminal scar tissue on the left side and partial
removal of the left facet joint from the first sur-
gery. The main advantage of this technique is the
direct “over-the-top” trajectory to the foraminal
pathology that minimizes the need for facet joint
resection. The inferior facet contralateral to the
approach side as well as its outer capsular sur-
roundings can be preserved with the help of intra-
operative navigation. The patient did well and
was discharged at postoperative day 1. She
reported resolution of symptoms during postop-
erative follow-up at 6 months (Fig. 11.6).

11.6 Case Example 2: Upper
Lumbar Level

A 52-year-old male presented with right-sided
lower back pain with radiation into proximal
right buttock, groin, and right anterior thigh to
the level of the knee which started 6 weeks prior.
He had had sciatic pain for years on and off but
had managed to deal with his symptoms with

Fig.11.6 Right L2-L3 foraminal disc extrusion with superior migration into the neural foramen compressing the exit-
ing right L2 nerve root. (a, b, ¢) Sagittal T2-weighted MR images; (d, e) Axial T2-weighted MR images
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Fig. 11.6 (continued)

conservative treatments. His most recent symp-
toms were of acute onset and significantly more
severe than his previous symptoms. He under-
went an MRI of the lumbar spine which demon-
strated a disc herniation at L2-3 with rostral
migration and compression of the exiting L2
nerve on the right side, consistent with his symp-
toms. His neurological exam was intact except a
positive straight leg raise test. The decision was
made to offer a left-sided minimally invasive
laminotomy for contralateral “over-the-top”
foraminal decompression to get a better exposure
of the L2-3 foramen. When operating at the
upper lumbar segments (e.g., L1-L2, L2-1.3), the
incision should be placed more medially, and the
tubular retractor should be oriented more verti-
cally to avoid excessive ipsilateral as well as con-
tralateral facet removal or pars violation due to
the narrow lamina window and more sagittally
oriented facet joints of the upper lumbar spine.
The stereotactic navigation pointer facilitates the
planning of the incision and the proper surgical
trajectory in such a case and ensures to preserve
facet joints. Navigation can be very important in
these cases in order to avoid accidently violating
the pars. Finally, adequate contralateral decom-
pression was confirmed using intraoperative nav-
igation. The patient’s leg pain was resolved
immediately postop and was discharged same
day (Fig. 11.7).

11.7 Case Example 3: Complex
Anatomy

An 85-year-old female patient presented to our
clinic with low back pain which radiated to her
right buttock. Her symptoms started 3 weeks
prior without any inciting event. She failed ste-
roid injections, physical therapy, and oral pain
medication. Her MRI revealed foraminal narrow-
ing at L5/S1 level on the right side with compres-
sion of the exiting L5 nerve root. She underwent
a CT scan which demonstrated advanced facet
arthropathy with hypertrophy, hook osteophytes,
and a disc ridge complex causing severe
right-sided L5-S1 foraminal stenosis (Fig. 11.8).
The patient was treated with a right-sided L5/S1
far lateral discectomy and decompression via a
minimally invasive tubular approach using intra-
operative total navigation (Fig. 11.9). An excel-
lent decompression of the nerve root was
achieved by removing medial bone and lateral
bone which was subsequently confirmed with
intraoperative 3D navigation. The use of intraop-
erative 3D navigation allows for safe and effi-
cient decompression by facilitating surgical
planning and minimizing facet joint compromise
in such cases with complex anatomy including
facet arthropathy, bony hook osteophytes, and
deformity. The patient did well and was dis-
charged on the same day (Fig. 11.10).
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Fig. 11.7 Minimally invasive laminotomy for contralat-  pars: preserved to avoid iatrogenic instability; (c)
eral “over-the-top” foraminal decompression. (a) Inferior ~ Contralateral foramen: confirmed adequate
edge of the L2 lamina: started laminotomy; (b) Ipsilateral ~ decompression
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Fig. 11.8 Advanced facet arthropathy with hypertrophy, ~ images; (b) Sagittal CT images; (¢) Coronal CT images;
hook osteophytes, and a disc ridge complex causing (d, e, f) Intraoperative navigation aids removal of the lat-
severe right-sided L5-S1 foraminal stenosis. (a) Axial CT  eral aspect of the facet joint; (f)

