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Preface

Spinal neurosurgery is among the fastest-growing subspecialties in both neurosur-
gery and orthopedics. New spinal surgery techniques, equipment, and implants have
revolutionized spinal surgery in the past two decades. With the aging population
worldwide, surgical treatments for degenerative spinal disease will certainly become
more popular.

This book includes contributions from internationally renowned spinal surgeons
from more than 10 countries that reflect the status of spinal surgery in both develop-
ing and developed countries. Section 1 covers the ever-growing and popular mini-
mally invasive spinal (MIS) surgery techniques, including endoscopic spinal surgery.
This section provides a better understanding of when to use MIS decompression with-
out fusion to preserve motion and when to consider MIS-assisted fusion and fixation.
Section 2 deals with surgery for congenital spinal disorders, like neural tube defects.
Section 3 discusses the common procedures for spinal and peripheral nerve trauma.
Section 4 includes some miscellaneous spinal procedures and techniques, like spinal
rehabilitation, spinal surgery navigation, and some controversial topics like how to
manage complicated spinal metastatic lesions.

This book is a useful reference for surgeons or medical school students who are
interested in these spinal topics. It will improve knowledge and understanding of
spinal surgery. We would like to acknowledge the encouragement, motivation,

and assistance from the Beijing Municipal Administration of Hospitals Incubating
Program (PX2020039), Beijing, China, and Tsinghua Precision Medicine Foundation
(20219990008), Tsinghua University, Beijing, China. Finally, we would like to thank
IntechOpen and Publishing Process Manager Mr. Josip Knapic for his dedication and
hard work throughout the publication process.
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Beijing, China

Kiran Sunil Mahapure M.D. M.Ch

Pediatric Plastic Surgery Fellow,

University of Tennessee Health Science Centre,
Memphis, TN, United States






Section 1

Minimum Invasive Spine
Surgery/Endoscopic Surgery







Endoscopic Spine Surgery:
The Next Golden Standard
Technique in Spinal Surgeries

Ghazwan Abdulla Hasan and Mustafa Hayder Qatran

Abstract

Minimally invasive surgeries continue to advance at an immensely fast pace, moving
from open discectomy surgeries to microscopic ones using tubular systems, to do fusions,
to correct deformities, until we reached a place where we are tackling most spinal
pathologies in a minimally invasive fashion, For many spine surgeons, the field of spine
endoscopy, whether uniportal or biportal, is still unexplored, to some extent due to their
mastery in open and microscopic techniques, and to another extent the learning curve
that it takes to master endoscopic spine, as well as a lack in well-structured clearcut data
regarding its indications and limitations, and this chapter will hopefully shed the proper
lighting on the field of spinal endoscopy, making surgeons understand its utility in treat-
ing different pathologies, discussing the research and data comparing spinal endoscopy
with more traditional techniques, as well as understanding endoscopic spine surgery’s
learning curve, and how to overcome the timeline in mastering its basic techniques.

Keywords: spine endoscopy, interlaminar approach, transforaminal approach, MIS,
uniportal endoscopy, biportal endoscopy

1. Introduction

In the 70s, Hijikata, a Japanese surgeon, who was famous for performing diagnostic
discographies. He developed tubes to introduce this approach to the posterolateral
annulus under fluoroscopic control. He could incise the annulus, and, using pituitary
rongeurs; he could remove the nucleus of the disc in what he described to be a “percu-
taneous necluotomy”.

He published this procedure in the Japanese language. This was one of the reasons
why this procedure did not gain widespread attention among the surgical community,
but it was definitely the starting point [1, 2].

Forst and Hausmann [3] described the use of an arthroscope to visualize the con-
tents of the intervertebral disc in 1983, and the first description of an endoscopic dis-
cectomy by Kambin et al. followed soon after in 1988 [4]; however, a spine surgery still
stayed behind other specialties in the inclusion of indirect visualization. Nonetheless,
the need for less invasive spine procedures and surgeon drive to provide these solutions
and improve care quality has driven the global advancement of spinal endoscopy [5].
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And keeping up with such the swift pace and such great advances, spine surgeons
should be open and ready to tackle the field of endoscopic spine surgeries, as it is only a
matter of time (and research papers) that stand between us now, and between standard-
izing spinal endoscopy as a potential gold standard technique in most spinal pathologies.

2. Nomenclature of spinal endoscopy

The endoscope will be defined as a visualization device placed into the body with
an integrated working channel that provides a surgical corridor for tools to manipu-
late, ablate, and resect tissue [6].

There are two different approaches to divide the world on spinal endoscopy [7].

1. According to the property of the endoscopy used:

* A full endoscopic system (percutaneous endoscopic system), which is the most
commonly used system in endoscopic spine surgery, the working channel and
the optics being in the same tubular device with utilization of a monoportal
approach with continuous saline irrigation.

* A microendoscopic system, which is the second most frequently used endo-
scopic device, this category involves using a rigid endoscope (microendoscope)
attached to a tubular retractor with tissue dilators, which help minimize
muscle retraction, and unlike the other endoscopic systems; this system is not
a water-based procedure, and constant saline irrigation is not used. So it’s more
of a MIS microscope than an endoscope.

* Biportal endoscopic system, which is the third category of endoscopic spine
surgery, with separate optical and working channels. The endoscopic portal is
used for viewing the surgical field with constant saline irrigation, whereas the
instrumental portal is used for surgical instrumentation and procedure.

2. According to the method of approach:

* The transforaminal approach refers to a posterolateral minimally invasive
approach to the disc or epidural space through the foraminal window.

* Interlaminar approach, which is similar to the usual open or microscopic approach.
* Anterior/Posterior approach to the cervical spine.

* Caudal or trans-sacral approach.

So as the technology and techniques have advanced, the terminology used to
describe these procedures has developed organically and has become heterogeneous
and sometimes confusing to patients, providers, and payors [7]. Because of that issue,
a formal consensus regarding the proper naming of such newly developed procedures
had to be implemented to clear up the confusion and avoid any miscommunication.
This was why the AOSpine minimally invasive spine surgery taskforce developed the
definitions and nomenclature consensus in 2020 (Figure 1). They developed the concept
“full- endoscopic” to describe procedures performed with a working-channel endoscope.
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Endoscopic spine surgery (ESS)

Full-endoscopic decompression Endoscopy-assisted surgery

Anterior Inter/trans laminar Full-end ic lumbar di:
Transforaminal endescopic lumbar discectomy (TELD)
Interlaminar endoscopic lumbar discectomy (IELD)

Microendoscop f
discectomy (MED) endoscopic lumbar
interbody fusion

Amerior endascopic Thoracic i
E pic lumbar drscectomy (EELD) Microendoscopic
cenncal discectomy unilateral laminotomy for laminotomy (MEL) UBE fusion
(AECD) bilateral decompression - i
) Full-endoscopic foraminotomy
Posterior endoscopic (TE-ULBD) pic lumbar (TELF) il
‘;l"c‘c"' foraminctormy Interaminar contralateral endoscopic lumbar 2EEEL lateral mtef::d\' ;T:on
(PECF) foraminotomy (ICELF) (OLIF)
Unilateral biportal
Full-endoscopic lumbar lateral recess endoscopic (UBE)
. e
Transforaminal endoscopic lateral recess
decompression (TE-LRD)
Posterior endoscopic Transforaminal Interlaminar endoscopic lateral recess decompression
cenical discectomy endascopic thoraac (IE-LRD)
(PECD) discectomy (TETD)
Cenvical endoscopic Full-endoscopic laminotomy for bilateral
unilateral laminotomy for decompression
bilateral decompression Lumbar endoscopic unilateral laminctormy for bilateral
(CE-ULBD) decompression (LE-ULBD)
Figure 1.

The AOspine endoscopic spine surgery nomenclature consensus.

This distinguishes those procedures from “endoscope-assisted operations, where tools
are passed through trajectories separate from the working endoscopic channel [7] and
according to the consensus guidelines, the procedures are named according to the fol-
lowing formula:

Approach corridor/ Visualization/Segment of spine/Procedure

3. Clinical applications and outcomes

There are three important main indications in endoscopic spinal surgery:
* Discectomies.
* Spinal stenosis decompression.

¢ Fusions.

Let us begin by dividing the endoscopic indications according to spinal regions
and their approach:

3.1 Lumbar spinal endoscopy
3.1.1 Transformational lumbar discectomy
A. Indications:
* Soft lumbar disc herniation (LDH) of various types, the advancement in tech-
nology and experience, and its practical application have widened to include

migrated, recurrent, foraminal, extraforaminal, and even partially calcified
LDH (Figures 2 and 3) [8].
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Figure 2.
Sagittal MRI view of L2-3 soft disc herniation.

Figure 3.
Axial MRI view of L2-3 soft disc herniation.

B. Contraindications [8]

* Extensive migrated LDH.

Calcified discs.

L5-51 level (male patients, high iliac crests). (Relative contraindication as
expert level can do it)

* Multilevel pathology. (Relative contraindication as expert level can do it)
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* Spinal canal central stenosis.
* Spondylolisthesis or instability (Figure 4)
* Nerve root anomalies such as conjoined root.
* Profound motor deficit.
* Cauda equine syndrome.
C. Technique [9]:

* The patient is positioned prone on a radiolucent table with a pelvicand a
thoracic roll.

* The desired level’s midline, inferior, and superior vertebral plates are marked
under visualization of the image intensifier, and lateral markings to the
midline of 8, 10, and 12 cm will be the possible entry points.

* The patient is submitted to light sedation, and at the point of entry, an infiltra-
tion with local anesthetic without a vasoconstrictor is performed. The sedation
should be light since the patient must be aware of being alert if some nerve
root is stimulated during the procedure.

* The entire procedure is performed through the intervertebral foramen
between the exiting and traversing nerve roots (Kambin’s safety triangle)
without needing to resect bony or ligamentous structures (Figures 5 and 6).

* The intervertebral disc is punctured, and discography with methylene blue or
indigo carmine, associated with non-ionic contrast, is done.

* Through the guides, the endoscope is inserted into the intervertebral disc, and
an indirect intervertebral disc decompression is performed (Figure 7) (inside-
out technique), followed by a thermal nucleoplasty.

Figure 4.
Assessment of instability by flexion extension X-ray shows no contraindication to such approach.
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>

Epidural Space

Disc Space

Figure 5.
Disc extraction using the transforaminal approach.

(111w

Figure 6.
The endoscopic view in the transforaminal approach.

Figure 7.
Disc material after extraction by transforaminal approach.
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3.1.2 Transforaminal lumbar foraminotomy/ Transforaminal lateral recess
decompression

Until recently, tubular microdiscectomy was the golden standard surgical option
when it comes to dealing with degenerative stenotic pathological changes such as
superior articulating process (SAP) or ligamentum flavum (LF) hypertrophy, osteo-
phyte formation or associated dynamic or static instability [10], however, in recent
years the endoscopic approach has risen to be a strong competitor.

A. Indications:

* lateral recess/foraminal stenosis
B. Contraindications:

* Similar to the aforementioned contraindications.
C. Technique [8]:

* docking the port at the lower foramen (caudal surface of the SAP).

* The tip of the SAP is excised by reaming. It is done blindly under fluoroscopic
control with the medial pedicle line as the limit, and the giveaway feeling
suggests the completeness of bony resection. It, though, appears risky for early
endoscopy surgeons. However, there is a soft layer of capsule and ligamentum

flavum that is still between the reamer and the traversing root.

* Visualized endoscopic burred foraminoplasty can also be done, which is
apparently safe.

* exposed ligamentum flavum and capsule are removed

* For foraminal stenosis, the focus is on the cranial aspect of foramen and
removal of the tip of SAP, capsule, and ligamentum flavum.

¢ For the lateral recess stenosis, the caudal foramen is focused.

* Visualization of the pulsatile exiting nerve root is the end point of
decompression.

3.1.3 Interlaminar lumbar discectomy

A. Indications: (Soft LDHs that were technically inaccessible in the transforaminal
approach) [8, 11-13]

¢ L5-S1level with high iliac crest level.
* High-grade migrated disc herniation, either cranial or caudal direction.

 Calcified discs.
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¢ The sufficient interlaminar window between the cranial and caudal lamina
and the midline and mediodorsal borders of the inferior articular process
(IAP) measuring at least 6 mm.

¢ Central canal stenosis

* Ligamentum flavum hypertrophy

* Lateral recess stenosis and Foraminal stenosis (shared with transforaminal

approach)
* Synovial cysts.
* Hypertrophic facet.
B. Contraindications:
* General surgical contraindications.
C. Technique [9]:
* The patient is positioned in the prone position, on a radiolucent table, under
general anesthesia (In this technique, general anesthesia is necessary because it

is vital to move away from the neural root).

¢ The interlaminar window at the level is marked on the skin with the use of
X-ray, and a 1-cm longitudinal access is made near the midline.

* dilator is put in the interlaminar space
* the endoscope is inserted.

* musculature is dissected to the ligamentum flavum, which is opened to expose
the descending root and the epidural fat.

* The opening of the yellow ligament is a fundamental step during endoscopic
surgery by the interlaminar approach, to access the nerve structures and the
intervertebral disc.

* The nerve root is protected with a beveled cannula.

* The intervertebral disc is perforated and decompressed.

* At the end of the procedure, a thermal nucleoplasty is done.

3.2 Thoracic spinal endoscopy

A. Indications:

* Soft thoracic disc herniation in paracentral and lateral locations.
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B. Contraindications [14]:
* Neurological deficits and significant myelopathy
* History of previous spine surgery
* Multi-level involvement.

C. Technique resembles that of the lumbar spine approach.

3.3 Cervical spinal endoscopy

A. Indications [8, 15-17]:

* cervical radiculopathy due to disc herniation or foraminal stenosis.

¢ Contraindications [8]:

Calcified discs
* Severe compressive cervical myelopathy.
* Cervical segmental instability.
* Previous neck surgery.
B. Technique [9]:
Posterior approach:
* Prone positioning of the patient.
* The neck is extended and the head is fixed in place with tape.
* The arms are positioned towards the caudal on the body with gentle tension.
* Theline of spinal joints is marked X-ray (2 cm lateral from the midline).
* Insertion of the sheath with the dilator beveled opening.
* The dilator is removed.

* operation is performed under visual control and continuous irrigation with
saline solution.

* foraminotomy is done with resection of the lateral aspect of the ligamentum
flavum, and identification of the lateral edge of the spinal cord and branching
of the spinal nerves.

* Bipolar coagulation of the venous plexus.

o If disc herniation occurs, the nerves should be immobilized, and the herniated
disc material should be resected.

11
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* Depending on the pathology, the foraminotomy can be extended.
Anterior approach [18]:
* The patient is set in the supine position with her neck in slight extension.

* A3 cmanterolateral incision, centered at C/6 as localized using a radiographic image
intensifier, allowed exposure of the anterior spine medial to the carotid sheath.

* Under lateral fluoroscopic guidance, needle is inserted obliquely into each
affected disc.

* After guide-wire insertion, guiding rods and a dilating tube are then passed,
followed by a working cannula with an outer diameter of 4.8 mm.

* After resection of the margin of the uncinate process, the endoscope is then used
to visualize the disc.

* The posterior part of the nucleus pulposus is first partially removed with grasp-
ing forceps for preliminary decompression.

* The endoscope is then advanced to the posterior annular margin of the disc to
identify the target fragments, with particular care taken not to damage the nerve
roots or the dura mater.

So, what about other indications, such as fusion? In other words, can spinal endos-
copy expand its indications to fill the role of conventional open spine surgery? [19].

To answer that question, you must know that the development process of spinal
endoscopic surgery can be divided mainly into four generations (Table 1) [20].

* The first generation: the transforaminal approach

* The second generation is an interlaminar approach which was developed to
tackle herniations that were difficult to access with a transforaminal approach.

1st generation 2nd generation 3rd generation 4th generation

Endoscopy Uniportal Uniportal Uniportal/Biportal Uniportal/

systems Biportal

Indication Disc herniation Disc herniation Disc herniation Stenosis
Central stenosis Instability
Foraminal stenosis

Lesion Lumbar Lumbar Lumbar Lumbar
Thoracic Lumbar
Cervical interbody

fusion

Approach Transforaminal Interlaminar Posterior interlaminar Trans-Kambin

Transforaminal Posterolateral
Table 1.

The advancing genevation of endoscopic spine surgery.
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* The third generation, spinal stenosis could be approached. Moreover, endoscopic
treatment was possible the cervical and thoracic spine as well.

* The fourth generation endoscopic lumbar interbody fusion can be attempted.

Image-guided assistance is feasible and applicable in endoscopic spinal approach.

It will provide several advantages over conventional C-arm fluoroscopy.

On the other hand, the method is still heavy, time consuming, and might be
improved according to the radiological facilities [21].

4. Learning curve

It comes as no surprise that the field of endoscopic spine surgery, like any other
novel field in surgery, requires the surgeon to overcome the barriers that come along
the transition from open or microscopic spine surgery to more minimally invasive
yet technically demanding approaches, Therefore, to guarantee a successful transi-
tion from conventional open spine surgery to an endoscopic spine practice surgeons
should aim to [22, 23].

* Have a good fundamental grasp the pathophysiology of neurogenic pain
* Correlate surgical anatomy with symptomatic pain generators.

* Employ a staged management approach going from least invasive to most
invasive.

* Avoid doing fusions for pain management unless there is gross instability or
deformity.

When it comes to data entailing the number of cases in a learning curve, Hsu et al.
showed that the plateauing of the learning curve for the transforaminal approach
occurred around the 10th case [9, 24], Lee et al. reached a similar finding by observing a
significant reduction in the operative time after thel7th patient was treated by percuta-
neous endoscopic lumbar discectomy [9, 25]. At the same time, Choi et al. recommended
supervision by an experienced surgeon in the initial 10 cases to overcome the learning
curve for the interlaminar procedure at L5-S1 [9, 26] and the approximate cutoff point
of the learning curve of biportal endoscopy surgery was around 54 cases [27].

Therefore, certain considerations must be put in mind to tackle this learning
curve [22]:

* Define the patient target group.

* Identify endoscopic surgeries to learn.

* Attend professional and society meetings and courses.
* Practice in cadaver workshops.

* Identify mentors and observe live surgeries.
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* Employ reliable diagnostic prognosticators.

o Start with selective blocks.

* Then start with simple far lateral soft disc herniations.
* Expand to paracentral and central disc herniations.

* Expand to foraminal and lateral recess stenosis.

* Analyze outcomes and contribute.

* Present and publish your outcomes.

* Teach others and become a mentor.

And always remember that a learning curve is not an achievement curve, proper
guidelines and goal setting for education and training are more important than ever,
and it is necessary to discuss creating a consensus between endoscopic academic
societies and experts [28].

5. Complications and limitations
5.1 Dural tear

Dura tear rate is approximately 3% in endoscopic spine surgery [29, 30]. The rate
is higher in decompression and fusion than in discectomy.

To give a general estimation of the magnitude of such complications, let us look
at the study conducted by Lewandrowski et al. covering more than 64,000 cases of
spinal endoscopy; where the durotomy incidence was that of 1.07% [31].

Medium-sized dural tears (1-10 mm) were the most common (52.2%; 48/93). Small
pinhole durotomies (less than 1 mm) were the second most common type (46.7%;
43/93). Rootlet herniations were seen by 46.2% (43/93) of responding surgeons.

The posterior dural sac injury during the interlaminar approach (57%; 53/93)
occurred more frequently than traversing nerve-root injuries (31.2%) or anterior
dural sac (23.7%; 22/93).

Exiting nerve-root injuries (10.8%;10/93) were less common.

The majority of participating surgeons (64%; 57/89) reported that the long-term
outcome was unaffected. Only 18% of surgeons reported having seen the develop-
ment of a postoperative cerebrospinal fluid (CSF)-fistula (18%;16/89). However, the
absolute incidence of CSF fistula was only 0.025% (16/64 470).

Severe radiculopathy with dysesthesia; sensory loss; and motor weakness in asso-
ciation with an incidental durotomy were reported by 12.4% (11/89), 3.4% (3/89),
and 2.2% (2/89) of surgeons, respectively [31].

5.2 Vascular injury

Injuries to the segmental artery are the main concern.
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Segmental artery injury mainly occurs during transforaminal work, especially
when decompressing the exiting nerve root; because the segmental artery passes
under the exiting nerve root, this segmental artery injury may induce serious retro-
peritoneal hematoma [32, 33].

5.3 Infections

Discitis or any other SSI after lumbar endoscopic surgery is very rare.
One study reported an infection rate of 0.11% [32, 34].

5.4 Water irrigation-related neck and head pain

Postoperative raised ICP can occur secondary to high endoscopic saline inflow
and it can lead to cerebral edema and seizure, which can also be intraoperatively [35].
Prevention is key.

The ideal water pressure used is said to be around 30 mmHg (25-50 mmHg)

[29, 35, 36].

5.5 Hematoma

Kim et al. showed approximately 25% hematoma rate in biportal endoscopic spine
surgery, with only 1.2% requiring revision due to the hematoma.

Careful hemostasis is key to preventing postoperative hematoma formation. In the
presence of an increase in the neurological deficit of bilateral limbs postoperatively, a
low threshold for revision decompression and hematoma drainage is necessary [29, 37].

5.6 Postoperative dysesthesia

Postoperative dysesthesia is a common complaint.

Minimal dorsal root ganglion retraction is essential for preventing postoperative
dysesthesia. Kim et al. showed interlaminar contralateral approach has less postopera-
tive dysesthesia rate than transforaminal endoscopic lumbar discectomy [29, 38].

5.7 Missed fragments

Even in experienced hands, some herniations remain technically difficult. In
literature, huge central disc herniations and highly migrated disc herniations have
high failure rates [30, 39, 40].

The success of the procedure is attributed to proper preoperative planning based
on the MRI.

Avoidance of complications is enhanced by the ability to visualize normal and
pathoanatomy clearly, and use of local anesthesia and conscious sedation rather than
general or spinal anesthesia [41].

6. The future of endoscopic spine surgery

With advancements in implant and instrument technology and the incorporation
of robotic technology, surgical indications may be expanded into motion-preserving
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scoliosis surgeries, tumor resections, and more complex surgical procedures. As we
move towards a patient-centered and cost-effective healthcare model, we may see
endoscopic spine surgery become increasingly relevant to the future of spine surgical
practice with improved patient outcomes and decreased medical costs [42].

The reasons behind the hindered widespread acceptance and uptake could, in
part be the parallel explosions in other potentially more lucrative fields within spinal
surgery, such as instrumentation, expandable technologies, biologics, navigation, and
robotics [43] along with the unfamiliarity with the equipment and approach.

Over the few years, increasing recognition of the physiological footprint imparted
upon the patient by traditional open surgery, combined with a historically nihilistic
approach to operating upon the elderly and infirm, a population that often needs our
help the most, and traditionally negative public perceptions of spinal surgery, have led
to the rise of enhanced recovery after surgery (ERAS) programs, with endpoints of
reducing pain and narcotic consumption, hastening postoperative mobility and recov-
ery, improving patient satisfaction, and reducing the length of stay and costs [44, 45].

So all data suggests that there will be a decisive shift towards such techniques in
the upcoming years once we set up plans to overcome the difficulties, tackle the learn-
ing curve, and set up systemized training programs.

7. Conclusion

Spinal endoscopy is a minimally invasive procedure used to diagnose and treat
spinal disorders. It involves inserting a small camera and specialized instruments into
the spinal canal through a small incision in the skin. Spinal endoscopy is less invasive
than traditional open surgery, which can result in less blood loss, less pain, and faster
recovery times.

Recent advances in technology and surgical techniques have made spinal endos-
copy a safe and effective option for many spinal conditions. Spinal endoscopy is being
used to treat conditions such as spinal stenosis, herniated discs, and spinal tumors.

It has also been used in spinal fusion procedures and to address failed back surgery
syndrome.

While spinal endoscopy has shown promising results, it is not always the best
option for every patient or condition. The decision to use spinal endoscopy should
be made by a skilled and experienced surgeon who can evaluate each patient’s unique
needs and medical history.

The learning curve for spinal endoscopy can be steep, as the procedure requires
a high level of technical skill and expertise. The surgeon must be able to navigate the
instruments and camera through the narrow spinal canal while avoiding damage to
the delicate spinal structures.

Training in spinal endoscopy typically involves a combination of didactic instruc-
tion, observation of experienced surgeons, and hands-on practice in cadaveric and
animal models. Surgeons may also participate in live surgery courses and attend
conferences to develop their skills further.

In addition to technical skills, surgeons must thoroughly understand spinal
anatomy and pathology to perform spinal endoscopy safely and effectively. They must
also be able to recognize and manage potential complications, such as nerve damage
or cerebrospinal fluid leaks.

While the learning curve for spinal endoscopy is steep, many surgeons can
perform the procedure safely and effectively with appropriate training and practice.
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As with any surgical procedure, patient outcomes depend on the surgeon’s skill and
experience, as well as the patient’s medical history and condition.

The future for spinal endoscopy is bright, and it is a trend that every spine surgeon
should seek and a skill that each acquires.
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Chapter?2

Endoscopic Technique for

Multilevel Spine Degeneration
Based on 3 Column Theory: Do We
Need Fusion?

Aloysius Bambang Darwono and Volodymyr Radchenko

Abstract

Multilevel spine degeneration with deformity should be described in 3 column
theory of lumbar degeneration cascade to detect completely the degenerative damages or
deformers. Theory of degenerative spine deformity is a combination between 2 factors: 1.
spine stabilizer (disc, 2 facet joints, anterior and posterior longitudinal ligament, supra-
spinatus ligament, multifidus muscle) and 2. spine deformer (degenerative injury). The
common gold standard is to remove the deformer by open surgery, but this open surgery
will sacrifice the stabilizer, so it requires artificial stabilizer or fusion device. The concept
of minimally invasive endoscopic spine surgery is simply to remove the deformer while
retaining the stabilizer. After deformer are removed, the stabilizers will be reapplied, and
the deformity can be corrected naturally.

Keywords: endoscopy, spine degeneration, deformity, fusion, 3 column theory

1. Introduction

Surgery for treatment of multilevel spine degeneration with deformity, where are we
now: open surgery, minimally invasive spine surgery, fusion or non-fusion. In fusion
technique related to the nature of illness, the degenerative cascade will go to the adja-
cent level [1-7]. In non-fusion technique or decompression, the degenerative damages
should be removed completely related to the nature of illness [8-10].

The theory of nature of illness in spine degeneration and deformity, including the
nature of healing after surgery, will be discussed.

2. Three columns theory of lumbar degenerative

2.1 Cascade and classification

The axial stability is maintained along a vertical column system, three columns
from C2 to the sacrum. The anterior column is formed by the vertebral bodies and
discs, and the two posterior columns by posterior joints. Anterior column consist of
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vertebral bodies, discs, anterior, and posterior ligament. The articular facet joint and
flavum ligament are middle column, while the posterior column consist of spinous
process, inter- and supraspinatus ligament include multifidus muscle [11-14].

Three joint complex theory of lumbar degenerative cascade by Kirkaldy-Willis
et al. described the detail of pathologic changes of the disc and two posterior joints,
but this only describe the 2 vertical columns, anterior and middle column [15].
Christian Ingerslev Baastrup a Danish radiologist Copenhagen [16] described degen-
erative cascade of the posterior vertical column, pathologic changes on the spinous
processes in the lumbar vertebrae including the soft tissues between them which was
mentioned as kissing spine. His publication was supported by studies by Auckland
and Bristol study group (2010), described a breakdown of the inter-spinous ligament
and leading to a development of neo-arthrosis between adjacent spinous processes,
characterized by abutment, enlargement, sclerosis and bursa [12, 14, 16-18].

The new three columns theory of Lumbar degenerative cascade related to the
nature of illness of lumbar degeneration is built combining both theory to give a clear
understanding about lumbar degenerative process: that may start from either one of
the three columns, alone or together, starting from inflammatory to a compressive
reactions, change the bio-mechanic construct of the lumbar spine, single or multi-
levels and leading to a deformity or de novo scoliosis (Figure 1) [12, 14].

The new classification based on three columns theory of lumbar degenerative cascade
could give a complete description about the various individual cascade of lumbar degen-
eration, and has the consequence in the clinical application of evidence-based treatment
related to this theory: the justification of treatment for various individual cases will be
different. The classification should describe a complete assessment of the bio-mechanic
construct changes due to degenerative damages involving the three columns using the
radiologic parameters of dynamic lumbosacral x-rays and MRI studies and could show
the different cascade of each column. The grading classification consist of:

Grade 1, involve either one of the columns, each level in different cascade,

Grade 2, involve either 2 columns, each column or level in different cascade,

Grade3, involve 3 columns, each column or level in different cascade (Figure 2).

Purpose of this classification is to describe completely the bio-mechanic construct
changes due to degenerative damages, involving all column of mobile segment, each
column in different level and different cascade. It can be used as a guideline to fix and

Figure 1.
De novo scoliosis.
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Figure 2.
Proposed new classification.

reconstruct all the degenerative damages, specially in preserving the spine motion, as
an evidence-based consideration to justify the different methods of treatment for the
various cases of lumbar degeneration [14].

3. Degenerative spine deformity

Lumbar spine stability during the dynamic movement is supported by disc,
facet joint and strong ligament: anterior longitudinal, posterior longitudinal, and

Figure 3.
Spine stabilizer.
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supraspinatus ligament complex. According to Wolfgang Rauschning the supraspina-
tus ligament complex is not a ligament, but multiple tendon insertion of multifidus
muscle [10, 13, 14, 19-25]. All the above anatomy including the muscle are known as
spine stabilizer (Figure 3).

Anatomical changes due to degenerative damage occur in three columns: osteo-
phyte, hypertrophy facet, lamina, spinous process, canal stenosis, disc herniation,
disc narrowing, flavum in-folding and hypertrophy, kissing spine, kissing lamina, all
of these are known as deformer in degenerative cascade because it will dysfunction
the spine stabilizer (Figure 4) [14].

The degenerative spine deformity is a combination between two factors: spine
stabilizer and spine deformer, creating instability and deformity in the three col-
umns (Figure 5).

Figure 4.
Kissing lamina as deformer (courtesy of Rauschning).

Figure 5.
Deformity as combination of two factors.
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4. Option of treatment

The gold standard of treatment is open surgery or decompression to remove the
deformer, but anyway this technique will sacrifice some of the stabilizer and as a conse-
quence need to use artificial stabilizer or fusion to restabilize (Figure 6) [19, 20, 26, 27].

The question is, if the technique of surgery could preserve the stabilizer, does the
artificial stabilizer is needed. Minimally invasive spine surgery using endoscope was
developed to answer the question. A long evolution in developing this technology
starting from Hijikata 1970s, Parviz Kambin 1980s, Screiber, Suezawa, Leu using dis-
coscopy late 1980, Anthony Yeung transforaminal under continuous irrigation 1990s,
Sebastian Rutten interlaminar and application of arthroscopic technique 2000s.

The disruptive surgical technology of spine endoscope is from dry environment in
simple endoscopy to arthroscopic surgical dissection performed in the spine underwa-
ter with continuous irrigation and suction. Advantages of disruptive technology are:

* docking system and closed system irrigation, the water irrigation and suction
could be controlled better,

* the continuous water irrigation will create a better visibility in the surgical area,
reduce intra and postop bleeding and infection rate significantly,

* the range of approaches increased from pure transforaminal or posterolateral
to interlaminar, because rongeur, high-speed drills, other instruments could be
used and has a wider horizon of view.

* The current indication spectrum for lumbar, thoracic, and cervical applications
become wide and covers all types of degenerative (and other) pathologies, which
have been the domain of microsurgical techniques in the past.

The new concept of endoscopic surgical technique based on three columns theory is:

* Preserve the three columns spine stabilizers.

* Decompression to remove spine de-formators due to degenerative damage
constricting the spinal canal in three columns.

Figure 6.
Artificial stabilizer.
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* Decompression will naturally refunction the spine stabilizers and could reduce
the deformity without using artificial stabilizers.

* Deformity reduction is similar as the second decompression, because the best
decompression is deformity correction.

5. Cases

Case 1: Lady 83, Low back pain and sciatica, spine deformity, wheelchair case.
MRI show lumbar spondylosis with severe stenosis on L 3-4 and L 4-5. Treatment
by endoscopic decompression from interlaminar and deformity was corrected well
(Figures7 and 8).

Figure7.
MRI L 3-4, L 4-5, before and after endoscopic treatment.

Figure 8.
Deformity corrected.
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Case 2: Lady 62, Low back pain and sciatica with deformity, on MRI lumbar spon-
dylosis L 2-3, 3-4, 4-5. Deformity was corrected after decompression by endoscopic
interlaminar (Figures 9 and 10).

Case 3: Lady 55, low back pain and sciatica with deformity, claudication, wheel-
chair case. On MRI lumbar spondylosis and severe stenosis L 4-5. Deformity correc-
tion after endoscopic decompression interlaminar (Figures 11 and 12).

Figure 9.
MRI L2-3, 3-4, 4-5 before and after surgery.

Figure 10.
Deformity corrected.

Figure 11.
MRI before and after surgery L 4-5.
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Figure 12.
Deformity corrected.

6. Conclusion

Spine is a life tissue and has the nature of healing after surgery that should be well
supported. The new classification of spine degeneration describe all deformer of
spine degeneration in three columns. Degenerative spine deformity is a combination
of 2 factors: spine stabilizer and deformer. Removing all deformer could support the
function of spine stabilizer to reduce the deformity. The disruptive technology of
endoscopy using arthroscopic concept for the spine could remove all deformer while
retaining the spine stabilizer. After deformer is removed, the stabilizer will be reap-
plied and the deformity can be corrected naturally.
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Chapter 3

Endoscopic Transforaminal
Lumbar Interbody Fusion
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Abstract

One of the most common surgical cures for lumbar degenerative illnesses is
lumbar fusion. Traditional open lumbar fusion is often used in clinical settings and
has positive clinical results. However, there are some disadvantages of the traditional
open approach, such as tremendous surgical invasiveness and a high risk of complica-
tions in the perioperative period. The gold standard for minimally invasive surgical
techniques in recent years has been minimally invasive transforaminal lumbar inter-
body fusion (MIS-TLIF). With the advancement of full-endoscopic spine surgical
techniques, endoscopic lumbar surgery has rapidly developed from simple discectomy
to decompression of spinal stenosis. Currently, the endoscopic lumbar interbody
fusion procedure has been performed. On the basis of adequate spinal canal decom-
pression and dependable interbody fusion, endoscopic lumbar interbody fusion
could reduce surgical invasiveness and improve patient recovery. In this chapter, we
will give a brief introduction to the advance in endoscopic transforaminal lumbar
interbody fusion, focusing on the indication, technical aspects, clinical effectiveness,
safety, fusion devices, and novel techniques that could be applied in the near future.

Keywords: endoscopic, transforaminal lumbar interbody fusion, percutaneous,
minimally invasive, biportal

1. Introduction

Since the first description of endoscopic transforaminal lumbar interbody fusion
(TLIF) by Leu et al. in 1997 [1], this technique has undergone more than 20 years
of evolution. Concerns have centered on the efficacy and safety of endoscopic TLIF
for neural decompression and solid interbody fusion. Numerous studies have dem-
onstrated the efficacy of endoscopic TLIF in relieving low back and leg pain and
enhancing the quality of life [2, 3]. Some research has also reported a high incidence
of surgical complications, such as nerve root injury, cage migration, and pseudarthro-
sis, which have been the obstacles to the further development of endoscopic TLIF [4].

Surgeons from all over the world have conducted valuable explorations, including
the innovations of endoscopic instruments and improvements in surgical technique.
These advancements have increased the effectiveness and safety of endoscopic TLIF,
allowing it to be applied as a routine procedure of minimally invasive spine surgery.
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In this chapter, we will give a brief introduction to the advance in endoscopic TLIF,
focusing on the indication, technical aspects, clinical effectiveness, safety, fusion
devices, and novel techniques that could be applied in the near future.

2. Surgical Indications and Stepwise selection
2.1 Surgical indications

Discogenic low back pain, lumbar foraminal or lateral recess stenosis with seg-
mental instability, and Meyerding Grade I-II degenerative/isthmic spondylolisthesis
should be the indications for endoscopic TLIF.

2.2 Stepwise selection of indications

According to the technical demanding level, the risks of complications, the con-
trollability of operating time, and the surgeon's proficiency in endoscopic techniques,
a stepwise selection of indications for endoscopic TLIF should be considered.

Single-level and unilateral diseases that do not require radical nerve decompres-
sion, such as discogenic low back pain, lumbar segmental instability, Meyerding
Grade I lumbar spondylolisthesis, and unilateral symptomatic lumbar lateral recess
stenosis, should be selected in the early stages of implementing endoscopic TLIF.

Surgeons with sufficient experience in endoscopic decompression and fusion
techniques could choose to treat lumbar disc herniation or lumbar spinal stenosis
requiring unilateral decompression at double segments or bilateral decompression at
single segment, as well as Meyerding grade II lumbar spondylolisthesis.

After proficiently mastering endoscopic fusion techniques, surgeons could choose
more challenging lumbar diseases, such as revision surgery for postendoscopic
decompression.

For lumbar ossification-related disorders with cauda equina syndrome or revision
surgery for postoperative segmental instability, endoscopic TLIF should be performed
with caution. However, as endoscopic techniques and instruments continue to
advance, the indications for endoscopic TLIF may be expanded.

3. Technical aspects
3.1 Percutaneous endoscopic transforaminal lumbar interbody fusion

Percutaneous endoscopic transforaminal lumbar interbody fusion (PE-TLIF) is
performed while the patient is prone under general anesthesia or low-dose epidural
anesthesia combined with local anesthesia. Using C-arm fluoroscopy, the lumbar
segment is validated. After placing the functional conduit through Kambin's triangle,
the endoscope system is connected. Under endoscopic observation, the ligament
flavum is dissected, and the superior articular process (SAP) is excised with micro
scissors or a burr drill. Then, the lateral spinal canal is decompressed, and the nerve
root that traverses the canal is released. Endoscopic confirmation that the traversing
and exiting nerve roots are protected from the working channel is followed by the
discectomy and removal of the cartilaginous endplates. After the endplates have been
sufficiently prepared, the endoscope is removed and the 7 mm PEEK or titanium
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expandable fusion cage is inserted through the working channel under radiography.
The endoscope is used to examine the spinal canal and foramina to ensure that the
nerve root is relieved. Using the radioscopic device, four pedicle screws are percutane-
ously implanted into the predetermined locations. Inserting two rods and tightening
the screw-rod attachment. The epidermis is sutured, and the position of the fasteners
and cage is re-evaluated using a C-arm fluoroscope.

3.2 Surgical innovations in PE-TLIF contributed by the authors
3.2.1 Safe vemoval of the superior articular process

The authors innovated in the safe removal of the SAP, as an innovative concept
[5, 6]. In brief, syringe needles are used to identify the pedicle positions. Four inci-
sions (5 mm) are made and then 4 primary guide pins are inserted. The depth is deter-
mined by fluoroscopy. The inferior primary guide on the hypothetically symptomatic
side is confirmed as the first guide pin. At the end of the first guide pin, the specially
designed oriented SAP resection device is installed. With the aid of this device, a
secondary guide pin is percutaneously inserted into the SAP (Figure 1). After remov-
ing the guide, a 12-mm skin incision is made along the secondary guide pin. Dilating
and protection cannulas are inserted progressively with the help of a secondary guide
pin. While soft tissues and nerves are protected by the protection cannula, the part of
the SAP is excised and taken out using a ring saw (Figure 2).

The primary benefit of this method is its ability to safely and effectively resect
SAP. The design of the oriented SAP resection device is based on the relatively con-
stant anatomical relationship between SAP and pedicles in the lumbar spine, allowing
the removal of a portion of SAP without nerve damage when the standard procedure
is followed.

Figure 1.

Guide pin insertion under fluoroscopy. (A) The primary guide pin (left), whose front end is threaded and can
be firmly fixed in the pedicle, and its position are readily identifiable under fluoroscopy; the primary guide pin
is percutaneously inserted into the vertebral pedicle and rotated to fix (right). (B—C) C-arm anteroposterior
and lateral fluoroscopy confirms that the primary guide pin penetrates the pedicle and that the upper thread
edge is below the dorsal lateral level of the superior articular process. (D) Physical view of the specially designed
SAP guider; the first and second guide pins are connected by a connecting arch, and the angle and depth of the
second guide pin's perforation can be adjusted on the connecting arch. (E-F) C-arm anteroposterior and lateral
fluoroscopy confirms that the second guide pin is attached to the superior articular process's posterior aspect.
Reproduction permission was acquired from Yin et al. [5]. Originally published by and used with permission from
Dove Medical Press Ltd.
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Figure 2.

A-F: Resection method of the superior articular process: the hook-shaped protective sleeve clings to the lateval
cortex of the superior articular process, reaches the ventral side of the articular process, protects the exiting nerve
root and can control the cutting depth of the trephine at the same time, protects the dura mater and nerve root,
and votates the trephine to remove the superior articular process.

In the meantime, the hook-shaped device in front of the cannula for SAP resection
could limit the depth of incision, thereby preventing trepan-cutting of the nerve root
and dura mater.

3.2.2 Innovative surgical instruments for intervertebral space handling

The authors developed a set of innovative surgical instruments for intervertebral
space handling, including a width-adjustable intervertebral chisel and various nerve-
protecting sheaths. These tools could assist the surgeon in precisely placing surgical
instruments and endoscopes into the intervertebral space, facilitating safer and more
precise operations (Figure 3).
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Figure 3.

Intgervertebml space handling by the working sleeve. (A) Bone grafting channel with double tongue-shaped
nerve-protecting sheaths. The tongue flaps are at the front end, one is long and the other is short; the tongue flap
is designed according to the working sleeve tilted at 45°; the long tongue flap is used to protect the dura and nerve
root in the spinal canal; and the shovt tongue flap is used to protect the exit nerve roots; they could simultaneously
protect the traversing nerve root and the exiting nerve root outside the bone grafting channel. (B) The 4.5 mm
straight and elbow rongeur are used to remove disc tissue. (C—D) Rongeur is used to remove the intervertebral disc
tissue and confirm the position of the rongeur to ensure adequate vesection of the disc.

3.2.3 Height-adjustable interbody fusion cage

The authors designed a height-adjustable interbody fusion cage, which could
withstand greater motion and compressive loads, with its functionality remaining
normal even under a 3000N compressive force [5]. Although its implantation channel
requires an 8 mm working channel, larger than the B-Twin intervertebral fusion cage's
minimum 5 mm channel, the round front end of the adjustable intervertebral fusion
cage is more prone to be implanted. The maximal height of 13 mm after expansion
could enhance the tension of the longitudinal ligament and annulus fibrosus while
decreasing the risk of vertebral body fracture due to excessive expansion. The adjust-
able intervertebral fusion cage is designed with the characteristics of parallel expan-
sion and a 3°~8° lordosis angle, which could not only consist with the stability of the
superior/inferior endplates but also meet the sagittal lordosis requirement of lumbar
spine. Moreover, its tapered sawtooth cross-section can reduce the risk of fusion cage
migration (Figure 4).
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Figure 4.

Bone graft and interbody fusion cage implantation. (A—C) Height-adjustable cage, the autogenous bone, and
allogenic bone are prepared for implantation. (D—E) The height-adjustable fusion cage is positioned at the center
of the interbody space in the anteroposterior radiograph, and the leading edge reaches the position of the iliac crest.
(F) The height-adjustable cage is confirmed in a satisfactory position under endoscopy. Nerves are not compressed
by bone graft. Reproduced with permission from Yin et al. [5]. Originally published by and used with permission
from Dove Medical Press Ltd.

3.3 Unilateral biportal endoscopic transforaminal lumbar interbody fusion

UBE-TLIF combines the benefits of open and endoscopic surgery. UBE-TLIF is
performed while the patient is prone under general or epidural anesthesia. All decom-
pression and interbody fusion procedures are carried out utilizing a biportal endo-
scopic system. Briefly, the installation of watertight draperies and the establishment
of portal sites under fluoroscopic guidance. Two ipsilateral skin incisions are made in
the paramedian region, one centimeter above and one centimeter below the midpoint
of the intervertebral space, as well as on the ipsilateral medial border of the pedicle. In
the left-sided approach, the upper orifice serves as the endoscopic portal, whereas the
lower hole is the functional portal. After making two small incisions in the epidermis
and fascia, adequate portals are created using serial dilators. Using a specialized
lamina dissector inserted through the working portal, the lamina is then dissected.
During the procedure, an endoscopic irrigation system is utilized, and irrigation fluid
is drained from the endoscopic portal to the working portal. If the irrigation flow is
inadequate, a small endoscopic retractor can be utilized to enhance the flow, ensure
adequate visibility, and reduce soft tissue edema. Using a radiofrequency coagulator,
further osseous dissection and control of hemorrhage are performed. Using a tubular
retractor and a microscope, the UBE-TLIF technique is comparable to the MIS-TLIF
technique. Endoscopic burrs and Kerrison punches are used to conduct ipsilateral
hemilaminectomy. After adequate ipsilateral decompression, the ligamentum flavum
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is removed by decompressing the contralateral sublaminar portion with sublaminar
drilling. Using endoscopic burrs and osteotomes, a unilateral facetectomy is then
conducted to harvest autograft bone. Complete exposure of the ipsilateral and
contralateral nerve roots should be confirmed. Using pituitary forceps and reamers,
the disc is radically removed after complete dorsal decompression. Under endoscopic
observation, the cartilaginous endplate is removed completely using curettes. Under
fluoroscopic guidance, bone fragments from the lamina and facet are impacted into
the disc space, and an interbody fusion cage containing bone grafts and fusion mate-
rial is inserted. The procedure concludes with the insertion of additional percutane-
ous pedicle screws and a drain catheter to prevent epidural hematoma.

4. Clinical effectiveness and safety

The main criteria for evaluating endoscopic TLIF remain clinical outcomes, com-
plications, operating time, and surgical invasiveness. Compared to the conventional
MIS-TLIF, a well-established endoscopic TLIF should present comparable clinical
outcomes, complication rate, and operating time. In addition, it should result in less
invasiveness, less estimated blood loss, and improved postoperative recovery.

4.1 Clinical outcomes

A large amount of research has confirmed that PE-TLIF, UBE-TLIF, and MIS-
TLIF all have the capacity to achieve satisfactory clinical effects, with no significant
differences in mid- to long-term outcomes. Several meta-analyses have reported that
both PE-TLIF and UBE-TLIF are superior to MIS-TLIF in early relief of low back pain,
especially within three months after surgery; however, there is no significant differ-
ence between the alleviation of leg discomfort and the enhancement of the Oswestry
Disability Index [7, 8]. These results suggest that endoscopic TLIF could achieve
adequate nerve decompression, with less ischemic damage to paraspinal muscles,
ligaments, and posterior soft tissue.

4.2 Complications

In the early stages of application, the complication rate of endoscopic TLIF
procedures was relatively high. In 2013, Jacquot et al. reported a complication rate of
36.8% in 57 cases of PE-TLIF surgery, mainly including nerve root injury and cage
migration, and 13 cases (22.8%) required revision of surgery [9]. With advancements
in endoscopic instruments and surgical techniques, the incidence of complications in
endoscopic TLIF has decreased dramatically in recent years. A recent meta-analysis
showed that the incidence of complications in PE-TLIF was 10.1%, which is close to
that of MIS-TLIF (12.7%); the incidence of complications in UBE-TLIF (7.8%) was
also similar to that of MIS-TLIF (7.1%) [8, 10]. The most common complications are
dura tear, nerve injury, endplate injury, and screw misplacement. Most of the compli-
cations are mild in symptoms, which can be improved with conservative treatment.

4.2.1 Dural tear and nerve injury

Dural tear and nerve injuries are the most common complications of endoscopic
TLIF surgery. In the literature, the incidence of these complications is 0.1-8% for
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PE-TLIF and 3-10% for UBE-TLIF, which is slightly higher than that in MIS-TLIF

[11]. Endoscopic TLIF surgery may have a high risk of exiting nerve root irritation;
however, the majority of these complications occurred during the initial phases of the
learning curve and diminished as proficiency increased. Local anesthesia or general
anesthesia with neuromonitoring may be an effective measure to reduce the risks of
nerve injury.

4.2.2 Cage subsidence/migration

Cage subsidence or migration is a common complication in endoscopic TLIF
surgery, with a slightly higher incidence than MIS-TLIF. Apart from osteoporosis,
endplate injury is the culprit for cage subsidence. Intraoperatively, if the cage could
not be implanted parallel to the endplate, the risk of endplate injury may increase. It
is also important to note the bleeding from cancellous bone, which indicates injury to
the bony endplate. Literature reports that in the early stages of PE-TLIF, the incidence
of cage migration is 2 to 4%, while it is less common in UBE-TLIF [12, 13]. This may
be due to the limited size of the instruments used, resulting in lower efficiency and
insufficient handling of the intervertebral space.