Fig. 11.9 Adequate decompression is confirmed using intraoperative navigation. (a, b) Intraoperative navigation
screenshots; (¢) Microscope view through tubular retractor
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Fig. 11.10 Right L5/S1 far lateral discectomy and decompression. (a, b, ¢) Preoperative CT Images; (d, e, f)
Postoperative CT images

11.8 Conclusion

Navigation-guided MIS tubular decompression
in the lumbar spine safely augments tubular
decompression and may prevent iatrogenic spinal
instability. In addition, utilization of navigation
for lumbar decompression minimizes the risk of
injury to neurological elements, reduces radia-
tion exposure to surgical staff, and improves sur-
gical workflow. These capabilities are especially
useful in more complex decompression cases
such as patients with obesity, multi-level disease,
and complex anatomy.

We believe that there is true benefit to the use
of navigation not only for instrumented spine
cases but also for cases that require decompres-
sion or microsurgical resection of pathology
without fusion. However, in order for naviga-
tion to expand into non-instrumented spine
cases and maybe even into pain management
procedures it will be necessary to improve our
ability to match preoperative MRI scans with
intraoperative imaging studies while minimiz-
ing radiation.
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ral foramen and hardly damages the normal
anatomical structure. Thus, the patient can
resume normal social activities soon after sur-
gery. However, this minimally invasive tech-
nique has a steep learning curve. Especially
for beginners, without good intraoperative
guidance, serious complications may occur,
such as dural sac tear and nerve injury.

2. Electromagnetic (EM) navigation is a frame-

less stereotactic navigation technology, which
integrates electromagnetic technology, mod-
ern diagnostic radiology technology, stereo-
tactic technology, and minimally invasive
surgery. With the assistance of a high-
performance computer, it can accurately dis-
play the anatomical structure of the spine, the
three-dimensional spatial position, and adja-
cent relationship of lesions.

3. EM-based navigation-guided TELD has the

advantages of good positioning accuracy,
real-time monitoring, and great reduction of
X-ray perspective. The new technique is espe-
cially helpful for inexperienced spinal sur-
geons. Its application prospect is very broad
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in the future, and EM-based navigation will
further promote the development of percuta-
neous endoscopic spinal surgery.

12.1 Introduction

In 1975, Hijikata et al. [1] performed mechanical
percutaneous nucleotomy (PN) via posterolateral
access to treat lumbar disc herniation for the first
time. Under local anesthesia, the working chan-
nel was inserted into the intervertebral disc
through a small skin incision via posterolateral
access for nucleus pulposus resection. However,
since the position of the working cannula is
determined under C-arm fluoroscopy rather than
under microscopic guidance, the cannula cannot
enter the spinal canal, so this is an indirect
decompression technique without direct vision.
Similarly, automated percutaneous lumbar dis-
cectomy (APLD) [2] was also applied to remove
nuclear material in the following years.
Nonetheless, later studies have demonstrated that
the success rate of this technique was no more
than 65%, which is not different from that of con-
servative treatment. In addition, the surgical indi-
cations of these two methods are relatively
narrow and mainly suitable for inclusive lumbar
disc herniation, a relatively rare type of lumbar
disc herniation. Following Hijikata’s experience,
Schreiber [3] improved the original instruments
and developed a series of cannulas and a modi-
fied arthroscopic technique, which help to remove
nucleus pulposus more accurately and effectively,
with a reported success rate of 72.5%. One year
later, Hausmann et al. [4] also reported that a
detailed and risk-free observation of the interver-
tebral disc space could be performed through
improved arthroscopy.

Kambin et al. [5] described the anatomic
boundaries of the “safe working zone” of a lum-
bar intervertebral foramen in the 1990s, which
laid the theoretical foundation for the develop-
ment of percutaneous endoscopic lumbar discec-
tomy (PELD). In 1997, Yeung [6] successfully
developed the third-generation spinal endoscope,
the Yeung endoscopic spine system (YESS),