4.2.3 Hematoma

According to previous studies, the incidence of postoperative hematoma in UBE-
TLIF is higher than that of PE-TLIF, with an incidence of about 4% [14]. This may
be due to the need to dissect more soft tissue and remove more bony structures in
UBE-TLIF. The continuous fluid irrigation in the water-based endoscopic system may
also impact the operation of hemostasis, causing an increased rate of postoperative
hematoma. Active bleeding during the operation could be controlled by bipolar radio-
frequency ablation, and hemostatic materials could be used to reduce the hemorrhage
associated with epidural veins and bone surfaces.

4.2.4 Systemic complications

Research shows that the incidence of infection in endoscopic TLIF procedures
is lower than that in MIS-TLIF, which may be attributed to the less invasiveness of
endoscopic lumbar fusion surgery [15]. In terms of other systemic complications such
as urinary retention, pneumonia, pulmonary embolism, and deep vein thrombosis,
the endoscopic TLIF also presents a significantly lower incidence than MIS-TLIF. This
may be related to enhanced recovery and early ambulation after endoscopic lumbar
fusion surgery.

4.3 Operating time

Most literature reports a longer operating time in endoscopic TLIF procedures
than that in MIS-TLIF [8]. The most time-consuming aspect of endoscopic lumbar
fusion surgery is the handling of intervertebral space and endplate preparation.
Although the improvement of endoscopic instruments has significantly increased
the efficiency of these procedures, intraoperative evaluation of the endplate prepara-
tion status still requires a considerable amount of time. Unlike MIS-TLIF, which only
requires palpation to assess the status of endplate preparation, endoscopic surgery
needs additional visual observation or fluoroscopy to clearly ensure it.
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4.4 Surgical invasiveness

MIS-TLIF necessitates extensive paraspinal muscle dissection and removal of the
facet joint, partial lamina, and ligamentum flavum, whereas endoscopic TLIF aims
to preserve these structures while ensuring adequate operative space, thereby signifi-
cantly reducing surgical invasiveness. Both PE-TLIF and UBE-TLIF were shown by
meta-analysis to substantially reduce intraoperative estimated blood loss compared
to MIS-TLIF [8, 10]. In patients undergoing endoscopic TLIF, postoperative drainage,
blood loss, and inflammatory indicators (e.g., C-reactive protein) were all reduced,
and they also experienced a significantly shorter duration of ambulation and dis-
charge from hospital. These effects of enhanced recovery after surgery are attributed
to less invasiveness by endoscopic lumbar fusion surgery.

5. Learning curve

The learning curve for endoscopic TLIF is relatively long, and surgeons are
required to have proficient endoscopic decompression experience before perform-
ing endoscopic lumbar fusion. In 2019, Kolcun et al. reported a case series of 100
consecutive patients undergoing PE-TLIF [16]. Complications occurred in four cases
but three of which were developed in the initial stage of applying this procedure. Xu
et al. suggested that at least 54 cases of endoscopic decompression were needed before
performing UBE-TLIF [17]. Based on our experience, it is necessary to perform 20-30
endoscopic decompression procedures before the transition to more complex cases
requiring lumbar interbody fusion.

6. Selection of fusion cages

In the early stages of endoscopic TLIF, the fusion process involved only interbody
bone grafting, which resulted in a high incidence of postoperative bone graft absorp-
tion, displacement, and pseudarthrosis. As of now, fusion cages combined with
autologous or synthetic bone implants are regarded as the gold standard. Based on
the categories of materials used for fusion cages, they can be classified into metallic
materials, polymer materials, and biomaterials.

The main types of metallic materials applied in endoscopic spine fusion cages
are titanium alloys, which exhibit good mechanical properties and stability,
making them suitable for the 3D printing of personalized and expandable fusion
cages. However, metallic fusion cages have several disadvantages, such as a high
elastic modulus, a high risk of subsidence, and metal artifacts, which can impact
fusion status assessment. Polymer materials, such as polyetheretherketone (PEEK)
and carbon fiber reinforced polymer (CFRP), are characterized by bone tissue-
matched elastic modulus, low-stress shielding, and no artifacts. Additionally,
fusion cages made of polymers can be designed into different shapes, such as bul-
let- or kidney-shaped, which are appropriate for endoscopic lumbar fusion surgery.
Degradable polymers, such as polycarbonates, have excellent biocompatibility;
however, the clinical application is limited by their high brittleness, long bone
healing time, and adverse reactions caused by degradation products. Biomaterials,
such as allogeneic bone, can shorten the duration of fusion but their low mechani-
cal stiffness is not conducive to maintaining intervertebral height. Currently,
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expandable fusion cages made of titanium alloys or nonexpandable fusion cages
made of polymer materials are the main alternative for endoscopic lumbar fusion
surgery, but clinical trials with large sample sizes and long-term follow-up are still
required.

Although there are various types of fusion cages, the safety of implantation
procedures should be ensured. Fusion cages could be implanted through expandable
channels and in the guidance of wires or tracks. Among the fusion cages that are
commonly used, the size of titanium alloy expandable devices is relatively small, and
they can be directly implanted through an endoscopic protective sheath tube. When
passing through the Kambin triangle, expandable fusion cages have the least impact
on nearby nerves, thus presenting high neuro-safety.

7. Fusion rate

According to clinical research, the fusion rate of endoscopic TLIF is comparable
to that of MIS-TLIF. The fusion rate was 95.0% (360/379) and 94.9% (451/457)
for patients undergoing PE-TLIF and MIS-TLIF, respectively [10]. The fusion rate
between UBE-TLIF and MIS-TLIF is also comparable. However, some studies have
indicated that the endoscopic TLIF would require more time to achieve fusion status
than MIS-TLIF, with a fusion rate of 85.3% at 12 months for PE-TLIF and 92.3% for
MIS-TLIF [2]. This discrepancy may be due to the continuous irrigation of bone
surfaces with saline during endoscopic lumbar fusion procedures. Bone graft bed
quality, bone graft material, fusion cage design, fusion status assessment criteria, and
length of follow-up are all related to fusion success. Bone morphogenetic protein-2
has the potential to greatly increase the pace of fusion and decrease the time needed
to achieve a fusion state.

8. Advanced techniques and future

Attributed to the development of imaging technologies and computer science,
digital/intelligent surgery and implants would be the future of spine surgery.
Robotic-assisted systems, mixed reality, and artificial intelligence (AI)-based surgi-
cal planning and implant design are expected to deeply integrate with endoscopic
TLIF surgery. These techniques could further reduce surgical invasiveness, improve
surgical efficiency, decrease the risks of neurological and vascular complications, and
provide lower radiation to patients.

8.1 Robotic-assisted system

In the realm of spine surgery, a robot-assisted system is predominantly utilized
for pedicle screw placement, presenting increased accuracy and diminished radiation
exposure compared to traditional fluoroscopy [18]. Despite the similarities to O-arm
navigations, a robot-assisted system could provide more precise physical guidance for
surgeons to execute the surgical plan. Endoscopic lumbar fusion requires recurrent
fluoroscopy for percutaneous pedicle screw insertion because the entry points of the
pedicle screw are not visible. Therefore, the role of robotic-assisted surgery is more
significant in endoscopic TLIF, and the safety and efficacy of the robot-assisted sys-
tem in PE-TLIF have been well-validated by Chang et al. [19]. With the advent of an
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autonomous robotic system, decompression and facetectomy by a robot in endoscopic
TLIF may be realized in the near future.

8.2 Mixed reality

Mixed reality (MR) technology is a combination of virtual reality and augmented
reality, which anchors 3D hologram into the physical object and establishes an
interactive feedback loop between the virtual and real world. In surgery, with the MR,
a 3D anatomical model based on patients’ imaging data could be seamlessly integrated
into the real surgical site, enabling surgeons to have a 3D vitalization and get real-time
interaction. MR has been applied in various spine surgery, mainly for pedicle screw
fixation [20]. Although it is similar to conventional navigation, MR is more adequate
to facilitate synchronization between the image and the surgical field. Butler et al.
reported the first case series of 164 patients with percutaneous pedicle screw fixation
under the MR system [21]. In this study, only 3 minutes and 54 seconds were required
from registration to placement for each screw, and high accuracy was achieved.
Therefore, with the development of display and wearable devices, MR has the poten-
tial to be routinely used in endoscopic TLIF in the future.

8.3 Artificial intelligence-based surgical planning and implants design

A variety of Al automatic surgical planning and implant design systems for spine
surgery have been reported. Caprara et al. employed an Al preoperative planning
system to find the optimized pedicle screw trajectories by maximizing the CT-derived
bone mechanical properties [22]. Recently, Ma et al. developed an innovative CT
image-based Al technique for screw trajectory planning, including components of
automatic vertebral detection, auto-simulation of pedicle screw placement, bone
mineral density estimation, and screw pull-out simulations [23]. The optimized
trajectories demonstrated significantly higher bone mineral density and pull-out
force than the conventional trajectories, which would especially benefit patients
with osteoporosis. Similarly, Al automatic design system for fusion cages was also
developed. In addition to morphological matching, the fusion cages designed by this
system have personalized biomechanical adaptability. Compared to titanium alloys
or PEEK fusion cages, it possesses a more gradual stepwise elastic modulus, which
matches the bone strength of patients. It is no doubt that the Al-based surgical plan-
ning and implant design system would provide more appropriate and personalized
surgical planning for each patient, and it would have an important role in endoscopic
TLIF surgery to further improve clinical outcomes.

9. Conclusion

Endoscopic TLIF requires proficiency in endoscopic decompression techniques as
a foundation, coupled with a deep understanding of open fusion surgery or the MIS-
TLIF technique. Surgeons should strictly select appropriate indications and choose
suitable endoscopic lumbar fusion procedures based on their technique level and case
characteristics, with an emphasis on surgical safety, effectiveness, and long-term
clinical outcomes. Although the current limitations of endoscopic TLIF include a long
learning curve, a lack of long-term interbody fusion outcomes, and the absence of
standardized surgical procedures, the future prospects for endoscopic TLIF will be
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better with the improvement of endoscopic instruments, bone graft materials, imag-
ing technologies, and Al system.
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Chapter 4
Foraminoplasty

Pablo Pagzmirio

Abstract

The lumbar foraminoplasty is a novel surgical option for appropriately indicated
patients, and high success rates have been reported in the literature. Complications
and failures are often associated with patient indications or technical variables, and
the goal of this chapter is to assist surgeons in understanding these factors.

Keywords: lumbar foraminoplasty, foraminoplasty, radiculopathy, stenosis,
foraminal stenosis, foraminotomy lumbar degenerative disc disease, lumbar disc
herniation, herniated disc

1. Introduction

Spine surgeons are confronted with several surgical approaches when managing
lumbar stenosis and radicular pains which have not responded to conservative treat-
ment options. There are several conventional approaches to addressing foraminal
stenosis, each facing specific challenges in the operative setting. Often in order to
perform a sufficient foraminal decompression surgeons must balance the resection of
a considerable amount of the overlying facet joints, with the need to preserve and
maximize their bony architecture in order to ensure postoperative spinal stability. In
fact residual foraminal stenosis has been shown to be a leading cause of failed back
surgery syndrome [1]. Moreover, there are other potential long term drawbacks with
the standard decompression ranging from the development of instability,
postlaminectomy syndrome, neuropathic pain, residual disc, persistent pain, and the
degeneration of adjacent segments [1-3]. During a standard foraminotomy instru-
ments can only reach a specified distance within the neuroforamina, and this often
leads to an incomplete decompression Video 1a, https://drive.google.com/file/d/1b9-
zjYYhP_EsOKEB_Qmo-HsWe-p037TvS/view. In efforts to reach far lateral pathology
standard instruments could potentially excise more of the facet joint than required,
which could inadvertently lead to long term segmental instability. Ahuja et al. have
demonstrated that a resection of 30% of the facet joint led to an increase in
mediolateral spinal mobility [4, 5]. The same study found that an excision of 45% of
the facet joints resulted in an increase of segmental instability in both anteroposterior
and mediolateral planes, which was compounded with bilateral resections [4, 5].

In patients with symptomatic lumbar neuroforaminal stenosis, there has been a
growing enthusiasm towards definitive management in the form of a foraminoplasty
with a microblade shaver [6-10]. In essence the lumbar foraminoplasty is a reshaping
and restructuring of the neuroforaminal arch using a flexible microblade shaver

47 IntechOpen



Frontiers in Spinal Neurosurgery

Figure 1.
The lumbar foramina prior to reciprocations with neuvoforaminal stenosis and the microblade shaver in place.

Figure 2.
The foraminoplasty involves a foraminal decompression through a remodeling of the neuroforaminal arch with a
thin microblade shaver.

(Spinal Elements, Carlsbad, California) Figures 1 and 2 and Video 1b, https://drive.
google.com/file/d/1VnbEUGulOeyiY CglgFkSAxwFOMKH1UNV/view; https://drive.
google.com/file/d/1474vZSCOC3gRnhcICipt1fYkH80_OH6p/view; https://drive.
google.com/file/d/InremJQLLeceyb15qJLozVvOtAVyvKksz/view and Video 1c,
https://drive.google.com/file/d/1sFq3vwLhxOoUXF1QV3qJwE3sG_HAfFvQ/view.
This is performed in conjunction with neuromonitoring and fluoroscopy, which max-
imizes neural safety while providing live onscreen visualization as the neural arch is
expanded and remodeled. Foraminoplasty with a microblade shaver provides the
unique opportunity to perform a full foraminal decompression along the entire length
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and width of the superior articular process. Lauryssen et al. compared traditional
decompression techniques with the microblade shaver in order to discover any iatro-
genic insults which could later lead towards the development of segmental instability
[9]. Using quantitative image CT scan analysis they determined the microblade shaver
excised less laminar bone, less bone from the central canal, and less bone from the
structural pars compared with traditional decompression methods. Moreover they
found the foraminoplasty decompressed and reshaped the foramina in an
anteroposterior plane, as opposed to the traditional medial to lateral plane, while
simultaneously increasing the neuro foraminal volume. Compared to traditional
instrumentation the microblade shaver was also found to have resected less facet
width, facet cross sectional and facet surface area from both nondiseased and stenotic
spines [9, 10]. This procedure has been demonstrated to be a safe and effective means
of treating single or multiple level lumbar neuroforaminal stenosis by several studies
as well as from the United States Food and Drug Administration [6, 8-10].

1.1 Facet joint biomechanics and degeneration

Morphologically the spinal facets are paired diarthrodial joints with opposing
articular cartilaginous surfaces that provide a low friction environment which are
designed to guide and constrain motion while dispersing loads [11-14]. Anatomical
studies have demonstrated that contact is not uniform across the lumbar facet articu-
lar surfaces [15-18]. Specifically the regions being contacted vary in accordance to the
given loading scenario and activity. This in turn influences the overall architecture
and creates unique distortions along the surface of the individual facet joints [15, 19].
In addition to mitigating compressive loads along the spine, spinal facet joints also
provide torsional constraint, and impedance to shear. The orientation of the facet
bony articular pillars serve to resist vertebral translation. Peripherally the capsular
ligaments and synovial lining help limit joint distraction. Ultimately spinal degenera-
tion fundamentally leads to an alteration along the avascular layer of hyaline cartilage
and the development of osteoarthritis. Initially this is marked by the development of
microtears along the superficial cartilaginous surface, which leads to fibrillation along
the periphery and the evolution of ulcers spanning the superficial and transitional
zones. Exposure of the deep cartilaginous zone threatens the underlying subchondral
bone and in direct response there is a development of cysts, osteophytic bone spurs
and a calcification of the facet joint capsule [20-22]. The ensuing ligamentum flavum
and facet joint bony hypertrophy gradually begins to compromise the neuroforaminal
volume, leading to varying degrees of stenosis.

2. Methodology
2.1 Indications

Surgeons interpret the severity of neuroforaminal stenosis through the lens of their
own training, expertise, and experience. For surgeons addressing the foramina begins
with developing an awareness of the locus of the pathology and then deploying
various tactics either percutaneous, or open to decompress the foraminal obstruction.
While indications for foraminoplasty and foraminal decompression are always in a
state of flux certain considerations can be made to this point.

Foraminoplasty Inclusion Criteria:
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Lumbar foraminal pathology at one or more levels (from L1 to S1) requiring
surgical treatment and involving intractable radiculopathy, and/or back pain.

Lumbar disc pathology at one or more levels (from L1 to S1) requiring surgical
treatment and involving intractable radiculopathy, and/or back pain.

Herniated disc and/or osteophyte formation that is producing symptomatic nerve
root and/or thecal sac compression. The pathology correlates directly with
documented findings on patient history and exam (e.g., back pain with concordant
leg pain, functional deficit and/or neurological deficit), and the requirement for
surgical treatment is confirmed by imaging studies (e.g., MRI, CT, x-rays, etc.).

Subadjacent facet cyst pathology at one or more levels (from L1 to S1) requiring
surgical treatment and involving intractable radiculopathy, and/or back pain.

Must be at least 18 years of age and be skeletally mature at the time of surgery;

Advanced degeneration and/or enlargement of the facet joints on the back of the
spine.

2.2 Contraindications

50

Often with lumbar foraminal pathology a simultaneous fusion based implant
may be warranted, so for the purpose of this chapter we will set our focus on
contraindications specific to the foraminoplasty.

Advanced abnormal changes such as bony collapse at the proposed surgery level.

Pars defect and/or fracture such that foraminoplasty can lead to further
instability

An active systemic infection or infection at the surgical site.

An unnatural shape (e.g. hyperkyphosis deformity, hyperlordosis deformity) of
the back.

Documented or diagnosed lumbar instability relative to adjacent segments at
either level, defined by dynamic (flexion/extension) radiographs showing:

Sagittal plane translation >3.5 mm

Previously diagnosed with osteopenia or osteomalacia.

Previously diagnosed with diagnosis of osteoporosis

If the level of bone mineral density is a T score of —1.5 or lower

Presence of spinal metastases and/or primary tumors along the spinal column.

Overt or active bacterial infection, either local or systemic.
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* Chronic or acute renal failure or prior history of renal disease.

* Received drugs or therapies that may interfere with bone metabolism within 2 weeks
prior to the planned date of spinal surgery (e.g., chemotherapy, radiation, steroids or
methotrexate), excluding routine perioperative anti-inflammatory drugs.

* History of an endocrine or metabolic disorder known to affect osteogenesis (e.g.,
Paget’s Disease, renal osteodystrophy, Ehlers-Danlos Syndrome, or osteogenesis
imperfecta).

* A condition that requires postoperative medications that could interfere with
postoperative healing/stability such as steroids, chemotherapy, or radiation.
(This does not include low-dose aspirin for prophylactic anticoagulation and
routine perioperative anti-inflammatory drugs).

* A history of heterotopic ossification

* Abnormal anatomy which could necessitate supplemental procedures i.e.
Conjoined nerve root, Tarlov Cysts

* History of a prior failed or attempted foraminoplasty at the proposed arthroplasty
level.

3. Implants
3.1 Microblade shaver implants

The disposable microblade shaver comes in a variety of widths (5.5 mm, 7.5 mm,
10 mm, 12 mm) which can allow for a customized decompression of the given
neuroforamina Figure 3 and Video 2, https://drive.google.com/file/d/1BJVSFnid_
oXpfKfXyy06VLNRHvoGskZC/view?usp=sharing. Along the entire length of the
microblade is a flattened bezeled surface designed to run safely against the ventral

: 'Ql'!ﬂ"!l.l" !. 'PT
Iil i'.'n"-- 11 111!

4 -u_

Figure 3.
The disposable microblade shaver comes in a variety of widths (5.5, 7.5, 10, and 12 mm) which can allow for a
customized decompression of the given neuroforamina.
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aspect of the neuroforamina inclusive of any neurovascular structures. Each stainless
steel shaver has a narrow distal tapered section, to allow for a gradual foraminal entry.
The mid aspect of the microblade contains a chamfered surface with both bone and
ligament cutting teeth designed to manually grind away any deterrent pathology.
While performing sequential reciprocations the transition from smooth to barbed
cutting teeth is tangible and as such allows the surgeon to confine the working zone to
a distinct intended area.

4. Surgical rationale and decision making
4.1 Implant placement and rationale

The sequence of implantation should be considered well in advance in order to
limit unnecessary complications. Based on the imaging, pathology, and the patient’s
symptoms the decision should be made to either proceed with a laminotomy or a
full laminectomy. It should be noted that a foraminoplasty with a microblade
shaver provides the unique opportunity where through one laminotomy aperture
the surgeon can address the exiting and traversing nerve roots of both the ipsilateral
and contralateral sides Figure 4 and Video 3, https://drive.google.com/file/d/
1a7EKR4T-y4xp]90979evwACiGhxMJWRW/view?usp=sharing. However, if used in
conjunction with a full laminectomy then the microblade shaver should be sequen-
tially placed ipsilaterally within each individual neuroforamina to perform each
foraminoplasty.

Figure 4.

It should be noted that a foraminoplasty with a microblade shaver provides the unique opportunity where through
one laminotomy aperture the surgeon can address the exiting and traversing nerve roots of both the ipsilateral and
contralateral sides.
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5. Surgical technique and pearls
5.1 Patient positioning

The patient should be positioned prone on the operative frame, with the abdomen
slightly elevated off the bed to allow for decreased intra abdominal and epidural
venous pressure. The shoulders and arms should be abducted 90 degrees and raised
overhead to allow for intraoperative fluoroscopic visualization. Once all bony promi-
nences are padded, a wider than normal surgical prep and drape should be performed
to allow sufficient room for potential guidewire egress Figure 5.

5.2 Surgical approach and foraminoplasty
5.2.1 Sequence of implantation

A standard laminotomy or laminectomy is performed to provide initial access to
the neuroforamina. If a microdiscectomy is needed at the index level, it should be
performed prior to foraminoplasty as the procedure will result in bleeding bony
surfaces which may later serve to obstruct visualization. Prior to implant insertion in
the laminotomy, it is first necessary to confirm adequate clearance for the intended

Figure 5.

A wider than normal surgical prep and drape should be performed to allow sufficient room for potential guidewire
egress. Here the surgical drape is cut and folded backwards. Later in the procedure this will allow for sufficient
room to visualize the guidewire as it exits the skin laterally.
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shaver. This can be ascertained by placing a Woodson dental within the laminotomy
defect and confirming a 360 degree clearance around the perpendicular post of the
instrument handle Figure 6 and Video 4, https://drive.google.com/file/d/1f6_550hf
WIOGSbYSELtEniVgTmmzMP6r/view?usp=sharing. If there are still aspects of the
hemilaminae abutting the post of the instrument then, prior to microblade insertion, a
wider laminotomy should first be performed. Once sufficient clearance has been
obtained the ipsilateral or contralateral probe is placed through the laminotomy and
into the neuroforamina. During entry the probe should make direct contact against
the bone, as if scraping the undersurface of the facet joints as it is being inserted into
the neuroforamina. This maneuver provides tactile confirmation the probe was kept
in a dorsal plane upon foraminal entry which provides an initial safeguard against any
potential ventral nerve entrapment. Fluoroscopic imaging confirms exact placement
of the probe within the neuroforamina at the intended position. Placement of the
probe within the inferior third of the neuroforamina is recommended to avoid the
more cephalad neural elements, while maximizing decompression of the superior
articular process. A guidewire is placed through the hollow probe and exits the skins
laterally. The hollow probe is subsequently removed leaving the guidewire in place,
which will serve to establish the eventual trajectory of the microblade shaver. Next the
guidewire is connected to the neurocheck device which will be used to localize the
position of the nerve within the foramina. The banded neurocheck is a radiopaque
flexible flat 2 sided channel bipolar array with an active central region bordered by
proximal and distal markers visible under fluoroscopy. Once in the neuroforamina the
banded neurocheck device resembles a parabola under fluoroscopy. Its ideal position
is with the proximal marker at the nadir of the curve, thus ensuring the active region
is securely centered within the neuroforamina Figure 7. Once in position the
neurocheck device is designed to provide distinct dorsal and ventral measurements in

Figure 6.

Prior to insertion of the microblade shaver, sufficient clearance can be confirmed by first placing a Woodson dental
probe within the laminotomy defect inside the neuroforamina. If there is a 360 degree clearance avound the
perpendicular post of the instrument handle then there will be sufficient clearance for the microblade shaver.