which emphasized access to the intervertebral
disc through the “Kambin’s triangle,” thereby
removing the nucleus pulposus tissue from the
inside out under direct vision and achieving indi-
rect decompression under vision. Yeung’s tech-
nique of “inside out,” carried out with a 2.8 mm
surgical channel, is relatively simple and safe for
use in cases including inclusive, subligamentous
lumbar disc herniation and some discogenic back
pain. Yeung and Tsou [7] performed at least a
one-year retrospective analysis of 307 patients
undergoing PELD. The postoperative satisfaction
rate was 90.7%, and the excellent and good rate
was 89.3% according to the improved Macnab
evaluation criteria, while the incidence of com-
plications was 3.5%. The surgical results were
comparable to that of intervertebral fenestration
discectomy. However, since this technique war-
rants decompression inside the disc, its indica-
tion is relatively narrow, and it is difficult to work
for expelled nucleus and sequestered disc.
Furthermore, the nerve root and dural sac cannot
be exposed under the microscope, and it is highly
vulnerable to damage to the nerve root when
entering and exiting through the Kambin’s
triangle.

To address the shortcomings of the YESS
technique, Hoogland [8] developed the Thomas
Hoogland Endoscopic Spine System (THESSYS)
in 2003 with a wider range of indications com-
pared to the YESS technique. Hoogland described
the “outside-in” approach for transforaminal
endoscopic technique by cutting the facet and
direct landing into the epidural space so that the
ligamentum flavum, dural sac, nerve root, and
herniated nucleus pulposus can be seen under a
microscope. However, this technique has high
technical requirements and a steep learning
curve, so beginners are prone to damage spinal
nerve roots, blood vessels, and dural sac, which
may lead to serious complications. Hoogland
et al. [9] reported that 262 patients with recurrent
lumbar disc herniation were treated by THESSY'S,
among which 238 patients (90.84%) completed a
2-year follow-up, with a reported 3.8% complica-
tion rate which included 3 cases of nerve root
stimulation, 7 cases of early recurrent herniation
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(<3 months), and no postoperative infection and
discitis. Likewise, Schubert et al. [7] performed
foraminoplasty by cutting part of the upper facet
joint with Hoogland-designed bone reamers to
directly insert the c into the spinal canal, and then
remove the migrated nucleus pulposus tissue
with endoscopic assistance. The postoperative
excellent and good rate was 95.3% and the recur-
rence rate was 3.6%. Furthermore, he believed
that the greatest advantage of the THESSYS
technique was that the extruded and sequestered
nucleus pulposus tissue inside the spinal canal
could be directly removed. However, he deemed
it relatively difficult to deal with the necrotic and
broken nucleus pulposus tissue due to the diffi-
culty of entering the disc, which increased the
risk of postoperative recurrence.

Although transforaminal endoscopic lumbar
discectomy (TELD) is the most advanced and
minimally invasive surgical method for the treat-
ment of lumbar disc herniation, there are still sev-
eral complications [10-15]. These complications
include the following: (1) Nerve root injury: the
process of puncture, expansion, and working
tube insertion without direct vision may result in
nerve root injury due to the anatomic variation.
(2) Dural sac rupture: It is a rare but serious com-
plication, mainly related to mechanical wear of
surgical instruments or radiofrequency thermal
injury during operation. (3) Incomplete decom-
pression and  postoperative  recurrence:
Incomplete decompression is often due to incom-
plete removal of protrusions, stenosis of a nerve
root canal, or insufficient foraminoplasty.
Postoperative recurrence is mainly related to the
incomplete removal of compressive factors,
improper postoperative nursing strategy, early
stooping, or sneezing. (4) Abdominal and vascu-
lar injury: The blood vessels may be damaged
during the process of establishing working chan-
nels and the puncture needle may enter the
abdominal cavity, resulting in viscera (intestinal
canal, kidney, and large blood vessel) injury. The
occurrence of these complications is mainly
related to factors such as poor technical profi-
ciency and inexperience. Moreover, the routine
TELD process not only needs to be carried out

under the guidance of repeated X-ray fluoros-
copy but also needs dynamically detection of the
location of the surgical instruments to ensure the
safety of patient, which is especially complicated
for beginners and may pose additional radiation
damage to both doctors and patients.
Electromagnetic (EM) navigation is a frame-
less stereotactic navigation technology, which
integrates electromagnetic technology, modern
diagnostic radiology technology, stereotactic
technology, and minimally invasive surgery [16—
21]. It can accurately show the anatomical struc-
ture of the spine and the three-dimensional spatial
position and adjacent relationship of lesions with
the assistance of a high-performance computer
[20, 21]. The system is based on powerful com-
puter technology and image processing software,
obtaining the relative position of the patient’s
vertebral body, articular process, intervertebral
disc, and surgical instruments through infrared
remote sensing technology and electromagnetic
principle, and calculates and displays the rela-
tionship between the real-time process of the
operation, the accurate location of the lesion, and
the surrounding structures. In a word,
electromagnetic-based (EM-based) navigation-
guided TELD has the advantages of good posi-
tioning accuracy and real-time monitoring and is
capable of greatly reducing X-ray perspective