54



Foraminoplasty
DOT: http://dx.doi.org/10.5772/intechopen.1001457

order to help pinpoint the exact location of the nerve. These readings are then compared
in relation to each other in order to confirm the neural elements lie safely in a plane
ventral to the shaver’s intended path. The microblade should only be inserted once the
dorsal neurocheck reading measures a difference of 3 mA (milliamperes) greater than
the corresponding ventral measurement. If the reading is equal to or less than 3 mA then
the guidewire should be completely removed and the entire process should be repeated
in a new position within the foramina to ensure neurovascular safety.

5.2.2 Measuring intraoperative width

Fluoroscopic imaging can be used to determine the expected width of the microblade
shaver. The neurocheck device is 4.1 mm wide and can be easily visualized within the
neuroforamina on the lateral fluoroscopic image Figure 7. The width of the microblade
shaver is selected based on which size can sufficiently reach and therefore decompress the
most cephalad tip of the superior articular process. Therefore an extrapolation of
neurocheck’s size can be applied towards determining which size microblade shaver (5 mm,
7.5mm, 10 mm and 12 mm) the neuroforamina can most comfortably accommodate.

5.2.3 Microblade placement

The neurocheck device is removed and the guidewire is then attached to the
microblade shaver, which is slowly introduced into the neuroforamina. As the device

Figure 7.

Once in the neuroforamina the neurocheck device bends into a parabolic shape and is visible under fluoroscopy.
The ideal neurocheck position is with the proximal marker at the bottom of the parabola’s curve, as this ensures the
active bipolar region is securely centered within the neuroforamina. Dovsal and ventral readings are obtained and
compared with each other. If the dorsal reading is 3 mA (milliamperes) greater than the ventral reading then this
confirms the neural elements are ventral to the intended path of the microblade shaver. The reference guideline of
3 mA is based on data compiled from the initial successful treatment of over 8000 neuroforamina. Fluoroscopic
imaging can be used to determine the expected width of the microblade shaver. The neurocheck device is 4.1 mm
wide and its size can be applied towards determining which size microblade shaver (5, 7.5, 10, and 12 mm) can
be inserted.
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is guided into position within the neuroforamina attention is placed towards any
potential neural activity or irritation. A pre reciprocation fluoroscopic image is
obtained and saved for later comparison. The microblade shaver is then pulled dor-
sally against the neuroforamina, and if there is no neural activity, gentle reciproca-
tions are performed. During consecutive oscillations a tactile feeling of where the
cutting teeth are centered within the device can help control bony resection and
ultimately limit blood loss.

5.2.4 Measuring the amount of facet resection

During the foraminoplasty the goal is to maximize the overall neuroforaminal
volume by maximizing the ligament and bony resection while in essence recreating
the neuroforaminal arch. The neuroforaminal arch spans the inferior third of the
neuroforamina and is comprised of the curvature formed by the superior border of the
pedicle and the ventral cortical limb of the superior articular process. The
neuroforaminal arch is biomechanically designed to tolerate multiaxial, translational,
compressive and torsional forces Figure 8. Bony outgrowth in the form of facet
hypertrophy can inadvertently compress the neuroforamina and lead to differing
grades of neuroforaminal stenosis. In order to limit bony resection, prior to recipro-
cations the original contour of the neuroforaminal arch can be estimated, and the
foraminoplasty should conclude as the shaver nears this boundary Figures 9-11. The
pre reciprocation fluoroscopic image is saved and compared to imaging obtained from
sequential reciprocations until the neuroforaminal arch, and therefore a sufficient
volume of the neuroforamina, has been restored Video 5, https://drive.google.com/
file/d/1k8wFSAWeuPBwc4ArN8YsqrFgVPRZbRpK/view and Video 1b, https://drive.
google.com/file/d/1VnbEUGuIOeyiY CglgFkSAxwFOMKH1UNV/view; https://drive.
google.com/file/d/1474vZSCOC3gRnhcICipt1fYkH80_OH6p/view; https://drive.
google.com/file/d/InremJQLLeceyb15qJLozVvOtAVyvKksz/view.

Figure 8.

The neuroforaminal avch spans the inferior thivd of the neuroforamina and is comprised of the curvatuve formed
by the superior border of the pedicle and the ventral cortical limb of the superior articular process. The
neuroforaminal arch is biomechanically designed to tolerate multiaxial, translational, compressive and torsional
forces.
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Figure 9.
In ovder to limit excessive bony resection, prior to reciprocations the orviginal contour of the neuroforaminal arch
can be estimated.

Figure 10.

Prior to any reciprocations an initial image is saved and will be used to compare against with sequential images.
Mentally the surgeon makes an approximation of the neuroforaminal arch (Blue curved line) on the fluroscopic
image.

5.2.5 Complications

As the microblade shaver has been incorporated into mainstream clinical practices,
the literature remains somewhat limited in regards to its long term results, efficacy
and complications. Overall the incidence of neural and vascular complications com-
pare favorably to the rates seen with standard means of decompression [23, 24]. The
incidence of surgery-related complications in the initial 59 patients treated was found
to be 5.1% [6]. Dickinson et al. described a 3.4% incidence of nerve complications
ranging from transient “paresthetic” foot pain (n = 59, 1.7%), worsening of sciatic
pain, and a postoperative weakness of the decompressed nerve (n = 59, 1.7%) [7].
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Figure 11.

The pre reciprocation fluoroscopic image is compared to sequential images until the neuvoforaminal arch and
therefore a sufficient volume of the neuroforamina has been vestored (Double headed red arrow). Several images
should be obtained throughout the surgery and the foraminoplasty should conclude as the shaver nears this
boundary. If the shaver touches the arched boundary line then an inadvertent facetectomy could be performed.

pageser—==1

Figure 12.

Preoperative Lumbar Sagittal MRI Demonstrating some decreased height and signal intensity at the L4-L5 and
L5-S1Disc concomitant disc herniation.
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When poor neurocheck signals were obtained the flexible shaver system was aban-
doned in favor of a traditional decompression [6]. A recent series evaluated 31 con-
secutive patients with a mean age of 54.6 years and the procedure was performed with
a neural mapping SentioMMG system. Buraimoh et al. detailed a 9.7% rate of transient
numbness postoperatively, with 3.2% complaining of transient hypersensitivity pain
and no postoperative motor deficits [25]. The composite nerve complication rate was
12.9%.With widespread use reports of complications have ranged from dural tears,
post-surgical hematomas, infections, neural complications, paresthesias, foot drop,
and fractures of the articular process [26, 27].

5.3 Case study

61 year old female presents with lumbar complaints which are 80% bilateral leg
pain and 20% low back pain. The radiculopathy is rated 6 to 8 out of 10. The radicular
pains are more severe in the right leg. The patient has tried and failed a course of
conservative measures inclusive of transforaminal epidural injections, physical ther-
apy, bracing, acupuncture, and Nonsteroidal anti inflammatories. Lumbar MRI dem-
onstrated a considerable amount of Central stenosis, Right and Left sided Foraminal
Stenosis Figures 12-14. Her diagnosis for neuroforaminal encroachment leading to
radiculopathy was confirmed by three separate L4-5 transforaminal epidural steroid
injections performed a minimum of 2 months apart. L4-5 central decompression and
foraminoplasty was performed bilaterally through L4-5 laminotomies without com-
plication Figures 15 and 16. Postoperatively the patient noted a resolution of both
back pain and radiculopathy and returned to regular activities including work within 3
months. She remained asymptomatic at her 1 year postoperative appointment.

6. Case study

51 year old male presents with lumbar complaints which are 70% Right leg pain
and 30% low back pain. The radiculopathy and back pains are both rated 8 out of 10.
The patient has tried and failed a course of conservative measures inclusive of physical
therapy, bracing, acupuncture, and Nonsteroidal anti inflammatories. Lumbar MRI

Figure 13.
Left Parasagittal Lumbar MRI of Lumbar 45 demonstrates Severe neuroforaminal stenosis and central stenosis as a
result of ligamentum flavum hypertrophy and facet joint hypertrophy.
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Figure 14.
Right Pavasagittal Lumbar MRI of Lumbar 45 demonstrates Severe neuroforaminal stenosis and central stenosis as
a vesult of ligamentum flavum hypertrophy and facet joint hypertrophy.

Figure 15.

Prgzeciprocation Lateral Fluoroscopy: The microblade shaver is slowly inserted into the neuroforamina and a
lateral vadiograph is obtained. The baseline anteroposterior foraminal depth is delineated by the white refevence
lines depicting the anterior aspect of the microblade shaver in velation to the posterior mavgin of the vertebral body.
Note the decreased neuroforaminal volume present.

demonstrated a considerable amount of Right sided Foraminal Stenosis and a large
disc herniation Figures 17-19. His diagnosis for right sided neuroforaminal encroach-
ment leading to radiculopathy was confirmed by three separate transforaminal epi-
dural steroid injections performed a minimum of 3 months apart. First a
microdiscectomy was performed at L5-S1. Then a foraminoplasty was performed on
the right side through the same laminotomy without complication Figures 20 and 21.
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Figure 16.
PostReciprocation Lateral Fluoroscopy: The foraminoplasty is performed under live fluoroscopy or with sequential

lateral imaging. There is a notable increase in the anteroposterior neuroforaminal depth and volume.

Figure 17.
Sagittal MRI of L5S1 demonstrating decreased signal intensity with a large extruded fragment lodged posterior to

the sacval one vertebral body.
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Figure 18.
Right Parasagittal Lumbar MRI demonstrates Severe Lumbar 5-S1 neuroforaminal stenosis.

Figure 19.
Axial MRI demonstrating central stenosis and severe facet joint hypertrophy causing neuroforaminal stenosis along

the lateral recess with extension into the foraminal zone.
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Figure 20.
PreReciprocation Lateral Fluoroscopy: Following the microdiscectomy, the microblade shaver was slowly inserted

into the neuroforamina and a lateral radiograph is obtained. The baseline anteroposterior foraminal depth is
delineated by the anterior aspect of the microblade shaver in relation to the posterior margin of the vertebral body.
Note the decreased neuroforaminal volume present.

Figure 21.
PostReciprocation Lateral Fluoroscopy: The foraminoplasty is performed under live fluoroscopy or with sequential

lateral imaging. There is a notable increase in the anteroposterior neuroforaminal depth and volume.
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Postoperatively the patient noted a resolution of both back pain and radiculopathy
and returned to regular activities including work within 6 weeks. He remained
asymptomatic at his 1 year postoperative appointment and the final flexion and
extension plain films demonstrated no segmental instability.

7. Conclusions

There has been an association of decreased lower back pains in the majority of
patients who have undergone the microblade foraminoplasty and this may represent
important areas for further study [25, 28-30]. The statistically significant improve-
ment in VAS and ODI scores postoperatively may be attributed towards the removal
of painful bony architecture, or an incidental disruption of the medial branch fibers of
the posterior ramus which can occur during the foraminoplasty.

In clinical practice the progression of radiculopathy from foraminal stenosis is of
great concern. With properly indicated patients, meticulous preoperative planning,
and sound surgical technique, lumbar foraminoplasty offers an excellent surgical
option for many patients with symptomatic foraminal stenosis. Foraminoplasty
performed in conjunction with fluoroscopy provides an effective means of defini-
tively controlling the extent of the foraminal decompression while directly visualizing
the foraminoplasty as it occurs under live fluoroscopy. Moreover the decompression
can be performed in concert with neuromonitoring in order to maximize neural safety
while maintaining the overall strength and integrity of the newly reconstructed
neuroforaminal arch.
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Abstract

Spinal degenerative diseases are common in physical activity practitioners and even
athletes and may require surgical intervention. A great training routine, especially at
young ages may lead to raised chances of spine degeneration and back pain. However,
endoscopic spine surgery (ESS) seems to be a viable alternative, especially in the case
of athletes, as recovery time and time away from the play are much shorter than in
open surgery. Open surgery requires longer hospitalization time, has higher rates of
infection, and, consequently, longer recovery time. Athletes and practitioners of physi-
cal activity can benefit from ESS as it is a minimally invasive procedure, with less tissue
damage and shorter recovery time, which in many cases has the same benefits as open
procedures for spinal disorders, but often with a shorter return to play (RTP) time.

Keywords: athletes, physical activity, spine degeneration, endoscopic spine surgery,
back pain

1. Introduction

Physical activity has been seen as beneficial in spinal health, but spinal overuse
has been associated with degenerative pathologies in the athletes and practitioners of
some types of physical activity populations [1]. Degenerative pathology of the spine
may be associated mainly with competitive sports activities [2] probably because
of the placement of heavy loads on the intervertebral discs involved in some sports
modalities. Due to this fact, athletes and practitioners of physical activity in some
sports modalities have an increased predisposition to disc herniations because these
heavy loads may predispose them to a raised risk for degenerative disc disease [3].

The treatment for symptomatic disc herniations in athletes is the same as in the
non-athletic population [3]. Treatment of lumbar spine problems usually starts with
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conservative treatment, when there is no red flag sign or symptom, such as reduced anal
sphincter tone, hyperreflexia, hyporeflexia or areflexia, lower extremity muscle weak-
ness, and saddle anesthesia [4]. Conservative treatment can be composed of treatments
such as physiotherapy, acupuncture, and pharmacological treatment. Medications usu-
ally involve nonsteroidal anti-inflammatory drugs and may include muscle relaxants if
the athlete is undergoing muscle spasms [5]. In case of failure of conservative treatment
and sufficient patient morbidity, surgery may be required [5, 6].

However, postoperative rehabilitation after spine surgery is another challenge.
Some authors suggest that for the athlete over the age of 60 who underwent spine
surgery, it is possible but not probable to RTP (return to play) in the previous level of
athletic activity. Those under the age of 60, they should be able to RTP at a moderate
level of sports participation [6]. This may be due to the damage to the back muscle
[7]. For this reason, defining the ideal surgical approach is fundamental for the
athletes’ livelihood [8]. In this population, the minimally invasive spine procedures
(MISP) may be welcome because they have been suffering rapid development
because they confer less muscle crush injuries; pain; prevent soft tissue stripping,
including muscles and ligamentous structures; confer decreased blood loss, bony
resection, and hospitalization; besides they can promote high patient satisfaction
and absence of arthrogenic inhibition due to the small incision and tissue adhesion
due to scarring [9, 10]. Regarding the advantages of these procedures, the litera-
ture confirms the efficiency and efficacy of MISP concerning morbidity and safer
complication profiles [9].

The RTP capability is frequently measured as a success factor in the athlete and
practitioners of physical activity populations [3]. RTP is progressive according to the
improvement of symptoms [5, 11, 12]. Some authors recommend that individuals are
able to RTP if they have a full painless range of movement, the capability to preserve
a neural spine position during specific exercises, control, endurance, and return of
muscle strength [5, 11].

There are just a few case reports about ESS in athletes and no study or case report
about ESS in practitioners of physical activity and for this reason, the aim of this
chapter is to discuss the role of ESS in athletes and practitioners of physical activity
through a literature review about the application of ESS in athletes and the role of
physical activity in the context of ESS.

2. Advantages, indications, and techniques in the context of ESS

The increasing improvements in spine surgery over the last decades progressively
reduced the size of skin incisions and gave rise to spine minimally invasive surgery
[13, 14]. Yeung gave rise to ESS by developing microdiscectomy, percutaneous nucle-
otomy, and tubular discectomy with the use of tubular dilators. Finally, he introduced
a multichannel endoscope with saline irrigation and a camera [13, 15].

The new surgical intervention methods aim to produce better functional preserva-
tion and faster recovery [16]. Endoscopic techniques provide a minimal approach
while maximizing functional visualization and correction of pathological tissues [17].
In this context, the main method for the treatment of diseases such as lumbar disc
herniations (LDH), cervical stenosis, thoracic disc herniations, and revision surgeries
in different vertebral segments is ESS [8, 10, 18]. ESS may offer many advantages over
other surgical approaches [19]. It involves minimal muscle dissection and a small inci-
sion [7, 20] while effectively treating spinal stenosis and/or disc herniation [8, 21, 22]
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and due to this fact, it can be performed under sedation and local anesthesia, which
facilitates communication between the patient and the surgeon, so the surgeon can
have the intraoperative feedback and improve safety during spinal surgery, besides
the shorter recovery time and fewer side effects [23, 24].

Some of the benefits of the endoscopic approach are: decreased blood loss, shorter
hospitalization, reduced postoperative pain, improved functional status, lower
infection rates, improved biomechanical stability, absence of arthrogenic inhibition,
reduced collateral damage, preservation of facet joint, better cost-effectiveness,
and low risk of surgery-related morbidity [8, 10]. As a result of a great decrease in
approach-related tissue damage, ESS is also related to low rates of perioperative
complications [8, 25], with current estimates ranging from around 3% to 9.76%

[8, 18, 26]. These features lead to faster rehabilitation for patients [27]. Regarding all
these benefits, the ESS approach for spinal canal decompression is becoming a good
option for athletes and practitioners of physical activity instead of traditional open
surgical approaches [8] because biomechanical stability and postoperative time to
recovery are critical points for the athletic population and all these benefits make

this surgical approach adequate to athletes and practitioners of physical activity [8].
Biomechanical stability contributes to the control of postural and core stability and
consequently to more effective functional movements specific to some particular
sports [28]. The postoperative recovery time is a critical situation in terms of athletes’
performance and financial terms since this population in general has sponsors. The
result in general needs to be quick to meet the expectations of the athlete, the club,
the sponsor, the family, and the fans. Furthermore, when compared with open
discectomy and microdiscectomy, the ESS outcomes are similar to open spine surgery
in terms of symptomatic relief [8] but with lower overall complications according to
recent publications [13, 29]. Concerning professional athletes, ESS could be con-
sidered the ideal surgical intervention because of the minimum damage to the back
muscles due to the use of small tubular retractors [7]. Previous studies on this topic
appear to confirm the premise that minimization of approach-related tissue damage
may help rehabilitation and increase functional recovery [8, 30-34]. Non-surgical
treatments may improve RTP rates, but there is no consensus about this topic and
more studies are necessary to better guide the treatment [35]. Another factor to be
considered is that athletes have differentiated muscle conditioning, which can help in
the recovery of the individual. Because of this differentiated muscle conditioning, the
athlete will RTP much faster than the general population. It is worth bearing in mind
that injured athlete usually receives care from various providers during rehabilitation
and generally have a better commitment to their rehabilitation, due to the factors
mentioned above [36]. Due to the development of better endoscopic equipment, new
endoscopic approaches were developed, and the number of indications also increased
during the last two decades [10], so this minimally invasive treatment is possible.
Nowadays, endoscopes can provide optimal visualization, reducing the necessity for
large incisions and changes in the biomechanics of the affected vertebral segment [8].

The indications for ESS expanded considerably during the last decade and they
continue to evolve. They can involve degenerative pathology in all parts of the spine
from low-complexity procedures like lumbar microdiscectomy to high-complexity
procedures (for example, cervical stenosis and thoracic herniations) [8, 10, 18].

The lumbar ESS may include interbody fusion, spinal stenosis, disc herniations,
infections, medial branch rhizotomy [17], dural injury [37], and osteoid osteoma
[38]. Nevertheless, the viability of ESS and its approach should be determined
according to the anatomical and clinical conditions of the patient [39]. In addition,
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the understanding of the various types of the disc prolapses pathology related to the
neuroforamen often results in better surgical outcomes [17].

Owing to the continued evolution of these surgical techniques, the approaches
for the cervical and thoracic spine gained wider appeal [18, 40, 41]. Endoscopic
techniques have been used to treat many pathological conditions in terms of degen-
erative, and even cancer [42]. Several full-endoscopic spinal approaches have been
reported and performed over the past three decades. The main approaches used in
the context of ESS are transforaminal (TF) and interlaminar (IL) approaches. TF
approaches were developed after the description of the medial aspect of the foraminal
annular window as a safe area for disc space access, known as the Kambin triangle
[43, 44]. This approach utilizes endoscopic visualization, and high-speed burrs [13].
A recent study demonstrated that ESS is superior to open discectomy regarding the
rate of adverse events and total length of hospital stay [45]. It is possible to perform
foraminoplasty and decompression of structures that may participate in the genesis
of the degenerative disease of the segment approached (Figure 1) [46]. TF techniques
can be separated into inside-out and outside-in techniques considering the surgical
method. The inside-out is the technique that requires access to the intervertebral disc
through an annulotomy and moves to the outside of the intervertebral disc to protect
the epidural space. The outside-in technique starts from the outside of the interverte-
bral disc, protecting the epidural space and entering the disc space. Yet, the approach
technique is based on the type of disc herniation [47]. Figure 2A shows a complete set
of instruments from ESS. Figure 2B shows a surgical team performing a transforami-
nal approach in an ESS.

In more recent years, with the development of camera technology and better
instruments, it has become possible the direct approaches to the spine by IL tech-
niques thus facilitating the treatment of degenerative spinal pathology and resecting
yellow ligament (ligamentum flavum) [43, 48]. This technique was developed to treat
mainly disc herniations at the L5-S1 level. With the development of IL endoscopic
techniques, the indications for ESS have further broadened. The entrance to the
vertebral canal through the posterior approach is called the IL window. Regarding
anatomy, the width at the bottom of the lower back increases, but its height decreases.
Even though the IL window reduces in the lower lumbar segments, it will usually be
about >10 mm at the L4-L5 and L5-S1 levels, thereby allowing endoscopic instruments
to access the canal. Furthermore, the flexion position can increase the height [49].

Preoperative Postoperative

Superior articular
process

Superior articular process
after foraminoplasty

Foraminal
ligament
Ligamentum
fvum

Blood vessels B
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oot

Vertcbral body
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Figure 1.
Endoscopic view of the intervertebral foramen with stenosis (preoperative) and after foraminoplasty for root
decompression (postoperative) using the full-endoscopic technique on the lumbar spine.
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Figure 2.
A. Complete set of instruments from ESS. B. Surgical team performing a TF approach in an ESS.

3.ESSin athletes

Athletic activity has been seen as beneficial for spinal health, but spinal overuse
has been associated with degradation in the athletic population [50]. A common type
of overuse injury of the spine is stress fracture through pars interarticularis. These
injuries are usual in all sports with high reclination load to the lumbar spine, early start
of high training load, and year-round sports with insufficient time for recovery [51].
For this reason, athletes tend to have back pain (BP) more commonly than the general
population, probably because of the repetitive physical exercises of their training, due
to their training load and the overuse [8, 50, 52]. All this can result in repetitive trau-
matic discopathy (RTD), which is characterized by degeneration or herniation of the
intervertebral discs. This happens mainly because of repeated traumatic movements,
instability, and deterioration of the spine. RTD occurs more commonly at the spine
level that is exposed to considerable mechanical stress [50]. Due to this mechanical
stress, the intervertebral disc tissue loses volume and stability leading to a significantly
higher prevalence of disc degeneration and RTD in athletes (75%) than in non-athletes
(31%) [50, 53]. Some studies report that up to 75% of athletes that train and compete,
experience one or more episodes of BP during their career [50, 54].

Spine injuries can be related to participation in sports that involve repetitive
hyperextension, flexion, rotation, and axial loading. Mechanical loading of the
spine during physical activity plays an important role in the etiology of BP and back
injuries [5]. Gymnastics, ballet, rowing, football, swimming, wrestling, diving,
dance, hockey, tennis, and soccer are examples of sports that are related to these
repetitive movements and can consequently be related to spine problems [5, 55-58].
The main spine problem in the young athletic population is probably overuse
injuries [57, 58]. These injuries can result from two types of force generation: acute
macrotrauma or repetitive microtrauma, resulting in overuse injuries [59]. Overuse
injuries often result in unsatisfactory performance or even incapability to perform,
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which may lead to a reduced career and financial loss because of absence from
important championships [5].

Concerning professional athletes, ESS could be considered the ideal surgical
intervention because of the minimum damage to the back muscles due to the use of
tubular retractors [7]. Previous studies on this topic appear to confirm the premise
that minimization of approach-related tissue damage may help rehabilitation and
increase functional recovery [8, 30-34]. Yet, elite athletes are not usually considered
in debates about spinal surgery [8]. Perhaps the main reason for that is the difficulty
to apply to athletes the surgical outcomes from the general population to determine
the success of the surgery because athletes are part of a special population in which
the outcome must include factors such as the ability to RTP, endurance, flexibility,
return to baseline strength, pain-free with a full range of motion [8, 58].

However, it is suggested that elite athletes may successfully RTP after ESS because
this procedure has a favorable impact on the rehabilitation process, improving the
outcome, especially on the subject of time to RTP. Still, there are no formal guidelines
considering RTP aspects until now. The only pieces of evidence available in the litera-
ture include case series, case reports, and retrospective reviews. Although these data
are narrow due to the lack of homogeneity and small sample size, they can support
the idea that ESS provides advantages over traditional open surgery in terms of time
and rate of RTP. Thus, ESS approaches to the spine may be the best choice for athletes
that need to RTP as soon as possible because of the small tissue disruption and better
and faster postoperative functional outcomes when compared to open approaches
given the minimal approach applied [8].

Until this moment, there are only three randomized controlled trials compared
ESS with traditional microdiscectomy published in the literature [60-62], and none
of them include athletes or practitioners of physical activity. The first clinical trial was
published in 2008 and found significantly lower postoperative opiate use, a shorter
period of incapacity, and a similar reduction of leg pain when compared to traditional
surgery [62]. The second clinical trial was published in 2017 by Gibson et al. This
study found the advantage that at a 2-year follow-up the patients who underwent
ESS improved leg pain better (decreased by 55 and 65% in the two groups) than the
patients who underwent traditional discectomies [61]. The last clinical trial until this
moment was published one year later, in 2018, by Chen et al. who did not find differ-
ences in outcomes between FESS and microendoscopic discectomy for LDH [60].

Considering the case reports and case series available in the literature, here we
summarized them in Table 1. Current data available include various sports modali-
ties, such as football, baseball, volleyball, tennis, basketball, bicycle race, boxing,
soccer, golf, weightlift, etc., but something important to point out is that lumbar
levels are the most frequent regarding injuries. Baseball and football seem to be the
most frequent sports involved in spine injuries according to these case series and case
reports. In ESS, there are low rates of complications in athletes reported in the litera-
ture, as well as high rates of rapid RTP. The spine level that is most often associated
with injuries or herniations is the L4-L5 level. The cervical levels are infrequent, but
there is one case report including full recovery after FESS in a weightlifter [65]. There
are low rates of complications and the most common approach is a transforaminal
endoscopic discectomy. The average time for rehabilitation varies from 1 to 3 months
for training activities and most of the athletes return to their previous levels of sports
activity and competitive level.

In summary, there is good evidence that ESS would be the ideal surgical inter-
vention for athletes, but to confirm this hypothesis, more studies are necessary,
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preferentially clinical trials. Until now, there is no clinical trial in athletes published in
the literature and all this information is based on case reports and case series.

4. ESS in practitioners of physical activity

BP seems to be the main cause of disability worldwide and its consequences are
healthcare and loss of productivity costs [67]. BP does not seem to be directly related
to physical activity, but to its intensity or sedentary lifestyle. In a recent prospective
cohort study, the authors aimed to observe the association between total sitting time,
low BP, LDH, and different levels of leisure physical activity. They found that 3.8%
of all subjects reported BP and 1% had LDH. Moderate and vigorous physical activity
were strongly associated with low BP compared to light physical activity [68]. In this
context, another review concluded that continued heavy sports may increase the risk
of low BP, however, a dose-response association regarding volume is unknown [69].
However, not all people with BP have a herniated disc. Considering only LDH, the
study conducted by Balling and colleagues (2019) concluded that moderate physi-
cal activity had a positive relationship with LDH while no association was found for
vigorous physical activity. The probable explanation for this finding could be that the
individuals who practice vigorous physical activity may be practicing particular types
of activity which are not connected to LDH [68].

There is a necessity to study the role of physical activity in the context of ESS
[70, 71]. Some studies present a beneficial association between physical activity and
improved outcomes after ESS because it improves physical and mental health in
adults and children [72]. Besides that, physical activity has the collateral advantage of
facilitating weight loss, which is beneficial for spinal health [72, 73]. Another point
to remember is that after the treatment of LDH by a percutaneous transforaminal
endoscopic discectomy, it is easier to recover the biomechanical balance of the spine
in patients, even mainly due to less soft tissue injury [74, 75]. Furthermore, studies
have demonstrated that it is required to conduct a functional exercise to promote
early recovery and prevent relapses [76-78]. It occurs because muscles without func-
tional exercises tend to have a worse capillary response, which produces an inadequate
blood supply of muscles, and the consequences of that are: failure to guarantee a
supply of nutritional components; makes muscle produce glycogen and accumulate a
large amount of lactic acid under hypoxia conditions. This accumulation of lactic acid
generates pain and leads to muscle edema [75-78].

In this context, Zhang and colleagues [75] conducted a study to evaluate the
effects of postoperative functional exercise on patients who underwent percutaneous
transforaminal endoscopic discectomy for LDH. They found that after 1 year after the
procedure, patients who had functional exercise (intervention group) after surgery
had a significantly more effective treatment than the control group (patients who did
not have functional exercise after the procedure). After 3 years of follow-up, patients
in the intervention group had a significantly more effective treatment than the control
group. In summary, this study showed that postoperative functional exercise signifi-
cantly improved short-term and long-term rehabilitation in patients with LDH [75].

For practitioners of physical activity, ESS may also be considered the ideal tech-
nique for spinal surgery in this population, as well as in athletes, due to the rapid
return to physical and everyday activities and may have a protective factor for optimal
recovery because practitioners of physical activity have greater muscle conditioning
than sedentary patients. As with athletes, this conditioning facilitates recovery and
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makes it faster and more effective. Besides that, physical activity plays a protective
effect against peripheral insult. This protective state often results from regular physi-
cal activity and is not obtained in physically inactive individuals [79].

5. Rehabilitation after ESS and RTP aspects

Due to minimally invasive surgeries that have been developing in recent years, many
patients with LDH have already been efficiently treated with ESS [80]. This procedure
leads to a faster recovery because it requires minimal soft tissue injury [80, 81]. The
main problem is that LDH provokes nerve root compression and lower kinetic chain
dysfunction [80, 82]. For this reason, postoperative rehabilitation should give priority
to avoid the recurrence of LDH, improve function and return to the patient’s routine
more quickly by permitting a more accelerated protocol compared to open surgery
protocols. When the procedure (ESS) withdraws the herniated intervertebral disc, the
correspondent ligamentum flavum and articular process, it naturally leads to modi-
fied kinematics of the total kinetic chain and a reduced capability to combat abnormal
external forces. For this reason, physical therapy and rehabilitation are necessary to
reach important postoperative goals like strengthening the low back muscles to rec-
ompense the surgical damage and to avoid degeneration and instability of the adjacent
segments. In the case of ESS, this technique does not cause relevant damage that
impedes physiotherapy. The hypothesis that spine rehabilitation accentuates the whole
movement is suitable for postoperative rehabilitation because it has the aim of improv-
ing surgical effectiveness, reducing postoperative complications and pain, in addition to
restore patients to maximum physical function [80]. Nonetheless, physical therapy and
rehabilitation after lumbar decompression surgery are useful regarding the functional
recovery of individuals [80, 83-86]. When talking about rehabilitation, several modali-
ties are included. The main ones are exercise therapy, strength and mobility training,
multidisciplinary programs (MP), and physiotherapy [87]. The main modalities of
rehabilitation used after spine surgery are standard physiotherapy and MP.

Some studies show a close relationship between disc degeneration and paraspinal
muscle weakness [88-90]. For this reason, it is important to increase lumbar stability
and because of this, core muscle training is usually performed after lumbar spinal
surgery. Optimal human core strength also helps normal dynamic stability to produce
forces and counteract unusual stresses [80]. In this context, McKenzie therapy is a
broadly recognized nonsurgical therapy for low BP [91, 92], mainly by physical thera-
pists. This therapy has some principles such as returning the spinal joints to a better
position through significant posture training and exercise and preventing movements
or postures that favor disc herniation or re-herniations [80, 91, 93]. This treatment
is effective in aligning the spine, so it avoids the recurrence of LDH in the surgical
segment after ESS and prevents the degeneration of the adjacent segment [80].

Therefore, it is important that the individual begins rehabilitation as soon as
possible after spine surgery. However, the time at which postoperative rehabilitation
is applied is not well known due to the lack of consistency of the results [80] buta
review published in 2014 reports that an immediate rehabilitation program for patients
who underwent LDH surgery and cognitive intervention with positive reinforcement
at the same time is an efficient treatment. Early postoperative physical therapy or
rehabilitation results are usually excellent and do not involve complications [94], but it
is important to take into account the diagnosis and surgical procedure used to develop
rehabilitation programs to relieve pain and help functional recovery [80].
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When the patient is a professional athlete or a practitioner of physical activity, the
objective is the same: re-establish strength, performance, normal movement patterns,
and the highest level of function, in addition to the least amount of pain and return to
work or RTP.

Another important observation to be pointed out is that adherence to treatment
is barely addressed in the studies. The literature is quite controversial in this respect
since the variability is high. One study found that 86% of the patients attended all
rehabilitation sessions of the 8-week program and 83% of patients did only home
exercises during this period [95]. Erdogmus et al. found worse indexes, that during
the rehabilitation period of 3 months, only 50% of patients frequently performed
exercises at home [96]. In long-term rehabilitation, it is necessary an intensive super-
vision to maintain patient’s motivation and besides that, it is important to consider
patient preferences for treatment [87]. Ivarsson et al. concluded that successful RTP
after a sport injury is related to rehabilitation adherence and a low level of nega-
tive affective response [97]. Athletes tend to have better adherence to rehabilitation
programs than the general population, mainly due to the fact they have important
championships to participate in and sponsor [98].

After spine surgery, the athletic population demands different criteria such
as RTP rate, career longevity, and performance-based results [99]. RTP is widely
discussed in the terms of recovery from injuries suffered while playing a sport [100].
RTP guidelines have significant importance for professional athletes and are also
effective for the treatment of non-athlete patients who want to RTP their favorite
recreational activities. In spite of many years of study, there is still a lack of universal
guidelines for the management of the cervical, thoracic, and lumbar spine and about
the return to sport. Randomized controlled clinical trials are absent in the literature,
so the guidelines are driven by case reports, case series, reviews, and expert opinions.
General recommendations are that an athlete should have a painless active range
of motion, painless for specific exercises, and total strength without neurological
deficit [100]. Regarding cervical spine surgery, RTP is indicated in cases of a single-
level anterior cervical discectomy and fusion, in the lack of neurological deficits
and normal cervical range of motion [101-103]. In case of multilevel fusion or other
surgical options like laminoplasty, posterior laminectomy and fusion or laminofo-
raminotomy, there is no consensus about RTP. In the athlete population, available
data about RTP after cervical surgery is narrow because other factors other than
health issues should be considered, such as personal finances and team performance
[101]. As thoracic injuries are not common, there is no case report or case series in
the literature regarding ESS of thoracic levels in athletes or practitioners of physical
activity, therefore, there is no consensus about RTP in these cases. For traditional
open surgery, the estimated time is approximately 3 months [50]. For the lumbar
spine, Reiman and colleagues (2016) published a meta-analysis involving 14 studies.
The surgical treatment included was any form of discectomy (traditional open or
minimally invasive). The authors concluded that the RTP rate was 81% pooled across
all studies for surgical intervention and a pooled RTP of 76% in athletes managed
conservatively. Nevertheless, the authors acknowledged that due to the low method-
ological quality and heterogeneity of the studies involved in the analysis, the correct
rate of RTP could not be precisely determined [99]. The time to RTP ranged from 5.2
[104] to 8.7 months [105] for professional athletes and from 7.5 [106] to 6 months for
non-athletes [107].

In addition, there is an important variability of RTP rates between sports after
spinal surgery. According to Cook and Hsu [58], baseball players have a significantly
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higher RTP rate than other sports, and football players have the lowest RTP rate when
they underwent open microdiscectomy. They also concluded that open microdis-
cectomy was associated with a significantly shorter career in baseball players when
compared with nonoperative controls. It is also important to point out that different
intrinsic physical demands of some particular sports may influence RTP rates for ath-
letes [58]. Table 1 shows that there is no clinical study to date evaluating RTP aspects
in athletes. All literature is based on case reports and case series, but it is noteworthy
that 127 patients underwent ESS and were able to return to normal work a few weeks
after the procedure, except one weightlifter that had commitment of cervical and two
lumbar segments. This athlete returned to sport 3 months after surgery and competed
in the 2016 Rio Olympics 7 months after the procedure, winning the gold medal.
Besides that, 3 patients could not RTP and only 1 patient did not return to previous
performance. Moreover, these data are limited due to the lack of homogeneity and
low sample size but they can sustain the concept that ESS provides advantages over
traditional open surgery regarding RTP rates, time, and also in terms of performance.
Considering ESS, RTP rates are greater and in better physical conditions and perfor-
mance, considering case reports and case series in the literature.

6. Considerations and future perspectives

Back pain seems to be more associated with some types of sport than others, due to
different spinal overload requirements. In the context of athletes, baseball seems to be
associated with spinal injuries.

ESS may be considered a very useful tool because the spine surgeon can access
the spinal pathology using various surgical techniques. For practitioners of physical
activity, ESS may also be considered the ideal technique for spinal surgery in this
population, as well as in athletes, due to the rapid return to physical and everyday
activities and this may have a protective factor for optimal recovery because practi-
tioners of physical activity have greater muscle conditioning than sedentary patients.
This muscle conditioning facilitates recovery and makes rehabilitation faster and
more effective.

Rehabilitation is a key part of the ESS because it is important to increase lumbar
stability. Optimal human core strength may help normal dynamic stability to produce
forces and counteract unusual stresses, but adherence to rehabilitation programs
appears to be an indispensable factor for very rapid RTP. Athletes usually have a better
adherence to the rehabilitation programs than the general population. RTP after ESS
may be faster than in open techniques and athletes usually return to the same perfor-
mance, maybe due to some factors such as the early start of the rehabilitation process,
previous privileged muscular condition, and psycho-socio-economic factors.

However, there is a necessity of clinical trials in this area to evaluate the role of ESS
for athletes and practitioners of physical activity in the context of a larger population
of athletes and practitioners of physical activity.
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Chapter 6

Neurulation and the Possible
Etiologies of Neural Tube Defect

Noor Us Saba, Mohd Faheem and Punita Manik

Abstract

Neural tube defects (NTDs) are variety of defects which result from abnormal
closure of the neural tube during embryogenesis. Various factors are implicated in
the genesis of neural tube defects, with contributions from both genetic and environ-
mental factors. The clear understanding of the causes which leads to NTDs is lacking,
but several non-genetic risk factors have been identified which can be prevented
by maternal folic acid supplementation. Multiple genetic causes and several criti-
cal biochemical reactions have been identified whose regulation is essential for the
closure of neural tube. Preventive therapies can be developed by identifying potential
risk factors in the genesis of NTDs.

Keywords: neural tube defects, neurulation, genetics, neural plate, folic acid

1. Introduction

Neural tube defects (NTDs) are birth defects which result from the abnormal
closure of neural tube during embryogenesis [1]. Its etiology is multifactorial; nutri-
tional, environmental, genetic, and exposure to various teratogenic drugs during
pregnancy. The severity of NTDs varies from asymptomatic cutaneous manifestations
to life threatening conditions where brain and spinal cord is completely exposed to
the exterior.

Here authors describe the process of formation of central nervous system (brain
and spinal cord) along with the possible etiologies of NTDs.

2. Neurulation

The initial process involved in the formation of nervous system (brain and spinal
cord) is known as neurulation. It is further divided into:

a.Primary neurulation

b.Secondary neurulation
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2.1 Primary neurulation

Primary neurulation is responsible for the future formation of brain and most part
of the spinal cord. The thickened ectoderm, neural plate, elevates to form neural folds
and subsequent fusion of neural folds give rise to neural tube (Figures 1 and 2). The
fusion begins in cervical region and proceeds in cranial and caudal directions. Ends of
the neural tube, neural pore, are closed first on the cranial side (21 days post fertiliza-
tion) followed by the caudal side (28 days post fertilization) (Figure 3). Thus, neuru-
lation is a process involved in the formation of neural tube and closure of neuropores
by the end of the fourth week of embryo development [2, 3]. The defects resulting
from the abnormalities in primary neurulation leads to open neural tube defects [4, 5].

2.2 Secondary neurulation

The formation of spinal cord distal to mid-sacral region is formed by the process
of secondary neurulation. Some of the loosely packed cells of tail bud condense to
form an epithelial rod, which later canalise and form a tubular lumen for the last part
of sacral and coccygeal regions of spinal cord [6-8]. Studies of various pathways at
molecular and cellular level in neurulation-stage embryos provide understanding
of development of normal or abnormal neural tube [9]. The malformations result-
ing due to the abnormalities in secondary neurulation results in closed neural tube
defects (Figure 4).

3. Mechanisms of neurulation

Shaping of the neural plate with mediolateral narrowing and rostro caudal
elongation is needed to initiate closure of neural tube [10]. This elongation depends
on Wnt signalling pathway via Frizzled (Fzd) membrane receptors [11]. Convergent
extension of neural plate takes place through planar cell polarity (PCP) mediators

Trilaminar embrvonic disc

Hypoblast

Mesoderm

Notochordal process

and Notochordal canal Mesoderm otochord

Figure 1.

A—Section of blastocyst of 9 days embryo-epiblast and hypoblast in bilaminar germ disc. B—Transverse
section through embryonic disc-trilaminar embryonic disc. C, D—Transverse section of the embryonic disc at
approximately 18 days embryo-showing notochord.
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Neural fO].d Neura] groove

A_ Notochord
Neural folds approaching each other

Neural crest
Neural canal
Neural tube -
C Surface ectoderm :
Developing
epidermis

Developing spinal ganglion

Figure 2.
Hllustrations of formation of neural groove, neural folds, neural tube and neural crest in transverse section.

via PCP genes functioning including Vangl2, Celsr1, Dvi-1 and -2, Fzd-3 and 6, Scrb1,
Ptk7, and Sec24b [12, 13].

Functional failure of PCP mediator genes results in broad neural plate and
craniorachischisis due to disruption in the closure of neural plate [14]. Occurrence
of closure in the forebrain and part of the midbrain in craniorachischisis implies
that PCP-dependent mechanism is not necessary for whole of the brain. Exencephaly
developing in mutants of the genes Fuz or Intu is more likely due to disturbed cilium-
dependent hedgehog signaling, than altered regulation of convergent extension for
neural tube closure initiation [15]. Thus, there are multiple mechanisms at cellular
level on PCP signalling which potentially affects neural tube closure.

Tips of the neural folds approximate each other after bending of neuroepithelium
to achieve closure. Median hinge points (MHP) and dorsolateral hinge points (DLHP)
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Cranial end

uropore

Caudal neuropore

Figure 3.
Dorsal view of embryonic disc.

in a stereotypical manner bring out the bending. Regulating signals for the bending
emanate from nonneural tissues around the neural folds. Notochord derived Shh
causes induction of floor plate of the neural tube at the MHP. Factors enhancing Shh
signals, for example, mutations in cilia-related genes such as Gli3, Rab23, Fkbp8,
Tulp3, and Ift40 also results in NTDs [16]. DLHPs take a role for neural tube closure in
low spinal region by Zic2, expression of BMP antagonist, noggin, sufficiently induces
DLHPs in dorsal neural folds [17].

Complexity of cranial neurulation compared to the spinal neurulation appears
due to more extensive and sensitive genetic mechanisms. As a result, exencephaly
comprises three times of the cases as does spina bifida after induction by terato-
gens. Disruption of cranial neurulation is contributed by some specific factors;
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fusion and
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Figure 4.
Secondary neurulation.

mesenchymal expansion under the neural folds, cytoskeleton disruption of actin fila-
ments, and mutant genes (e.g., n-cofilin, vinculin) of various cytoskeletal components
which are not essential for neurulation in spinal region [18].

Meeting of the neural folds in dorsal midline give rise to two different types of
epithelial layers, fledgling neural tube and overlying intact surface ectoderm, eventu-
ally after process of adhesion, fusion, and remodelling. Ephrin receptors, protease-
activated receptors and Grhl2 expressions, explain this process of adhesion at varying
axial levels [19]. Cell proliferation, neuronal differentiation and programmed cell
death can be regulated by the genes; neurofibromin 1, nucleoporin, Phactr4 for cell
cycle progression, Notch pathway genes Hes1, Hes3, RBP-Jx for neuronal differentia-
tion, and caspase3 or Apafl genes for characteristic patterns of apoptotic cell death.
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NTDs are likely to occur in mutations of these genes, which hampers the regulated
cell proliferation, differentiation, and cell death (Table 1) [20].

3.1 Type of neural tube defects

NTDs are classically divided into two types:
a.Open neural tube defects
b.Closed neural tube defects

3.1.1 Open neural tube defects

Open NTDs or spina bifida cystica are craniorachischisis, exencephaly-anencephaly
and myelomeningoceles (Figure 5A-F). Open defects are characterised by the exposure
of neural tissue through the skin as well as through the bony defect and is obvious at
birth. These defects present with neurological deficit and carries poor prognosis. They
can be identified easily during pregnancy due to high levels of o fetoprotein and acetyl-
cholinesterase in amniotic fluid.

Craniorachischisis is the most serious and rare type of open NTD, which involves
the defect in both cranial and spinal region. Their reported prenatal terminations
range from 0.51 to 10.7 per 10,000 births in different regions of the world. Neural
tube gets open from brain stem to spinal cord resulting in anencephaly and spina
bifida simultaneously with external exposure of tissue in hindbrain and spinal cord
on its posterior aspect. Death of the new-born is certain in craniorachischisis making
it a lethal condition [21].

S. No. Mechanism Pathways/mediators/genes

1 Shaping and convergent Wnt signalling pathway, PCP mediator genes- Vangl2, Celsr1,
extension of neural plate Dul-1and -2, Fzd-3 and -6, Scrbl, Ptk7, and Sec24b

2 Adhesion, fusion, and Ephrin receptors, protease-activated receptors and Grhl2
remodelling expressions

3 Cell proliferation neurofibromin 1, nucleoporin, Phactr4
Neuronal differentiation Notch pathway genes Hes1, Hes3, RBP-Jx
Programmed cell death caspase3 or Apaf1 genes for characteristic patterns of apoptotic

cell death
4 Induction of floor plate Notochord derived Shh, cilia-related genes- Gli3, Rab23,

Flebp8, Tulp3, and Ift40

5 Cranial Neurulation mesenchymal expansion, genes for cytoskeleton components
(e.g., n-cofilin, vinculin)
cilium-dependent hedgehog signalling genes Fuz or Intu

6 Spinal Neural Tube Closure by Zic2, Expression of BMP antagonist- noggin

Table1.
Mechanism of neurulation.
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Figure 5.
A-D cephalocele, A—meningocele, B—encephalo-meningocele, C—encephalo-meningo-cystocele, D—anterior,
parietal and occipital cephalocele, E—myelomeningocele, F—myelocele.

Anencephaly due to exencephaly involves non closure of only cranial part of the
neural tube. Absence of forebrain and the vault of skull with intact skull base can be
seen. Forebrain and midbrain are absent, brain stem is less severely involved and pitu-
itary gland is hypoplastic in most of these cases. It is a lethal condition causing death
of new-born within few days after birth.

Myelomeningocele results from defect in posterior part of spine usually in the
lumbosacral region. Meningeal sac hernia takes place posteriorly, containing cerebro-
spinal fluid and nervous tissue, through a bony defect in the vertebral arch. Myelocele
is a similar open NTD involving the spinal cord without protrusion of meningeal sac.
Spinal cord is typically divided into two halves giving an appearance of “open book,”
which exposes ependymal layer to the surface.

Survival of the babies with open spina bifida depends on the severity and level of
the lesion. Some other associated conditions including hydrocephalus, Chiari malfor-
mation type II, and vertebral abnormalities make them more complicated [21].
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3.1.2 Closed neural tube defects

Closed NTDs or spina bifida occulta are encephalocele, meningocele, lipomenin-
gocoele, diastematomyelia, and tethered filum terminale. Here, the underlying neural
defect is masked by the intact overlying skin. The defect lies in the lower lumbar and
sacral regions, and represents closed defects with deficient vertebral arches, sacral
agenesis, and other skeletal defects. Presence of nevi, depigmentation, haemangio-
mas, localized hypertrichosis, and lumps including subcutaneous lipomas are some
cutaneous stigmata of the lower back, may be the only signs of spina bifida occulta.
Symptoms may not develop until late childhood and they possess comparatively bet-
ter prognosis than open neural tube defects [21].