12.2 Components
of the Electromagnetic
Navigation System

The electromagnetic navigation system (Fiagon
GmbH, Germany) for TELD consists of a naviga-
tion screen (Fig. 12.1), navigation module, and
tracking pointer (Fig. 12.2). There are three win-
dows in the navigation screen, two of which dis-
play the position and dynamic changes of surgical
tools simulated on anteroposterior and lateral
views and the third window displaying the video
image of the surgical field as visualized by the
endoscope. The navigation module is equipped
with a DVD drive, USB port, plug points for nav-
igation sensor, patient localizer, virtual endos-
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copy planning software, and pointer system. The
pointer system is equipped with a connecting
plug, pointer, and sensor cable that allows for
precise tracking of both position and orientation
throughout the electromagnetic field. The special
I-See endoscopic spine surgical system (Joimax,
IseeU, Germany) (Fig. 12.3) is the instrument
dedicated to matching the EM navigation.

Fig. 12.1 The EM navigation screen

¢ é,‘

Fig. 12.2 The EM navigation module and tracking pointer

12.3 Indications

and Contraindications
12.3.1 Indications

1. Central, paracentral, extreme-lateral, or pro-
lapsed lumbar disc herniation.

2. Radiation pain in a single lower limb with or
without back pain, positive Lasegue sign.

3. Mono-segment of lumbar disc herniation or
prolapsed suggested by MRI or CT scans.

4. Failure of strict conservative treatments for at
least 3 months.

5. Patients who fail to remit or who relapse after
other minimally invasive interventional
surgery.

12.3.2 Contraindications

1. Clinical symptoms or physical examination
signs that do not match the radiographic
results

2. Cauda equina syndrome

3. Lumbar segmental instability and lumbar
spondylolisthesis

4. Lumbar infections, tumors, or deformities

5. Poor local skin condition or wounds at the
surgical incision site

6. Patients who are unable to tolerate surgery or
cannot cooperate for other reasons

12.4 Surgical Procedure
The patient is placed in the prone position on a

special, non-metallic, carbon fiber operating
(OR) table to prevent electromagnetic interfer-

A%
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ence. The magnetic field generator is fixed on the
OR table close to the patient’s hip so that the
frame encompasses the entire surgical field. After
preparation of the operation site, the k-wire is
drilled into the spinous process of the caudal ver-
tebral body adjacent to the operative segment to a
depth of 2 cm to make it firmly fixed, and the
locator is placed on the skin 5-10 mm away from
the k-wire. Thereafter, the tracker is firmly con-
nected with the spinous process, and a mapper
bridge is placed next to the locator which is iden-
tified by the landmarks in the anteroposterior and
lateral X-ray images (Fig. 12.4).

After the perspective image is transmitted to
the navigation system via the USB driver, the
system automatically performs registration by
loading the data. Upon confirmation of registra-
tion, intraoperative two-dimensional (2D) images
are used to match preoperative computed tomog-
raphy (CT) image data, and the three-dimensional
(3D) data sets enable virtual real-time navigation.
The target point (the superior articular process or
the herniated disc is usually selected as the target
point) of puncture must be set on the EM naviga-
tion system at the beginning of the operation
(Fig. 12.5).

The operation is performed under local infil-
tration anesthesia by injecting lidocaine into soft
tissue. Firstly, the inner core of the 18-gauge
puncture needle is removed, which is replaced by
the IseePointer sensor. Consequently, the punc-
ture needle is maintained on the multifunctional
board for calibration until the needle symbol
appears in the upper right corner of the naviga-
tion display. After that, the needle is inserted by a
posterolateral approach to the target disc under
the guidance of real-time navigation view until it
reaches the target. During the process, the
changes of the puncture needle angle and depth
can be seen in real time (Fig. 12.6).