Encephalocoele is a round, soft, compressible, and nodular sac like protrusion
of brain and/or its meningeal covering through an opening in the skull. Majority of
encephaloceles pass through the midline calvarial defects and are classified accord-
ing to the site of herniation; anterior, parietal, and occipital. Among these locations,
occipital comprises 75% of the total number of encephaloceles. Hypertrichosis, and
bluish translucency could be seen over the lesions during increased intracranial pres-
sure. A comparatively better prognosis is observed if site is more rostral [22].

Meningocoele consists of meningeal herniation through the defect in the vertebral
column. The spinal cord in these cases lies within the spinal canal in normal position.
Atrophic epidermis of the skin usually covers the pedunculated and compressible
lesion of herniated mass. They generally present with normal neurological examina-
tion and without any deformity (Figure 5A-F).

Lipomyelomeningocele is a form of occult spinal dysraphism where fat herni-
ates through the bony defect. Diastematomyelia refers to a split in the spinal cord by

abony or a fibrous septum. Majority of these patients have cutaneous manifestations
(Table2) [23].

4 Aetiology of neural tube defects

NTDs prevalence range from 0.5 to 10 per 1000 pregnancies, thereby poses
significant public health problem [1]. Variations in the incidence are due to large
variety of risk factors such as:

a. Environmental factors
b.Nutritional deficiencies
c. Genetic causes

4.1 Environment factors

Environmental exposure to air pollution, extremes of temperature, and exposure
of toxins to the expectant mothers are some of the known risk factors contributing to
the aetiology of NTDs [24]. Study on various animals suggests the effect of teratogens
in development of NTDs. Anticonvulsant drug valproic acid and a fungal product
fumonism are known teratogens to develop NTDs in humans.

Hyperglycemia in embryos of cultured rodents, maternal obesity and diabetes
mellitus are recognised risk factors for NTDs. Increased oxidative stress, change in
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Open NTDs- Spina bifida cystica

S.No Type Location of Findings of the defect Prognosis
the defect
1 Craniorachischisis Cranial and Open neural tube from brain Death of the new
Spinal stem to spinal cord born, lethal condition
2 Exencephaly- Cranial Absent forebrain and skull, Death of the new
Anencephaly thick and flat skull base born, lethal condition
3 Myelomeningoceles Posterior Meningeal sac hernia Survival depends on
part of spine, containing CSF and nervous severity and level of
lumbar region tissue the lesion
Associations with
hydrocephalus, Chiari
malformation type II, and
vertebral abnormalities
Closed NTDs
1 Encephalocele Cranial Hernia through small Depends on site,
opening in the skull lesion more rostral
with better prognosis
2 Meningocele Spinal Meningeal herniation normal neurological
covered by the skin without examination and
its appendages functions of the body
3 Lipomeningocoele Spinal Fat along with meninges Usually have normal
herniates through the bony neurological function.
defect
4 Diastematomyelia Spinal Spinal cord splitting by bony Neurological deficit
or fibrous septum with bowel and
bladder involvement
5 Tethered filum Spinal Conus medullaris is tethered Usually become
terminale by filum terminal symptomatic in the
late childhood
Table 2.

Types of neural tube defects.

Pax3 gene functions, apoptosis of neuroepithelial cell, activation of apoptosis signal-
regulating kinase 1(ASK1) enzyme are some effects brought about by the maternal
and embryonic hyperglycemia resulting in NTDs (Table 3) [25].

4.2 Nutritional deficiencies

Folate is a well recognized vitamin B supplement implicated in the causation of
neural tube defects. Poor socioeconomic status with high risk of congenital anomalies
focus the scientists to find out the nutritional deficiencies in such cases. In mothers of
NTD fetuses, folate was found to be deficient. Mechanism of folic acid in prevention
of NTDs was considered when it was seen that blood folic acid levels in some mothers
of affected foetuses were normal. It was believed that some suboptimal levels of folate
in maternal blood interact with mutated genes, such as Pax3 to cause NTDs in devel-
oping embryos. Neural tube closure requires complex reactions for various nucleotide
biosynthesis and methylation. Deficient methylation and abnormal biosynthesis of
purine base and thymidylate have been noticed in cases of NTDs [26].
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Multifactorial (50%)
A S.No. Non-genetic causes Examples
1 Environmental Air pollution
Extremes of temperature
Exposure of toxins to the expectant mothers
Teratogens; anticonvulsant-valproic acid, fungal product
fumonism
Hyperglycemia in embryos
Maternal obesity and diabetes mellitus
2 Nutritional Poor nutritional status and folate deficiency in mothers
B S.No. Genetic causes Examples
1 Gene-gene interactions Dwl1-Dvl2, Cdx1-Cdx2 double knockouts
Supplementary sequel of heterozygous mutations Dvi3 with
Vangl2"?
Variable phenotypic expressions of Cecrl mutation
2 Effect of modifier genes Variation in Lmnbl in curly tail (Grhl3) embryos
3 Implications through PCP genes mutations- CELSR1, VANGL1, VANGL2, FZD6,
experimental models SCRIB1, and DVL2
4 Folate one-carbon suboptimal levels of folate in maternal blood interact with
metabolism in mutated Pax3 genes
mitochondria
5 Histone modifications Mutations in histone demethylases Jarid2 and FbxI10
Mutations in histone deacetylases Sirt1 or Hdac4
Teratogens- Valproic acid and trichostin A
6 Syndromes Trisomy 13, Trisomy 18 and Triploidy

Unknown factors (50%)

Table 3.

Aetiology of neural tube defects.

4.3 Genetics causes

Genetic mutations in the aetiology of NTDs always depend on polygenic and
multifactorial inheritance. The causations by gene variants are complicated by
the multiple genes, modifier genes, epigenetic factors, and environmental effects.
Some recognised mutations of different genes obtained by experiments on ani-
mals were found to be the causes in minimal number of NTD cases in humans.
Increasing understanding of development of neural tube and NTDs on molecular
and cellular level still needs more precision to identify genetic basis of occur-
rence in individual cases. More than 200 mutations in the genes, and association
of the environmental risk affect folate metabolism to causes NTDs. Significance
to focus more on individual genes by scientists comes from the fact of having
very less percentage of NTD cases in syndromes of chromosomal aberrations as
compared to the isolated cases of NTDs. Now a days, data analysis from large-scale
genome sequencing of NTD patients is more promising and practicable to mark
the contribution of various genes in the patients and mutational burden of associ-

ated risks.
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4.3.1 Gene intevactions and modifier genes

Three wide range mechanisms to explain gene interactions in development of
NTDs are; 1—Functional incompetency of two non-comparable genes for example
Dwl1-Dvl2 and Cdx1-Cdx2 double knockouts, 2—supplementary sequel of hetero-
zygous mutations in Dvl3-Vangl2, 3—variable phenotypic expressions of inherent
mouse strains, CecrI mutation [27]. A remarkable and rare example of modifier gene
for growing the tendency of NTDs in curly tail (Grhl3) embryos is variation in Lmnb1.

4.3.2 Genetic implications through experimental models

Mutations in PCP genes—CELSR1, VANGL1, VANGL2, FZD6, SCRIB1, and DVL2
are well known mutations in mice to cause NTDs. Thus, known to be putative PCP
gene mutations can cause multiple types of abnormal births including craniorachis-
chisis, spina bifida, anencephaly, or closed forms of spina bifida in humans. A wide
range of NTDs can be seen after combining PCP mutations with other genetic risk
factors of NTDs- For example; VANGL2, a missense variant, was seen in a spina
bifida patient having a putative mutation in DVL2.

4.3.3 Genetic factors relation with envivonmental visk factors

A known environmental risk factor when interacts with genetic alteration in the
embryo, could eventually instigate the risk of NTDs. Folate one-carbon metabolism in
mitochondria is highly studied category for finding cause of NTDs in such cases and
genes related to folate metabolism enlighten the ambience of maternal folate levels.

Enhanced risk of developing spina bifida by the ‘risk’ genes GLUT1, SOD1, and
SOD2 conglomerate in foetus of mothers having diabetes and obesity. Some genes
related to maternal obesity- FTO, LEP, and TCF7L2 were identified as a risk factor for
NTDs in embryos.

4.3.4 Gene-vegulatory mechanisms and NTDs

Multigenic involvement of NTDs makes it more complicated and difficult to
identify due to irregular expressions of genes. Such as, insufficient or excess expres-
sion of Grhl3 and Grhi2 cause NTDs in mice, positive and negative correlations to
explain the relationships among folate status, DNA methylation, and risk of NTDs.
Modifications of histone protein or chromatin remodelling are some probable causes
of NTDs in mice and in few cases in humans. Histone modifications effectively mis
regulate the genes responsible for neurulation. For example, mutations in histone
demethylases Jarid2 and FbxI10, mutations in histone deacetylases Sirt1 or Hdac4 and
teratogenic inhibition of histone deacetylases by valproic acid and trichostin A.

5. Prevention of neural tube defects

Primary prevention is quite effective in reducing the birth defects related to NTDs.
It has been suggested that folic acid supplementation in a dose of 0.4 mg per day pre-
vents large number of NTDs. There is three fold reduction in NTDs recurrence with
an intake of 4 mg folic acid per day by the expectant mothers. The exact mechanism
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of this prevention is yet to be elucidated, but folate plays an important role in numer-
ous chemical reactions, including thymidine and purine production and S- adenosyl-
methionoine synthesis, which is the methyl donor for DNA, lipids and proteins.
6. Conclusion

The causes of NTDs are multifactorial in humans, including genetic and non-genetic
factors. The combination of these factors leads to defective closure of neural tube and
subsequent development of malformed fetal appearance. Folic acid supplementation
during pregnancy and its awareness through various platforms are necessary to prevent
further occurrence of NTDs in children.
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Osteogenic Cells and
Microenvironment of Early
Bone Development and Clinical
Implication
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Abstract

This chapter provides an overview of the complex biological processes involved
in bone development and regeneration. The skeletal system serves crucial functions
such as structural support, mineral storage, and organ protection. Bone development
encompasses diverse cell types, matrices, and signals from embryonic stages to adult-
hood, with age-related decline in regeneration requiring additional support for large
defects. Intramembranous and endochondral ossification processes are explored,
involving differentiation of mesenchymal cells into osteoblasts and cartilage forma-
tion replaced by bone, respectively. Collagen and proteoglycans, particularly collagen
I and II and heparan sulfates, play vital roles in the microenvironment for bone
formation and mineralization. Signaling molecules such as BMPs, FGFs, IGFs, and
PDGFs important for proliferation and differentiation of bone precursors, embryonic
development, growth and maintenance of mature bone include regeneration and
angiogenesis. Cell-based approaches, microenvironment-based technologies, and
signal-based technologies utilizing growth factors are explored as bone regenera-
tion strategies. Understanding these processes, factors, and technologies is pivotal
in improving the treatment of conditions such as osteoporosis, fractures, and bone
reconstruction, ultimately developing new technologies.

Keywords: osteogenesis, osteoinductive signals, microenvironment, bone
development, bone regeneration

1. Introduction

A remarkable cascade of biological events takes place from mesenchymal
condensation during early embryonic development to postnatal maturation, provid-
ing the body with the skeletal system for structural support and stability, mineral
storage, and protection of vital organs. The process involves various cell types,
extracellular matrices (“microenvironment”), and biological signals that orchestrate
the formation of the bone in the microenvironment throughout early developmental
and maturation stages, even into adulthood. This process may provide a unique
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insight into developing novel technologies for regenerating and repairing bone defects
or bridging bony gaps to achieve a solid fusion as required in fusion surgeries. Bone

is able to regenerate and repair itself in healthy individuals as long as the defect is

less than a critical size although the regenerative potential declines with aging. While
there is no clear definition of a critical-sized bone defect [1], it is generally referred to
as the distance of the boney gap that the body is unable to bridge with new bone spon-
taneously. A critical-sized bone defect would need an additional osteogenic (stem

and progenitor cells), osteoinductive (biological signals), and/or osteoconductive
(microenvironment) support for full bone regeneration and repair. Obesity, diabetes,
osteoporosis, metabolic disorders, extended use of steroids, poor nutrition, advanc-
ing age, and drinking and smoking may lead to pseudoarthrosis, which is defined as

a chronic condition where a broken bone has failed to heal after a fracture or surgical
procedure. Patients with these risk factors and/or those who have been diagnosed
with pseudoarthrosis may require a surgical intervention that includes a regenera-
tive approach. Thus, it may be critical to understand how the body utilizes different
biological components for developing the skeletal system and apply such understand-
ing in designing an optimal regenerative approach for patients in need.

2. Cells in embryonic bone development
2.1Intramembranous ossification

Embryonic epithelial and mesenchymal cells undergo a series of sequential
and reciprocal communications to initiate mesenchymal condensation through a
signaling pathway, which induces the expression of neural cell adhesion molecules
(NCAM) and N-cadherin and mediates cell-cell adhesion during intramembranous
ossification [2, 3]. The epithelial-mesenchymal crosstalk at the cellular and molecular
levels appears to be the first event that leads to the condensation and migration of
presumptive skeletogenic cells that are derived from the neural crest or mesoderm.
The role of epithelial cells in mesenchymal condensation is clearly identified for
intramembranous ossification [4-6]. Interestingly, mandibular bones failed to form
in the absence of mandibular epithelium in the chicken (HH 24) and mouse (day 10)
embryos, suggesting the crucial role of the epithelium in early bone development.
Mesenchymal cells derived from the neural crest proliferate and differentiate directly
into the osteogenic lineage without going through the intermediary chondrogenic
transition by condensing into compact nodules during intramembranous ossifica-
tion (Figure 1). These condensing mesenchymal cells differentiate into osteoblasts
with activation of transcription factors such as CBFA1, which appears to trigger the
expression of genes associated with the production of osteopontin, osteocalcin, and
extracellular matrices that support bone development [7]. Additional factors such as
extracellular signal-regulated kinase (ERK), p38 (MAPK), Akt, p65 (NF-kB), and
bone morphogenetic proteins (BMPs) in addition to the activation of transcription
factors such as CBFA1 [8].

Mesenchymal cells originating from the neural crest undergo a series of biochemi-
cal and cellular events, including proliferation and condensation, leading to the
formation of compact nodules (Figure 2). Within these nodules, the cells undergo
differentiation toward either capillaries or osteoblasts—specialized bone precursor
cells responsible for generating collagen and proteoglycan matrix, crucial for calcium
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Figure 1.
Intramembranous ossification. The stages of intramembranous ossification include: (i) undifferentiated

mesenchymal cells cluster and diffeventiation into osteoblasts. The ossification centers also emerge wherein the
osteoblasts secrete osteoid, containing collagen precursors and other proteins, and entrapping the osteoblasts,

which then transform into osteocytes. The clusters of osteoid ave invaded by the blood vessels to form the trabecular
matrix, whereas osteoblasts on the surface of the newly formed spongy bone form the periosteum. The periosteum
then leads to the development of the compact bone superficial to the spongy trabecular bone.

Embryonic Mesenchymal Cells
Stem/Progenitor Cells

j;?ﬁ\
Multiineage
Cell Proliferation
iy Adhesion
,,,”‘»(N 9
AR p Ny g
RN f( 1 —
e &
ALY
Capillaries * . Condrogenesis
Mesenchymal Avascular Cartilage
Condensation (Future bone)

Chondrocyte

Figure 2.

Collagen
Proteoglycan/
Glycosaminoglycan

Embryonic bone development. Multilineage embryonic stem/progenitor cells aggregate into chondrogenic clusters
driven by cellular processes including mesenchymal condensation, proliferation, and adhesion. These events are
driven by growth factors such as bone morphogenetic proteins (BMP), transforming growth factor-f (TGF-p),
fibroblast growth factors (FGF), and insulin-like growth factor (IGF). The developing chondrocytes secrete or
modify matrix proteins including collagen, proteoglycans or glycosaminoglycans to initiate avascular cartilage

formation, forming a template for future bone development.
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binding [9]. Through this process, the osteoid matrix, an initial form of bone, is
generated. Over time, this matrix becomes calcified, resulting in the formation of
primitive bone. While actively producing the osteoid matrix, osteoblasts maintain
proximity to the calcification site. As they become embedded within the calcified
matrix, osteoblasts undergo further differentiation and transform into osteocytes.
Meanwhile, mesenchymal cells aggregate around the developing calcified bone
matrix, forming the periosteum—an outer layer surrounding the bone [10]. The
periosteum contributes to bone growth by generating additional osteoblasts and
producing osteoid matrix, positioned adjacent to the bone’ spicules.

2.2 Endochondral ossification

Endochondral ossification is a highly intricate process involving the differentia-
tion of mesenchymal cells into chondrocytes, leading to the formation of cartilage
that is subsequently replaced by bone (Figure 3). The initiation of this process is
mediated by paracrine signaling from neighboring mesodermal cells, which induces

Blood

. Chondrocyte
Vessel \

Avascular Cartilage

Secondary
Ossification
Center

Bone
Marrow

Figure 3.

Endochondral ossification. Endochondral ossification is marked by the formation of cartilage, which in later stages
is replaced by bone. Bone formation process is initiated in the primary ossification center by the differentiation

of mesenchymal cells into chondrocytes. The primary ossification center leads to the development of the diaphysis
of the long bones, and the secondary ossification center leads to the development of the epiphysis. During late
differentiation, the chondrocytes undergo apoptosis, forming a mineralized scaffold, which is invaded by the
osteoblasts (brought in by the supplying blood vessels). This results in osteogenesis and lengthening of the bone
along with the formation of the bone marrow cavity. Endochondral ossification occurs at the growth plate, which
is responsible for longitudinal growth; it is also vital for the elongation of the long bones.
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the expression of key transcription factors such as Scleraxis (SCX) and Pax 1in
mesenchymal cells [11, 12]. These transcription factors play a crucial role in driving
the differentiation of mesenchymal cells into chondrocytes, initiating the forma-
tion of cartilage. Notably, SCX is particularly important during the early stages of
cartilaginous condensation and any mutations in this gene can result in skeletal
deformities [11]. The condensation and maintenance of chondrocytes is facilitated
by the involvement of N-cadherin and N-CAM [13], which play significant roles in
initiating and sustaining the cellular condensation process. During the proliferative
and condensation stage, chondrocytes undergo a remarkable transformation, tran-
sitioning from actively dividing cells to hypertrophic chondrocytes. As they undergo
hypertrophy, these chondrocytes undergo profound changes in the composition of
extracellular matrix (ECM). They modify ECM by incorporating additional fibronec-
tin and collagen X [14], which are crucial for enabling the subsequent mineralization
of the cartilage matrix through the deposition of calcium carbonate. The lifecycle of
hypertrophic chondrocytes culminates in apoptosis, creating space for the invasion of
blood vessels and the establishment of bone marrow [15].

Simultaneously, surrounding cells undergo differentiation into osteoblasts, which
are responsible for synthesizing and depositing the bone matrix onto the remnants
of degraded cartilage. This gradual replacement of cartilage by bone matrix ulti-
mately leads to the complete substitution of the original cartilaginous template. In
the context of long bones, endochondral ossification occurs in a directional manner,
spreading outward from the center of the bone. At the ends of long bones, specialized
regions known as epiphyseal growth plates play a pivotal role in enabling continued
bone growth [16]. These growth plates consist of distinct regions, including a zone
of chondrocyte proliferation, a zone of mature chondrocytes, and a zone of hyper-
trophic chondrocytes. Chondrocytes within the growth plates undergo a carefully
orchestrated series of events involving proliferation, maturation, and hypertrophy,
contributing to the expansion of the bone structure. As long as the epiphyseal growth
plates retain their capacity to produce chondrocytes, the process of bone growth
persists, allowing for the longitudinal growth of bones.

3. Microenvironment
3.1 Collagen

The precise arrangement and composition of collagen types play a fundamental role
in the intricate process of bone development (Figure 2). During embryonic bone forma-
tion, two main mechanisms are involved: endochondral ossification and intramembra-
nous ossification, originating from distinct cell sources such as the paraxial and lateral
plate mesoderm or neural crest. Collagen I is the predominant type found in mature
bone, while Collagen II is predominantly present in developing cartilage [17]. In endo-
chondral ossification, bone tissue replaces a pre-existing cartilaginous scaffold, whereas
intramembranous ossification occurs directly from mesenchymal cells [18]. Notably,
during the initiation phase and subsequent differentiation into osteoblasts, Collagen
IT and Collagen IX mRNA expression is observed in osteoblasts of mice and chicks
[19, 20]. Furthermore, Collagen X is expressed during the terminal differentiation of
chondrocytes, serving as a hallmark of hypertrophy in endochondral ossification.

In the case of intramembranous ossification, Collagen I is a primary collagen type
involved [18]. Collagen X production primarily occurs in hypertrophic chondrocytes
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within the region of the endochondral growth plate dedicated to matrix mineraliza-
tion. Additionally, Collagen X expression is observed at the edges of epiphyseal
cartilage during fracture repair, osteoarthritis, and within the intervertebral disc
[21]. As the cartilaginous extracellular matrix (ECM) rich in Collagen X is replaced
by the collagenous ECM abundant in Collagen I, a crucial transition from cartilage

to bone occurs. Collagen XIII, another collagen type, influences bone formation and
potentially plays a role in connecting the regulation of bone mass to mechanical use
[22]. Collagen XXIV; in turn, acts as a marker for osteoblast differentiation and bone
formation. Collagen XXVII is predominantly found in cartilage even in adulthood
[23]. It is associated with cartilage calcification and is believed to contribute to the
conversion of cartilage to bone during skeletogenesis. This involvement in skeletogen-
esis has been established in zebrafish, where Collagen XXVII is essential for vertebral
mineralization and postembryonic axial growth [24].

Matrix metalloproteinases (MMPs) are a group of zinc-dependent endopeptidases
classified within the metzincin superfamily. These enzymes play a vital role in the
degradation of the extracellular matrix (ECM) and collectively possess the ability to
degrade various ECM proteins [17]. MMPs are involved in both physiological pro-
cesses, such as development and tissue repair, and pathological conditions, including
tumorigenesis and metastasis. Particularly, they are the primary enzymes responsible
for collagen degradation [17]. Understanding the roles and interactions of these col-
lagen types and MMPs provides valuable insights into the intricate processes involved
in bone development and maintenance.

3.2 Proteoglycan

Proteoglycans, situated within the extracellular matrix (ECM) among collagen
fibrils, play a significant role by providing a high negative charge, which generates
osmotic pressure and attractive forces for cations like calcium [25]. Furthermore,
glycosaminoglycans, particularly heparan sulfates, facilitate the binding of growth
factors (Figure 2). The ECM consists of approximately three dozen proteoglycans
that contribute to the filling and lubrication of the ECM space. In adult bone, biglycan
and decorin promote the formation of bone and collagen fibrils, while keratocan
enhances the rate of mineral deposition [9]. During embryonic ossification, proteo-
glycans also play crucial roles in osteoblast proliferation and differentiation. Poole et al.
[26] discovered that proteoglycans become encapsulated within calcified cartilage
during mineralization, providing a scaffold for osteoid and bone formation. Fisher
et al. [27] identified a small proteoglycan localized to developing bone trabeculae and
dentin, as well as osteoblasts and osteoprogenitor cells adjacent to areas undergoing
rapid osteogenesis. Proteoglycan desulfation, as identified by Settembre et al. [28],
serves as a critical regulator of chondrogenesis preceding endochondral bone forma-
tion. Simonet et al. [29] identified osteoprotegerin, a novel secreted glycoprotein act-
ing as an anti-osteoclastogenic decoy receptor, aiding in bone formation by reducing
bone resorption.

Perlecan, a ubiquitous and multifunctional molecule, is upregulated in hyper-
trophic chondrocytes that establish the primary and secondary ossification centers.
Functioning as a heparan sulfate proteoglycan (HS) or HS/chondroitin sulfate
hybrid, perlecan acts as a pressure sensor in bone development and remodeling [30].
Depletion of chondroitin sulfate results in irregular deposition and aggregation of
collagen fibers, impairing connective tissue organization and impeding intramem-
branous ossification [31]. Matrix metalloproteinases (MMPs) and A disintegrin and
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metalloproteinase with thrombospondin motifs (ADAMTSs) are involved in the deg-
radation of proteoglycans such as aggrecan, versican, and brevican. Heparan sulfate
proteoglycan binds to various growth factors and facilitates ligand-receptor interac-
tions, while betaglycan (TGF-p type III receptor), an integral membrane proteogly-
can, binds to TGF-p and presents it to the core type II receptor [32]. Decorin, a small
leucine-rich proteoglycan, provides a physical linkage that enhances the adhesion and
assembly of aggrecan [33]. In the process of endochondral ossification, chondrocytes
synthesize proteoglycans such as aggrecan and decorin, which are then deposited into
the ECM along with collagen type II, forming a cartilaginous template for bone for-
mation. These proteoglycans regulate chondrocyte proliferation, differentiation, and
ECM mineralization. In summary, proteoglycans and related molecules play essential
roles in embryonic ossification, including osteoblast proliferation and differentiation,
and are crucial for bone development and remodeling throughout life.

4. Osteoinductive signals
4.1 Bone morphogenetic proteins

Bone morphogenetic proteins (BMPs) are the signaling molecules or growth
factors belonging to the transforming growth factor-p (TGF-f) superfamily of
proteins. They act as morphogens inducing embryogenesis and development (such as
cardiogenesis, somite formation, somatic chondrogenesis, eye formation, digit apop-
tosis, neurogenesis, and musculoskeletal development). Thus, BMPs play a significant
role in bone and cartilage formation (Figure 4). They are also multi-functional and
are continuously expressed in adulthood to regulate the maintenance of tissue homeo-
stasis (such as joint integrity, vascular remodeling, intramembranous and endochon-
dral ossification) [34, 35]. BMPs occur in different subtypes and play critical roles in
bone development. BMP-2 is crucial for chondrocyte proliferation and maturation
during endochondral bone development; it is essential for appropriate osteogenesis,
chondrogenesis, and adipogenesis. BMP-2 also promotes angiogenesis and is essential
for initiating fracture healing [34-36]. It can also stimulate the differentiation of mul-
tipotent fibroblastic C3H10T1/2 cells into osteoblasts, chondrocytes, and adipocytes
[37]. BMP-2 also enhances the expression of osteogenic markers including alkaline
phosphatase, osteocalcin, and osteopontin [36]. BMP-4 coordinates the formation
of the apical ectodermal ridge and digit patterning. BMP-5 mutant mice have shorter
and weaker bones whereas BMP-6 mutant mice show delayed sternal ossification and
shorter bones (specifically the long bones). BMP-7 and BMP-11 have a significant
role in skeletal patterning during development. BMP-12, BMP-13, and BMP-14 are
also crucial in the formation of bones, joints, tendons, and ligaments. BMP-12 is
important in maintaining the structural integrity of the bone, and BMP-14 regulates
bone and joint formation during digit development. In contrast to other BMPs, BMP-3
acts as a negative regulator of bone density. Along with bone formation, BMPs also
regulate the development of cartilage [34].

During the formation of a new bone, mesenchymal stem cells (MSCs) differenti-
ate into osteoblasts (under the influence of BMP-2) and secrete the organic matrix of
the bone. Some osteoblasts get embedded in the bone (as osteocytes), leading to the
development of the bone structure. The BMP signal transduction occurs via type I
and II BMP receptors and Smadl, 5, and 8 proteins [situated downstream to the BMP
receptors (BMPR)]. BMP-2 is secreted by pre-existing osteocytes, osteoblasts, and
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Figure 4.

G;%)wth factors for bone formation. Growth factors and other signaling factors act on osteogenic precursors to
drive bone morphogenesis and repair. Bone morphogenetic proteins (BMPs) play critical roles in chondrocyte
proliferation and maturation and ave essential to the formation of bones, joints, ligaments, and tendons. BMPs
bind to cell-surface receptors driving intracellular signaling processes in tandem with SMAD and Wht signaling
pathways to induce transcription of osteogenic genes. Fibroblast growth factors (FGFs) and their receptors
(FGFRs) are expressed in specific spatiotemporal patterns during development. The FGF-FGFR complex, in
coordination with heparin sulfate proteoglycans at the cell surface, act via intracellular tyrosine kinase signaling
to influence osteoblast proliferation, differentiation, and survival. Other anabolic factors, such as growth
hormone (GH) and insulin-like growth factor (IGF), act as potent mitogens and differentiation signals which
promote bone ossification during early development and bone maintenance and remodeling throughout growth,
maturation, and aging processes.

endothelial cells into the bone matrix or bloodstream. Upon secretion, BMP-2 binds
with type I or type II serine/threonine kinase receptors present on the MSCs, activat-
ing either canonical (Smad) or non-canonical (non-Smad) signaling pathways that
lead to bone, cartilage, and fat development. Upon phosphorylation, Smadi, 5, and

8 molecules get complexed with Smad4. This complex is then translocated into the
nucleus, activating the osteogenic genes such as Runt-Related Transcription Factor

2 (RUNX2) and Osterix (Osx) in osteoblasts [35, 38, 39]. Alternative non-canonical
(non-Smad) signaling via BMP/BMPR interaction may be mediated through

the activation of p38, or c-Jun N-terminal kinases via mitogen-activated protein
kinase (MAPK), or extracellular signal-related kinase (ERK), phosphatidylinositol
3-kinase (PI3K), and the transforming growth factor-p-activated kinase 1/binding
protein 1 (TAB1/TAK1) pathways. All of these pathways result in an increased differ-
entiation of MSCs into osteoblasts [35, 39]. BMPs also show tremendous potential for
their use as therapeutic agents to prevent osteoporosis, heal bone fractures, treat peri-
odontal bone defects, and heal patients requiring bone reconstruction [40]. Studies
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show that subcutaneous injection of BMP-2 can stimulate the formation of ectopic
bone nodules, and its expression in fibroblasts may help to repair acute bone defects
in the calvaria [41]. Recombinant human BMP-2 has been approved by the Food and
Drug Administration (FDA) for clinical use and is available as therapeutic in lumbar
spinal fusions (within tapered or cylindrical interbody cages), but the use is limited to
due cost and concerns for adverse reactions. Research suggests that developing novel
therapeutics targeting BMP-signaling pathways may have clinical implications in the
treatment of various disorders (osteoporosis, cardiovascular disease, cancer, etc.)
without any adverse side effects [35].

4.2 Fibroblast growth factors

Fibroblast growth factors (FGFs) are a family of 18 signaling molecules known
for their role in many developmental processes including skeletal development
(Figure 4) [42, 43]. As a family, the FGFs have a homologous core region flanked
by variations in the amino (N-) and carboxyl (C-) terminal tails which provide the
structural basis for varying biological effects which are directed by activation of FGF
receptors (FGFRs) in paracrine or endocrine mechanisms [44]. Most of the FGFs
are expressed in specific spatiotemporal patterns in the developing embryo where
diffusion and FGFR activation is regulated by the presence of heparan sulfate pro-
teoglycans [45]. FGFR1 and FGFR?2 are expressed in undifferentiated distal limb bud
mesenchyme where they are activated by FGFs produced by the apical ectodermal
ridge to induce promixo-distal outgrowth of the limb bud [46].

In endochondral mesenchymal condensation, FGFR3 expression is first activated
as the condensed mesenchyme differentiates into chondrocytes, then decreased as
central chondrocytes begin hypertrophy [47]. FGFR2 expression is decreased with
chondrocyte differentiation while FGFR1 expression increases as chondrocytes
mature and hypertrophy [47]. In trabecular bone, mesenchymal progenitors express
FGFRI, differentiating osteoblasts express FGFR2, while chondrocyte progenitors
express FGFR3 [48]. Early stages of intramembranous bone formation are character-
ized by expression of FGF2, FGF4, FGF9, FGF18, FGFR1, FGFR2, and FGFR3 [49].
The interaction of FGF18 with FGFR2 regulates early intramembranous ossification
[50], while at later stages FGF18 and FGF9 are expressed in differentiating osteo-
blasts [49, 51]. Osteoblast proliferation, differentiation, and survival are dependent
on FGF9 and FGF18 interactions with heparin sulfate proteoglycans, FGFR1, and
FGFR2 through downstream tyrosine kinase signaling. Mutations in FGFRs1-3
have been identified in craniosynostosis, while mutations of FGFR3 are implicated
in achondroplasia or hypochondroplasia (skeletal dwarfism), and skeletal over-
growth and scoliosis syndromes are associated with inactivation of FGFR3 [52, 53].
Mutations in FGFR2 affect the appendicular skeleton and are implicated in bent bone
dysplasia, as well as premature cranial ossification due to accelerated maturation of
osteoblasts [54].

4.3 Insulin-like growth factor

Growth Hormone (GH) and Insulin-like growth factors (IGF-1 and IGF-2)
are the anabolic hormones that play an important role as potent mitogens and
differentiation factors; consequently, promoting bone ossification (during early
development), and bone remodeling or maintenance (throughout growth and aging)
(Figure 4) [55, 56]. The mode of action of GH and IGF-1 occurs either in an
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endocrine, autocrine, or paracrine manner. GH controls the IGF-1 serum concentrations
via its action in the liver, which contributes 75% of serum IGF-1. Elevated serum
IGF-1 concentration further regulates GH concentration via the negative feedback
control mechanism. IGF-1 and IGF-2 are the most abundant growth factors secreted
by osteoblasts, and stored in bone. Serum GH and IGF-1 concentrations rise and peak
during postnatal growth and puberty (phases witnessing peak bone mass accrual)
[56, 57]. GH and IGF-1 predominantly promote the proliferation of osteoprogenitors
and mesenchymal stem cells and stimulates their differentiation into osteoblasts and
chondrocytes by inhibiting lipogenic genes, activating the PI3K/PDK-1/Akt pathway,
and increasing Wnt (Wingless and INT-1) signaling [55, 57]. In addition to promoting
osteoblastogenesis, IGF-1 also decreases osteoblast apoptosis by stabilizing p-catenin;
thus, increasing Wnt-dependent activity. The Wnt proteins have a significant impact
on embryonic development as well as postembryonic tissue homeostasis [55].

GH and IGF-1 also stimulate the expression of bone morphogenetic proteins that
function in skeletal patterning. A signaling cascade is stimulated via IGF-1 binding
and activation of the IGF-1 receptor present on mesenchymal stem cells that eventu-
ally elevates RUNX2 gene expression resulting in an increased production of runt-
related transcription factor 2 (Runx2). Runx2 is a major transcription factor having
its role in osteoblast differentiation, and transformation of mesenchymal stem cells
into osteoprogenitors [58, 59]. Furthermore, Runx2 also activates osterix, another
important transcription factor that activates osteoblast differentiation and bone
mineralization. This osteoblast differentiation is accompanied by a high alkaline-
phosphatase activity and an increased collagen synthesis [60]. IGF-1 also stimulates
the production of proinflammatory cytokines such as IL-6, and TNF-a in osteoblasts,
which further mediate the stimulation of osteoclastogenesis [57]. Furthermore,
animal studies involving the inactivation of the IGF-1 receptor revealed the specific
role of IGF-1 in bone mineralization. Animal studies have also revealed the role of
IGF-1 in osteoclast differentiation and function. IGF-1 deficient mice showed skel-
etal deformities, decreased chondrocyte proliferation, and increased chondrocyte
apoptosis [55]. Bone remodeling involves the coupling of osteoblasts and osteoclasts
activity, which is also found to be mediated by IGF via ephrinB2/Eph4 expression
(a membrane-bound ligand/ receptor system) [56]. The administration of IGF-1
promotes longitudinal bone growth in animal models [55].

4.4 Platelet-derived growth factor

Platelet-derived growth factors (PDGFs) are potent angiogenesis factors as well as
the mitogenic, chemo-attractive, and vascular docking agents that regulate processes
such as embryonic development and tissue regeneration (Figure 4) [61-63]. They
are expressed by platelets, osteoblasts, macrophages, and fibroblasts. PDGFs also
function as osteoanabolics and enhance bone regeneration. They are secreted in vari-
ous isoforms (AA, BB, AB, CC, and DD) that mediate their action via two distinct
dimerized receptors [PDGFRs (a and p): members of receptor tyrosine kinases].
PDGF-AA predominantly activates PDGFR-a whereas PDGF-BB predominantly
activates PDGFR-f [64]. Among all isoforms, PDGF-BB is considered the most
common PDGF due to its varied physiological roles attributed to its ability to bind
with all receptor isotypes [62, 63]. PDGF-BB is actively involved in angiogenesis,
osteogenesis, and mesengenesis. It functions as a significant connector of these
pathways and has the potential to be utilized as a potent therapeutic agent for bone
regeneration and repair [63].
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The formation of bone involves the formation of microvasculature. The rapidly
dividing endothelial cells (present in the microvasculature) stimulate angiogenesis
and secrete PDGF-BB that mediates its signal via PDGFR-f interaction, recruiting
pericyte precursors into the region of new vessel formation. Pericytes are the perivas-
cular or mural cells of mesenchymal origin. A majority of pericytes are mesenchymal
stem cells (MSCs) having osteogenic potential. The PDGF-BB/PDGFR-f signaling
pathway also regulates pericyte attachment on the vasculature, their maturation,
destabilization, and detachment [62, 63].

PDGEF-BB also stimulates vascular endothelial growth factor (an angiogenic
factor) expression by pericytes, further promoting angiogenesis. PDGF-BB thus
mediates the release of pericytes and MSCs from their abluminal sites in the active
angiogenic locations; consequently, giving rise to free MSCs. These local or free MSCs
divide rapidly under the influence of PDGF-BB; thus, elevating the pool of osteo-
chondral precursors. In the presence of osteogenic factors such as Wnt signaling and
BMPs, these osteochondral progenitors further differentiate into osteoblasts; this sig-
naling process is modulated by PDGF-BB. Furthermore, in the presence of PDGF-BB,
the remaining non-differentiated MSCs are repositioned in the perivascular space,
stabilizing the newly formed blood vessels and leading to efficient bone formation
(during embryonic bone formation and bone injury/fracture repair). In summary,
PDGF-BB mediates the production of osteoprogenitor cells at a specific site, induces
their multiplication, modifies their responsiveness to osteogenic factors, and assures
the structural stability of the newly formed blood vessels [62, 63].

The isoform PDGF-AA is primarily produced and secreted by epithelial cells.

It mediates its action on mesoderm-derived cells (via PDGFR-a), and stimulates
mesenchyme expansion and angiogenesis. In contrast to PDGF-BB, PDGF-AA can
stimulate MSC osteogenic differentiation by the BMP-Smad1/5/8-Runx2/Osx signal-
ing pathway. The activation of BMP-Smad1/5/8 signaling by PDGF-AA occurs by
down-regulating PDGFR-a (feedback control), which allows the free BMPR-I to get
complexed with BMPR-II. The BMPR-I-BMPR-II complex further activates smad1/5/8
using BMP molecules, thereby promoting MSC differentiation and migration [64].

The isoform PDGF-BB has also been recognized as a significant paracrine factor
involved in early bone healing. A study conducted on osteoblast-like cell-cultures also
proposed the potential use of a combination of PDGF-BB and synthetic peptides (AC-
100, p-15, TP508) for accelerating bone healing [65]. Another study conducted on
animal models and periosteal cell cultures showed that PDGF-BB/PDGFR-f signaling
inhibits BMP-2-induced osteogenesis (by attenuating Smad1/5/8 phosphorylation)
[62]. Both PDGF-BB and BMP-2 are anabolic agents; however, when used in combina-
tion, they inhibit osteogenesis, suggesting a sequential use of both growth factors for
better bone healing [62]. Contrary to PDGF-BB, there exists a link between PDGF-AA
and BMP pathways that stimulates MSC osteogenic differentiation and migration
[64]. These findings suggest the potential clinical implications of PDGF-AA along
with BMP.

5. Bone growth and maturation

During fetal development, mineralization of the skeleton is a critical process,
facilitated by the active involvement of the placenta in transporting essential miner-
als like calcium, magnesium, and phosphorus from the maternal circulation [66].
By the 8th week of gestation, the human fetus establishes a complete cartilaginous
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framework, and primary ossification centers begin to form between the 8th and

12th weeks, primarily in vertebrae and long bones. However, it is during the third
trimester when the majority of mineralization occurs, with approximately 80%

of the ash weight and mineral content being accreted [67]. Additional secondary
ossification centers develop in the femur around the 34th week. The differentiation of
osteoblasts into osteocytes occurs as they become embedded within the extracellular
matrix, while other osteoblasts align along the bone surface, increasing in size. The
interconnected trabeculae gradually form woven bone as growth progresses [66]. The
primary center of ossification serves as the focal point for bone growth, and osteons,
the fundamental units of compact bone, play a significant role in bone structure.
Osteoblasts establish interconnections through cytoplasmic processes, which trans-
form into the canaliculi of osteons. The transformation to compact bone involves

the reduction of the perivascular space due to bone spicule formation around blood
vessels. Consequently, the blood vessel assumes the role of the central canal within
the osteon [68]. Adequate mineral delivery is crucial for normal skeletal development
and mineralization in the fetus and neonate. The rate of mineral accretion intensi-
fies significantly, with a notable surge from around 60 mg per day at week 25 to over
300 mg per day from the 35th through the 38th weeks. This acceleration slightly
diminishes in the final 2 weeks before birth [67]. The turnover of the skeleton helps
maintain a robust calcium level in the fetal circulation, as evident in cases of severe
maternal hypocalcemia resulting from hypoparathyroidism, where skeletal resorption
increases in response [17, 69].

Mineral and bone metabolism operate differently during the fetal development
compared to adulthood [67]. The placenta plays a crucial role in providing essential
minerals from the maternal circulation to the fetus, resulting in higher concentra-
tions of these minerals in the fetal bloodstream for proper skeletal development.
Hormones like parathyroid hormone (PTH) and PTH-related protein are crucial
in regulating fetal bone development and serum mineral levels, while factors like
vitamin D/calcitriol, fibroblast growth factor-23, calcitonin, and sex steroids have
minimal impact [69, 70]. In the neonatal phase, there is a transition in the regulation
of mineral homeostasis. Initially, serum calcium levels decrease while phosphorus
levels rise, gradually reaching adult values within 24-48 hours [67, 70]. During this
phase, the neonate’s intestines become the primary source of minerals, kidneys
reabsorb minerals, and bone turnover contributes to mineral supply. This transition
is triggered by the loss of the placenta and a decline in serum calcium levels after
birth. Subsequently, there is an increase in PTH secretion, followed by an elevation
in calcitriol levels [67, 70]. Intestinal calcium absorption shifts from a passive process
facilitated by lactose to an active and calcitriol-dependent process. However, increas-
ing dietary calcium intake or administering calcium through parenteral routes can
bypass the role of calcitriol in regulating mineral and bone metabolism [71].

Endochondral ossification is a fundamental process responsible for the develop-
ment of the majority of bones in the skeletal system, known as endochondral bones.
It involves several key stages that span over several weeks. Initially, the bones take the
form of hyaline cartilage models. The process begins with the formation of a bone
collar around the middle of the cartilage model, followed by the degeneration of the
underlying cartilage. Concurrently, capillaries and osteoprogenitor cells invade the
resulting ossification center from the periosteum. Osteoblasts subsequently deposit
osteoid, which undergoes calcification, leading to the formation of woven bone. This
woven bone is later remodeled into compact bone. Osteoblasts secrete bone matrix,
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while osteoclasts in the ossification center remove a portion of the newly formed
bone, contributing to the creation of the bone marrow cavity [72, 73].

The primary ossification center initially forms in the diaphysis, the middle region
of each developing bone. Subsequently, secondary ossification centers develop in the
epiphyses through a similar process. Following ossification, the primary and second-
ary ossification centers are separated by a segment of cartilage called the epiphyseal
growth plate, which remains between the epiphysis and diaphysis, enabling continued
bone elongation. Ossification of the growth plate persists until around the age of
20 years. The growth plate facilitates bone lengthening by sustaining the growth of
cartilage. The two ossification centers eventually merge when the epiphyseal plate
disappears, which typically signifies the attainment of full stature [74]. The epiphy-
seal plates exhibit lower biomechanical properties compared to adjacent mature bone,
ligaments, and tendons. A fracture in the growth plate can occur in children from a
similar mechanical insult that would result in a join sprain in adults. Growth plate
fractures impact the layer of developing tissue near the ends of a child’s bones, with
higher prevalence observed in the fingers, forearm, and lower leg. The majority of
growth plate fractures heal successfully without negatively impacting future bone
growth. However, in some cases, the fracture may cause alterations in the growth
plate, leading to potential complications later on. These complications can include
mild misalignment of the bone, resulting in slight deviation or marginal differences
in length compared to the expected outcome. Growth plate fractures are significantly
common among children, accounting for approximately 15-30% of all fractures in
this age group. Moreover, they occur twice as frequently in boys compared to girls.

6. Aging bone changes

Skeletal mass increases with growth and maturational changes in bone density
and dimensions. The most rapid period of bone growth occurs during adolescence
with skeletal mass doubling during the pubertal growth spurt. Males showing greater
bone strength with increased volume, trabecular number and thickness than females
from mid-puberty onward due to the action of testosterone on periosteal apposition
[75, 76]. Peak total bone mineral content and total bone mineral density is 22 years for
females and 23-26 years for males [77]. The amount of bone present in the skeleton
at the end of the maturation process, known as peak bone mass, is a key indicator
of bone mass in the elderly [78, 79]. Normal bone homeostasis, a delicate balance
of bone formation and resorption is disrupted with aging. Declines in bone mineral
density are observed before midlife in trabecular and cortical bone in women but
several decades later in men [80, 81]. Noninvasive imaging studies demonstrate
greater loss of cortical bone and increases in cortical bone porosity compared with
trabecular bone with advancing age [82, 83]. Bone loss in both sexes is driven by
declines in estrogen and other steroid hormones. Women experience a period of
marked cancellous bone loss with the onset of menopause, followed by a slower phase
of loss that continues through the lifespan [84]. Estrogen loss is thought to increase
osteoclast recruitment and activation and decrease osteoclast apoptosis, creating a
shift toward increased bone resorption [85]. Cellular senescence, a factor in reduced
osteoblast proliferation and differentiation, may contribute to a shift in production
of osteogenic progenitors in the bone marrow, further exacerbating the shift toward
bone resorption in the aged population [86, 87].
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7. Factors affecting bone health

Bone health is determined by many factors including genetics, gender, nutrition,
hormonal status, bodyweight, age, exercise, metabolic diseases such as diabetes,
and lifestyle choices including smoking and alcohol consumption. From birth to
adulthood, and perhaps most importantly in the aged, bone health is essential to
well-being and quality of life. Bone mineral density is a key factor linked with healthy,
normal bones in adulthood. Low bone mineral density is associated with reduced
strength of bones and conditions such as fractures and osteoporosis. In contrast,
abnormal and excessive growth of new bone tissue on the other end of the spectrum
may be just as debilitating. Heterotopic ossification, the formation of extra-skeletal
bone in muscle and soft tissues, or Paget’s disease characterized by large bones with
irregular structure prone to fractures, bowing and deformities are examples of bone
overgrowth conditions.

7.1 Smoking

While genetics account for 50-90% of bone mineral density variation in humans
[88, 89], many lifestyle factors are controllable and exert a strong influence on bone
health. Cigarette smoking is one of the most prevalent and preventable risk factors for
osteoporosis and bone fractures and has significant adverse effects on bone healing
[90, 91]. Smoking is associated with lower bone mineral density in both men and
women over age 50, increased risk of fractures [92, 93], and slower rates of bone
repair [94]. The mechanisms by which smoking affects bone health are poorly under-
stood but may be related to changes in hormone status (estrogen, adrenal cortical
hormones), impaired calcium absorption, reduced vitamin D availability, impaired
vascularization, and/or increased free radical production [95].

7.2 Alcohol consumption

Another widespread and avoidable risk factor with negative consequences for
bone health is alcohol consumption [96-98], although many epidemiological studies
find minimal effects on fracture risk or bone mineral density with moderate alcohol
use [99-101]. Chronic alcohol abuse or heavy binge-drinking is associated with an
increased incidence of fractures from falls and delays in fracture healing [97, 102]. In
rodent models, chronic alcohol administration reduced serum concentrations of the
active form of vitamin D3 [103]. This finding was mitigated with vitamin D supple-
mentation [104]. Loss of bone mineral density, trabecular volume and compressive
strength were observed in a study of binge-alcohol treatment in rats [105] as well as
chronic alcohol consumption [106]. Further, excessive drinking is associated with an
increase in bone resorption that disrupts normal bone homeostatic turnover and leads
to increases in cortical bone porosity [107, 108]. Studies to date appear to implicate
alterations in bone remodeling, via increase in osteoclast activity and inhibition of
osteoblast differentiation as possible mechanisms through which alcohol influences
bone health [109, 110].