When the angle is correct, it remains green
and only turns red if the puncture angle deviates
significantly from the design path. Subsequent
surgical procedures are as follows: (1) The needle
is replaced with a 0.8-mm guidewire, and (2)
then a 1.5 cm skin incision is made along the
guidewire. (3) After calibration, a gentle sequen-
tial dilatation technique is performed to protect
the exiting nerve root and to prevent access pain.
(4) The semi-serrated outer working cannula is
inserted into a navigation rod consisting of
IseePointer and adapters, and (5) then into the

Fig. 12.4 The intraoperative images are taken by the 3D C-arm and sent to the EM navigation system
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Fig. 12.5 Target point setting
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Fig. 12.6 Puncture under the EM navigation
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calibrated trephine. (6) A rigid, rod-lens endo-
scope with a working channel is introduced, and
selective foraminoplasty and discectomy are per-
formed under continuous normal saline irriga-
tion. (7) The depth of endoscope entry and the
position of surgical instruments can be visualized
in real time under navigation monitoring. At this
time, the lateral border of the ipsilateral ligamen-
tum flavum is resected, the degenerative and
protruding intervertebral disc is removed, and the
nerve roots are decompressed appropriately.
Finally, the end-point is determined with the free
mobilization of the exiting nerve root and the
dural sac.

Both the preoperative MRI and CT determine
and confirm the location of the disc herniation
and guide the working channel placement and
decompression: (1) for the most common type of
LDH, paracentral type, the first task is to find the
space between ligamentum flavum and interver-
tebral disc after foraminoplasty and then to
explore the rupture of a disc in the abdominal
direction. Remove the protruding nucleus pulpo-
sus around the rupture until the ventral side of the
nerve root can be seen. If the nerve root can eas-
ily fluctuate in water pressure, it indicates that the
nerve root has been decompressed successfully
and radiofrequency ablation can be used to treat
the rupture of annulus fibrosus. (2) For prolapse
or sequestration, adequate foraminoplasty is
needed to remove part of the bony structure of the
superior articular process so that the working
channel can enter the target. Generally speaking,
after removing the prolapsed nucleus pulposus in
the spinal canal, it is necessary to swing the
working channel to explore the rupture of the
intervertebral disc and remove the degenerative
nucleus pulposus in the disc to reduce probability
of recurrence. (3) For the extreme-lateral LDH,
the working tube is not needed to enter the inter-
vertebral foramen, but it is needed to reach the
lateral edge of the articular process in the anterior-
posterior view and the posterior edge of the inter-
vertebral disc in the lateral view, simultaneously.
After that, the protruding disc and exiting nerve
root can be detected. (4) For the completely con-

tained LDH, the working channel can be directly
placed into the intervertebral disc without foram-
inoplasty if the intervertebral foramen is large
enough, and the degenerative nucleus pulposus is
directly removed. Then, the working channel is
gradually withdrawn to the intervertebral fora-
men area and the nerve root is subsequently
explored.

There is no need to place drainage tubes after
an operation, and the patient does not need to
take antibiotics or painkillers. After 3-h observa-
tion postoperatively, the patient is allowed to
walk on the ground wearing protective equip-
ment if they have no obvious discomfort. Patients
are discharged on the day of surgery or the first
day after surgery, but they are informed of pre-
cautions in the first 6 weeks, such as reducing
strenuous activities, avoiding overwork, or stoop-
ing with long hours.

12.5 Case Study

Male, 54 years old.

Symptoms: Radiation pain from the low back
area, down to the left leg and into the left feet for
more than 2 years, aggravated in the past 3
months. Activities such as bending, lifting, twist-
ing, and sitting increased the pain. Patient had
undergone repeated conservative treatment and
steroid blockade with unsuccessful clinical
response.

Physical examination: The Lasegue sign was
positive on the left side.

The visual analog scale (VAS) was 7/10
(Figs. 12.7,12.8, 12.9, and 12.10).

12.6 Discussion

The key prerequisite for a successful TELD is to
establish a working channel accurately and
safely. The Kambin’s triangle is small because of
the occlusion of the superior articular process of
the lumbar vertebrae, especially for patients with
long and narrow intervertebral foramen, which
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Fig. 12.8 Preoperative MRI showed LDH on the L4-5 left side



12 EM-Based Navigation-Guided Transforaminal Endoscopic Lumbar Discectomy 153

fiagon

Fig. 12.10 After the herniated disc is removed, the nerve root is completely decompressed
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greatly increases the difficulty of accurate inser-
tion of working cannulas during TELD. For
beginners with poor 3D sense and inexperience,
the difficulty of performing TELD will be magni-
fied, and the risk of nerve injury will increase as
well. In order to ensure operational safety, the
working cannulas are inserted under the monitor-
ing of C-arm X-ray fluoroscopy, which virtually
increases the radiation exposure of both patients
and doctors. Increasing studies have shown that
different doses of radiation exposure can induce
tumors, cataracts, cardiovascular diseases, etc.,
posing a serious threat to the health of patients
and medical staff [1].

Computer navigation technology is a manifes-
tation of minimally invasive and accurate medical
treatment. Navigation technology can accurately
locate the lesions, help to select the best surgical
approach reasonably, and effectively reduce sur-
gical injury and complications. According to the
space position of the instrument, the signals can
be divided into optics (infrared ray), magnetism
(electromagnetism), and acoustic (ultrasound),
and the corresponding navigation is called photo-
electric, electromagnetic, and acoustic navigation
systems, respectively [21-27].

The different navigation systems have diverse
advantages and disadvantages [2]: (1)
Optoelectronic navigation has the highest accu-
racy, but the signal may be blocked by surgical
instruments and operators, and it is expensive. (2)
Although ultrasound navigation has the advan-
tages of non-invasive, radiation-free, and real-
time tracking, it has not been widely used in
clinical practice. (3) Electromagnetic navigation
is not restricted by visual field and sightline,
especially suitable for minimally invasive spinal
surgery, but it is easily affected by environmental
ferromagnetic effects. Due to the poor penetrabil-
ity of ultrasound signals in bone, the guiding per-
formance of the deep spine and spinal canal
cannot meet the clinical requirements. The cur-
rent navigation applications used in spine surgery
are mainly optoelectronic navigation and electro-
magnetic navigation. Optoelectronic navigation
is traditional navigation. As a traditional naviga-
tion technology, photoelectric navigation has
strong anti-interference ability, stable signal, no

obvious influence on other equipment in an oper-
ating room, and low cost, but there are unfavor-
able factors such as large size and heavy
equipment. In addition, optical navigation may
cause navigation interruption through the block-
ing of light source by surgeons or surgical instru-
ments. Under the guidance of intraoperative
imaging (C-arm, O-arm), spinal surgeons per-
form operations based on their clinical experi-
ence and skills.

On the contrary, electromagnetic navigation is
a relatively new technology, which has the char-
acteristics of safe and accurate operation under
direct vision, ensuring the accurate and real-time
reproduction of intraoperative images. It is not
susceptible to light occlusion, has no blind area,
and can accurately record surgical procedures,
improving the accuracy and security of the spinal
surgery. Additionally, it is widely used in pedicle
screw implantation [20-25]. Hahn et al. [3]
implanted pedicle screws with the assistance of
electromagnetic navigation technology. In their
study, there were 37 (77.1%) thoracic pedicle
screws with maximum cortical penetration less
than 2 mm and only 9 screws with dislocation,
indicating that pedicle screws placement under
electromagnetic navigation is an ideal method.

Compared with other optoelectronic naviga-
tion systems, electromagnetic navigation has the
advantages of accurate positioning and no intra-
operative occlusion, and the continuity of opera-
tion is generally not disturbed. In addition, the
advantages of electromagnetic navigation sys-
tems are listed as follows: (1) The navigation
device is small in size and easy to move. A single
person can complete equipment preparation and
debugging, reducing the pressure of insufficient
operating room space as it is easy to transfer the
equipment within the operating room. (2) The
entire surgical area is located in the magnetic
field, and the objects that do not emit magnetic
field signals are not imaged, so it is unchalleng-
ing to use during the operation. There is no need
to adjust the direction of the instrument repeat-
edly, improving the operation efficiency and sav-
ing operation time. (3) Computer control is not
manual control, improving the operation simplic-
ity, accuracy, and stability. (4) It supports hot
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start, which can be closed or opened at any time,
thus avoiding the influence among systems. It has
no obvious impact on other equipment in the
operating room, and the accuracy of the system is
not affected by the various instruments found in
the operating room. (5) There is no need for ref-
erence to the environment installation and com-
missioning, no visual field barrier encountered
during operation, and is attributed to low infec-
tion rate [4].

TELD has the advantages of a bright and clear
surgical field, precise discectomy, and fewer
complications, albeit still with some limitations,
which include as follows: (1) The 2-dimensional
(2D) images under percutaneous endoscopy lack
depth perception. (2) The anatomical structure
under the endoscope is different from that of con-
ventional microanatomy, and lack of experience
can easily lead to localization deviation. (3) The
narrow operation space and the hand-eye sepa-
rated operation bring more difficulties to the sur-
geons. (4) Sometimes, it is difficult to stop
bleeding under a microscope, and the position of
endoscopy and surgical tools cannot be clearly
determined because of the blurred surgical field
of vision, which may warrant suspension of the
operation. However, the combination of TELD
and electromagnetic navigation can reduce the
difficulties caused by the above conditions, and
can also bring more assistance to doctors who
lack surgical experience by aiding in the reduc-
tion of the learning curve.

Electromagnetic navigation-assisted percuta-
neous endoscopic spinal surgery has the follow-
ing advantages: (1) Improving the surgical safety
and accuracy of lesion resection, which are ben-
eficial to the postoperative recovery of patients.
(2) It can determine the positional relationship
between intervertebral disc lesions and periph-
eral blood vessels and the range of decompres-
sion, effectively avoiding the damage of normal
tissue. (3) It is beneficial to individualized punc-
ture design, avoiding the key structural and func-
tional areas in the spinal canal, and reducing
surgical trauma. (4) Combined with percutane-
ous spinal endoscopy, it can expand surgical indi-
cations and effectively avoid trauma and
complications caused by routine open surgery.

However, the electromagnetic field may be
affected by iron during the operation, and elec-
tromagnetic navigation cannot be used if the
patient has iron objects intact. Additionally, the
locator must be fixed stable during operation, and
the accuracy of navigation will decrease if the
locator is unstable or shifted. Therefore, in order
to achieve more accurate and occlusion-free sta-
ble positioning, further studies are required.
However, with the miniaturization of magnetic
field transmitters and the improvement of the
accuracy of automatic recognition and registra-
tion of detectors, electromagnetic navigation is
expected to become one of the main gateways of
spinal surgical navigation.

There are some points for attention in electro-
magnetic  navigation-assisted TELD: (1)
Surgeons and relevant technologists should be
professionally trained and familiar with the oper-
ation process of a navigation system in order to
reduce the operation time of establishing naviga-
tion. With the accumulation of experience and
familiarity with a navigation system, the time to
establish navigation configuration will be gradu-
ally shortened, generally within five to ten min-
utes. (2) The electromagnetic navigation sensor
frame and needle positioner must be firmly fixed,
generally fixed on the adjacent surgical segment
spinous process. On the other hand, the depth of
K-wire insertion is required to reach 2 cm, so as
to avoid serious errors caused by image drift. (3)
Although the direction of puncture needle and
reamers and the depth of the insertion and the
position of the surgical tools can be monitored in
real time during the operation, surgeons should
still be familiarized with the anatomical struc-
tures under the microscope and should be careful
when operating around nerve roots and blood
vessels so as to avoid inevitable damage. (4)
Although electromagnetic navigation can largely
reduce the learning curve of PELD to young sur-
geons, navigation itself has a steep learning
curve. It is necessary to be fully familiar with the
applicable specifications of navigation and accu-
mulate the experience of 20-30 cases in order to
better combine electromagnetic navigation tech-
nology with TELD and improve the efficiency of
surgery.
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12.7 Conclusions

EM-based navigation-guided TELD is an effec-
tive and safe minimally invasive technology for
the treatment of various types of lumbar disc her-
niation. The TELD assisted by electromagnetic
real-time navigation is more accurate and safer,
as well as providing a reduction in X-ray radia-
tion damage. The new technique is especially
helpful for inexperienced spinal surgeons. Its
application prospect for the future is broad-
ranging, and EM-based navigation will further
promote the development of percutaneous endo-
scopic spinal surgery.
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