7.3 Diabetes

The long-term exposure to metabolic changes related to diabetes has profound
effects on bone metabolism and molecular alterations in bone structure. Type 1
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diabetes mellitus (T1DM) patients experience reduced cortical bone size and inad-
equate peak bone mass most likely attributable to suppression of osteoblast differen-
tiation and activity. Younger patients at the time of onset were observed with greater
deficits in bone accrual, bone mineral density, and compressive bone strength in the
radius and tibia [111, 112]. Hip fracture risk increases 5-8% in T1DM patients com-
pared with non-diabetic controls, despite similar measures of bone mineral density in
the lumbar spine [113]. The proposed mechanisms underlying these changes include
insulin deficiency, accumulation of advanced glycation end products, reduced bone
deposition and turnover, inflammation, and osteocyte dysfunction [114]. Patients
with type 2 diabetes mellitus (T2DM) are frequently observed with normal or

even increased bone mineral density but are predisposed to fragility fractures due

to increased cortical porosity, smaller cortical area, and decreased bone material
strength. Serum markers of bone turnover were reduced compared with non-diabetic
controls, suggesting impairment of normal bone remodeling mechanisms [115].
Another hypothesis proposes that prolonged high circulating glucose concentrations
lead to advanced glycation end-products in circulation and resulting in collagen
crosslinks in bone. Like bisphosphonate therapy, prolonged low bone turnover and
changes in the biomechanical properties in T2DM create a more brittle bone that
contributes to increased fracture risk [115, 116].

7.4 Genetics

Senescent cells show genetic alterations like telomere shortening, impaired DNA
repair and damage response [117]. The up-regulation of GATA4 by DNA damage
response (DDR) stimulates NF-xB and senescence-associated secretory phenotype
(SASP) production [118]. The bone microenvironment in aged cells like osteoblast
precursors and osteocytes develops a SASP, tissue degeneration, and enhanced
expression of senescence-associated markers like pl6Ink4a, p21 and p53 [119]. The
expression of cytokines like IL1 also activates SASP in osteocytes of older bones.
Accumulation of Poly [ADP-ribose] polymerase 1 (PARP1) in senescent cells causes
bone mineralization, vasodilation triggered by DDR, and excessive extracellular
matrix calcification [120]. Ataxia-telangiectasia-mutated (ATM) gene encoding for a
Ser/Thr kinase is involved in DNA repair of double-strand break and its inactivation
causes short telomeres, decreased bone formation, and defective osteoblasts with
enhanced bone resorption [121]. Xeroderma pigmentosum-type D (XPD) gene is
found to be crucial for DNA repair and its alteration causes osteoporosis and kyphosis
[122]. Mutation in autophagy-related 7 (ATG7) gene, a key component of autophagy
can lead to bone loss. Mutations in the mtDNA polymerase gamma (Polg), the DNA
polymerase in mitochondria causes osteoporosis with reduced osteogenesis and
increased osteoclastogenesis [123].

7.5 Obesity

Obesity is defined at a body mass index >30 kg/m” with excessive body fat and has
increasingly been affecting global health. Specifically, obesity has been shown to result
in higher blood loss during lumbar fusion procedures, longer hospital stay, greater
complication rates, and worse functional outcomes compared to nonobese patients
[124]. While various factors such as environment, metabolism, genetics, and behavior
interplay in the onset and development of obesity, the imbalance between high food
intake and low energy expenditure ultimately lead to the accumulation of excessive
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body fat. Proinflammatory factors such as TNF-a, IL1b, IL6, resistin, and leptin has
been shown to upregulate in the adipose tissue, resulting in their release to the blood-
stream and a systemic low-grade inflammatory state in other organs including the skel-
etal system [125]. In addition, hyperlipidemia decreases the osteogenic capability of
bone precursors, potentially due to the disturbance in the balance between adipogen-
esis and osteogenesis toward adipogenesis [126]. Obese patients show a significantly
lower lumbar fusion rate as well as a series of post-operative complications compared
to nonobese patients [127]. As with patients with other risk factors as described above,
a more advanced approach may be needed for successful bone repair and regeneration,
which includes appropriate cells, microenvironment, and biological signals.

8. Bone regeneration technologies

Bone regeneration technologies and approaches aims at repairing or replacing
damaged or lost bone tissue. These technologies can help restore the structure, func-
tion, and integrity of bones affected by trauma, disease, or congenital abnormalities.
A comprehensive approach to an efficient bone repair and regeneration may include
stem and progenitor cells (exogenous, endogenous), proper microenvironment (col-
lagen, proteoglycan), and signals (growth factors) (Figure 5).

8.1 Cell-based approaches

Cell-based bone regeneration technologies involve the use of living cells to repair
and regenerate damaged or lost bone tissue. These approaches aim to overcome the
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Figure 5.

Stages of bone repair and regenevation. 1. Hematoma formation: The broken blood vessels and hemorrhage at the
break site vesult in the formation of a hematoma or clotted blood. 2. The soft callus formation: Phagocytic cells
invade the hematoma, and clear the dead cells. Fibroblasts and osteoblasts also invade the region and initiate
the bone reformation process. Fibroblasts synthesize collagen fibers whereas osteoblasts form the spongy bone.
The resultant vepaired tissue (between the broken bone ends) is known as the soft or fibrocartilaginous callus.
3. Bony callus formation: The soft callus is converted into a bony callus of spongy bone. This process is similar

to the endochondral ossification of bone. 4. Repaired bone: The osteoblasts and osteoclasts then carry out bone
remodeling to convert the bony callus to create bone tissue similar to the original bone. The entire bone repair
process is influenced by the infiltration of the bone cells (osteoblast and osteoclast), the microenvivonment of the
bone, and the availability of external signals (mediated by growth factors and cytokines).
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limitations of traditional bone grafting techniques by harnessing the regenerative
potential of cells. Cell-based bone regeneration technologies utilize a variety of cells,
including mesenchymal stem cells (MSCs) [128, 129], osteoprogenitors [130], induced
pluripotent stem cells (iPSCs) [131, 132], endothelial progenitor cells (EPCs), and peri-
osteal cells [133], to facilitate the regeneration and repair of bone tissue. MSCs, derived
from sources like bone marrow or adipose tissue, can differentiate into bone-forming
cells and secrete regenerative molecules. Stem cells are classically defined as cells that
can self-renew and differentiate into multiple cellular lineages. Osteoprogenitors,
found in the bone marrow, contribute to bone formation and repair. iPSCs, generated
by reprogramming adult cells, can differentiate into osteoblasts. EPCs promote vascu-
larization, while periosteal cells, obtained from the outer bone layer, possess regenera-
tive potential and can differentiate into various bone-related cell types. Collectively,
these cells offer promising approaches for advancing cell-based bone regeneration if
challenges in delivery and retention of cells can be overcome.

However, it is important to note that a typical cell population cultured in a labora-
tory may contain different cell types, which can significantly confound the identifica-
tion of “true” stem cells. For example, only about 7% of cells in a typical MSC culture
possess the stem cell-like characteristics at a clonal level, suggesting 93% of cells in a
typical MSC culture are not stem/progenitor cells [134]. Interestingly, there has been
no stem cell-based treatment modality approved by the U.S. FDA for the repair and
regeneration of damaged bone. While MSCs may need further identification and
characterization to obtain a cell population that can provide a better clinical outcome,
it is feasible to postulate that stem and progenitor cells may need a niche resembling
the environment of early bone development. MSCs, for example, may not differenti-
ate into functional bone without going through the developmental stages (intra-
membranous or endochondral ossification) through mesenchymal condensation in a
properly formulated microenvironment as discussed above. This may be particularly
true as MSCs have been known to be very responsive to their microenvironment [135].

8.2 Microenvironment-based technologies

Microenvironment-based bone regeneration technologies utilize a range of
materials, including hydroxyapatite/calcium phosphate, polymers, ceramics, bio-
glasses, metals, and composites, to create an ideal environment for bone regeneration.
Hydroxyapatite and calcium phosphate mimic the structure of natural bone mineral
and support osteogenesis. Polymers like poly(lactic-co-glycolic acid) (PLGA) and
polycaprolactone (PCL) provide biocompatible scaffolds that mimic the extracel-
lular matrix and promote cell growth. Ceramics such as calcium phosphate ceramics
offer excellent biocompatibility and act as bone substitutes. Bioglasses stimulate
bone regeneration by releasing bioactive ions. Metals like titanium and its alloys
provide mechanical support and can be modified to enhance bioactivity. Composites
combine different materials to optimize properties. These microenvironment-based
approaches, in the form of scaffolds, coatings, or fillers, aim to enhance bone regen-
eration and restore function in patients with bone defects or injuries.

In a therapeutic context, the condition of the implant site can have a significant
impact on the fate of transplanted stem and progenitor cells [136]. Factors such as
cytokines, growth factors, endogenous cells, enzymes, and mechanical stimuli play a
role in maintaining the balance between anabolic and catabolic processes in a healthy
intervertebral disc. However, a degenerating disc characterized by decreased proteo-
glycans and collagen II, increased proteinases and cytokines, and decreased pH can
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create an unfavorable microenvironment for stem cells used in therapy [136]. The
success of interbody fusion surgeries, such as anterior cervical discectomy and fusion
(ACDF) or lumbar spine fusion procedures, depends on a favorable microenviron-
ment at the disc [135]. If fusion fails, patients may experience persistent or new pain,
and the implanted devices may fail, necessitating additional surgeries. The microen-
vironment in posterolateral fusion in the lumbar spine can pose even more challenges
to successful fusion [135]. Autologous bone grafting, where bone is harvested from
anon-load bearing site like the iliac crest, is considered the gold standard for bone
repair due to the presence of both stem cells and their native microenvironment
[135]. However, this approach has limitations and risks, including donor site morbid-
ity, fracture, infection, increased blood loss, prolonged operative time, and nerve
damage. As a result, bone graft substitutes have gained popularity as alternatives

to autografts. These substitutes, which include allografts, ceramics, polymers, and
biologics, have shown potential in bone regeneration [135].

Corticocancellous allograft and demineralized bone matrix (DBM) are examples
of allograft-based bone graft substitutes that have osteoconductive and osteoinductive
properties [137]. DBM, in particular, provides a scaffold for bone stem and progenitor
cells and has been shown to upregulate osteogenic genes and mineralization [137].
Mechanical stress, vascularity, and surface characteristics of graft materials can
influence the microenvironment and stimuli experienced by mesenchymal stem cells
(MSCs) and affect their osteogenic differentiation [138]. Ceramic-based substitutes
like hydroxyapatite (HA) and p-tricalcium phosphate (8-TCP) have demonstrated
varying degrees of ectopic bone formation and cell attachment [139]. Surface modi-
fications and coating can improve the compatibility and performance of calcium
phosphate ceramics [140]. Synthetic substitutes such as poly-l-lactic acid (PLLA),
polyglycolic acid (PGA), and PLGA have shown compatibility with MSCs but may
degrade too quickly to bridge critical-sized bone defects [141, 142]. Polysaccharide-
based materials, including cellulose, alginate, chitosan, and glycosaminoglycans,
have been investigated for bone regeneration and have shown promise as scaffolds
for tissue engineering [143-146]. Recent studies have highlighted the potential of
carbohydrate-based polymers including the hyper-crosslinked carbohydrate polymer
in enhancing bone formation (Figure 6) [147, 148]. While bone graft substitutes aim
to create an conducive environment for bone regeneration, they may not be sufficient
for high-risk patient populations, such as those with diabetes, who have shown lower
rates of bone regeneration [149, 150]. Additional therapeutic approaches and consid-
erations such as inclusion of growth factors and cell-based approaches are necessary to
address the microenvironmental challenges in these cases.

8.3 Signal-based technologies

Signals, such as growth factors, can also be used to stimulate bone regeneration.
Growth factors are proteins that promote the growth, division, and differentiation
of cells. Growth factors can be delivered to the site of injury using a variety of meth-
ods, including injections, gels, and membranes. Infuse™ Bone Graft (Medtronic,
Minneapolis, MN) is a bone regeneration technology that utilizes the bone morpho-
genetic protein-2 (BMP-2) signal to stimulate bone healing. This technique involves
implanting a collagen sponge soaked with recombinant human BMP-2 into the site of
bone defect or fracture. The advantage of this approach includes enhanced bone heal-
ing, minimally invasive delivery, elimination of autograft harvesting, reduced pain
and morbidity. However, there are also cons to consider, such as potential side effects
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Figure 6.

Cagrhohydmte—hased microenvironment. The hyper-crosslinked carbohydrate polymer (HCCP) scaffold is
characteriged by high-density, interconnected pores with extraordinary surface avea for cell adhesion and space
for nutrient transfer (left panel, SEM image, scale bar = 200 pm). Mesenchymal stem cells (MSC) and CD34+
hematopoietic cells show exceptional adherence to HCCP. Biocompatibility is demonstrated via normal cellular
growth, migration, and expansion patterns (left panel, SEM image, scale bar = 50 ym).

like excessive bone growth and inflammation, concerns with off-label use, higher
cost compared to traditional grafting, and the need for more long-term safety data.
Careful evaluation by medical professionals is necessary to weigh the benefits and
risks to ensure its appropriate use in clinical practice. Augment Bone Graft (Wright
Medical Technology, Inc) employs recombinant human PDGF-BB with a p-tricalcium
phosphate carrier to improve healing in ankle and foot fusion surgeries [151, 152].
Approved by the FDA since 2015, this product is also in use in dental and neuropathic
ulceration applications. In a sheep model, Augment Bone Graft was comparable with
autograft bone for promoting spinal fusion suggesting this combination may be a
viable alternative in the clinical setting [153].

9. Conclusion

Bone development, growth, and maturation are complex processes dependent on
progenitor cells, hormones, and growth factors. Under normal physiological condi-
tions, peak bone mass is achieved in early adulthood. Thereafter, bone homeostasis is
maintained through a balance of resorption and deposition that is influenced by many
environmental factors including nutrition, age, disease status, drinking, and smoking,
to name a few. Loss of bone mineral density begins about menopause in women, several
decades earlier than men, but continues throughout the aging process in both sexes.
Bone fragility in the elderly is most likely due to a physiological shift in favor of bone
resorption activity creating less bone density, as well as reduced activity of the progeni-
tor cell populations. Bone regeneration technologies are still in their early stages of
development but have the potential to revolutionize the way we treat bone diseases and
injuries. New technologies patterned using cues from embryonic bone development
may provide patients with new and improved options for bone repair and regeneration.
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Manual Reduction, Subpedicle
Approach, and Body Cages to Treat
Burst Fracture

Kung-Chia Li, Yu-Chieh Hsieh, Ching-Hsiang Hsieh
and Ting-Hua Liao

Abstract

Thoracolumbar (TL) burst fractures occasionally result in severe instability, acute
or delayed neurological dysfunction and require surgical intervention. Burst fractures
can be reduced by manual reduction first and the following surgical approaches
including anterior, posterior, or both have individual advantages and limitations.
Even transpedicular decompression and augmentation with the body cages and short-
segment fixation (TpBA) are regarded successful, yet they are limited in their ability
to decompress the contralateral spinal cord and bilateral procedures are necessary.
Thus, a posterior far-lateral subpedicle approach to open the lateral vertebral cortex
window, creating a tunnel to remove retropulsed bony fragments and pass body cages
for full-body augmentation (SpBA) to treat burst fracture was herein reported. The
characteristics of SpBA include unilateral approach, direct decompression, short
operation time, and no posterior instrumentation. While adjacent disc injury and
degeneration may occur in burst fractures, Li’s short-term results indicate that SpBA is
effective in preventing its adverse effects. This chapter describes the detailed
advanced techniques and classification of the results obtained by a professional team
manual reduction for post-traumatic kyphosis. The unilateral subpedicle approach
with body cages and cementation without screw instrumentation rendering a mini-
mally invasive solution for spinal burst fractures was demonstrated.

Keywords: subpedicle approach, Magerl incomplete burst fracture, thoracolumbar
burst fractures, spinal trauma, manual reduction, posterior instrumentation, body
cage, kyphosis, kyphosis classification

1. Introduction

Thoracolumbar (TL) burst fractures occasionally lead to severe spinal instability
and even cause acute or delayed neurological dysfunction, and surgical treatments are
required [1-3]. The purpose of surgical intervention is to bring about nerve decom-
pression, reconstruction of the vertebral body, and correction of angular deformity
and stability [4]. Traditionally, decompression of the spinal cord and fixation of spinal
construct can be performed either by anterior, posterior, or both approaches with
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individual advantages and limitations [5-8]. A perfect minimally invasive approach
with safe and fast procedure and leading to long-term good results and function
recovery is still expected.

Transpedicular decompression and body augmentation (TpBA) with body cages
combining short-segment fixation after indirect decompression by team manual
reduction [9] has been reported to be a successful method to treat high-energy burst
fractures or osteoporotic Kiimmell’s disease [10, 11]. However, transpedicle decom-
pression is limited in its decompression of the contralateral spinal cord, and bilateral
procedures are needed. In 2014, Li et al. [12] reported a new approach, that is,
unilateral subpedicle window operation: through a posterior far-lateral approach, so
that the lateral vertebral cortex window can be opened by pushing the cortex shell
laterally and ventrally. The subpedicle cortical window then works as a tunnel to
remove all retropulsed bony fragments and passing body cage for full-body augmen-
tation (SpBA). In addition, the screw instrumentation was not needed.

The problem is that adjacent disc injury usually occurs concurrently with burst
fracture [13-16], which was reported as the key mechanism for the progress in the
kyphosis angle and the post-operative loss of the correction angle [17-19]. However, if
the fracture of the endplate can be healed, resettlement of disc does not cause kypho-
sis progression [20]. The literature [21, 22] also confirmed that adjacent disc degener-
ation may occur in burst fractures; however, only 13% is severe and related to
endplate fractures. According to the short-term results, SpBA was good in prevention
of the adverse effects of adjacent disc injury [12]. However, up-to-date, the long-term
results have not been reported yet.

This chapter will describe the detailed technique of team manual reduction and
provide the classification of the outcome results. This chapter will also retrospectively
evaluate the TpBA and SpBA outcomes based on the radiographic and clinical results
of SpBA with a minimum 10-year follow-up. We hypothesized that unilateral mini-
open SpBA to treat TL burst fractures is able to achieve cord decompression, vertebral
reconstruction, and satisfactory long-term results as compatible or even better than
TpBA, in particular with a smaller wound and a shorter operation duration.

2. Background of manual reduction

Manual reduction has been successfully applied in the correction of thoracolumbar
fractures. From the biomechanical studies of cadaver burst fractures, traction force on
the fractured cadaver vertebra can reduce retropulsed bony fragments in the spinal
canal, restore anterior and posterior vertebral height, and the extension force is able to
correct the kyphotic angles [23, 24]. Clinically, posture reduction in the
thoracolumbar fractures has been considered to be safe and effective [25]. In 2003, Li
et al. [26] reported a 5-member manual reduction (team-MR) for high-energy burst
fracture while the patient was in prone position under general anesthesia with full
muscle relaxation. The reduction rate was close to 100% in acute fracture without
complications. The prone position was good for manual force control and next surgical
approach. In 2004, Li et al. [27] reported team-MR for acute osteoporotic compression
fracture and achieved similar results. Li’s clinical series have confirmed team-MR to be
safe and effective in restoring thoracolumbar vertebral fractures [9-12]. Tropiano [28]
reported a reduction frame that was used to reduce the spine fracture without anes-
thesia. The patient was in supine position receiving cephalic axial traction and lordotic
reduction with a strap under the fracture site. Then a thoracolumbar plaster cast was
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fabricated. The frame use is limited in non-operative acute fracture and cephalic
traction force through cervical spine is poor in force quantity and direction adjust-
ment. In 2018, Carlo et al. [29] reported a 3-member manual reduction for acute burst
fracture as a technical note; in 2021, Li et al. [30] confirmed the effect of a 3-member
manual reduction in acute spine fractures. However, a 3-member manual reduction is
weak to correct chronic deformity following spine fracture because it cannot change
the patient posture according to the deformity. In addition to acute spine fracture,
even the chronic post-traumatic kyphosis was possibly reduced by team-MR by ele-
vating the patient’s shoulders if at the thoracic spine or raising the patient’s lower
limbs if at the low lumbar spine which may increase the extension forces to correct
post-traumatic kyphosis (Figure 1). The success of manual reduction may prevent
further operative decompression procedures or instrumentation reduction, which will
decrease the necessity of open surgery in osteoporotic fractures or lessen the implant
strain and bone-screw interface stress and prevent potential implant failure if open
surgery is needed. In this chapter, we report our experiences of manual reduction for
all spine fractures including fresh and old, high-energy and osteoporotic fractures,
and ankylosing spondylosis in the past 25 years.

2.1 Techniques of team manual reduction

All the patients received manual reduction, using C-arm fluoroscopy to monitor the
reduction if pre-operative MRI showed spinal cord compression and spinal angulation.
Most of the patients with spinal fracture were anesthetized and put in a prone position
with caution. (For simple compression fracture, manual reduction can be done without
anesthesia if patient’s compliance is good.) Prior to manual reduction, C-arm fluoroscopy
was used to locate the index level. Manual reduction was done by a team (Figure 1-A):
one anesthetist to hold the patient’s head and monitor vital signs; two assistants to hold
the patient’s shoulders (one on each side) and to provide traction and elevation of the
trunk; two assistants to hold the patient’s legs (one on each side) to prevent upward
motion of the body during traction; the surgeon to place his dominant hand on the apex
region of the kyphotic deformity. If index level is at thoracic spine, manual reduction is
begun with gentle traction and elevation of the trunk by the assistants holding the
patient’s shoulders, and with the surgeon’s both hands gradually and simultaneously
increasing the pushing force to counter the elevation force (Figure 1-B). If index level is

Figure 1.

Photographically shown operation steps; A: Team manual reduction to provide traction force and lordotic force to
corvrect the kyphosis; B: If the thoracic kyphosis is not perfectly corrvected, then the advanced step will elevate the
shoulder and upper trunk and compression force over the kyphosis apex region, and C: If the lumbar lordosis is not
well restored, then the next step will elevate the hip and lower trunk and compression force over the deformity apex
point.
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at lumbar spine, manual reduction is begun with gentle traction and elevation of pelvic
and lower limb by two assistants to hold the patient’s hips and legs (one on each side)
(Figure 1-C). The surgeon places both hands over the apex of kyphosis to counter the
elevation force. After completion of manual reduction, C-arm fluoroscopy is repeated to
check the kyphosis reduction site and exclude any possibility of cord compression. If the
reduction result is unsatisfactory, manual reduction can be repeated as many times as
needed. In the acute fractures, usually traction force is enough and the unfixed defor-
mity is easily and completely reduced. In contrast, for the chronic case, the extension
force is often needed and sometimes greater compression force by the surgeon is
practically ensured to reduce the kyphosis, but the compression force must be well
controlled so as not to exceed patient’s body weight.

Manual reduction includes traction and extension forces and should be operated
step by step. Especially in kyphosis >60 degrees, slow traction without extension
component should be applied first, which usually initiates a bony or disc opening. This
procedure may last for more than 10 s and can be repeated 2-4 times. After checking
in C-arm fluoroscopy, if the reduction is not good enough, then extension force can be
followed with caution. The limitation of correction at one site is not more than 50
degrees. If the results of manual reduction were not satisfactory, then osteotomy
should be considered as a substitute. There is no need to insist on manual reduction
alone to achieve a perfect reduction.

2.2 Results of manual reduction

Twenty hundred and thirty cases of thoracolumbar kyphotic deformities were
included in this study from January 1997 to December 2022. The male-to-female ratio
was approximately 680:1350, and the mean age of the patients was 65 years (range 21
to 102 years). The inclusion criteria for this study dictated patients to have symptom-
atic thoracolumbar kyphosis (either primary or secondary, due to diseases, 197 cases)
or spinal fracture due to trauma or osteoporosis (1833 cases) who were necessitated to
undergo vertebroplasty or surgical intervention.

In the reducible cases, the spinal column height could be restored, and kyphosis
corrected by manual reduction. According to the results from manual reduction in
thoracolumbar kyphosis, the reduction patterns have been classified as follows and are
shown in Table 1.

Type I. Opening of the unfused deformed vertebral body and disc was achieved,
where the vertebral body fracture has not healed and interbody fusion was not
established and could be restored by manual reduction (Figures 2-4). The most acute
spinal fracture is easily reduced in this mechanism.

Type II. Restoration of the disc space and successful realignment of the deformed
vertebral body were achieved, corresponding to Type II kyphosis, where the vertebral
body has healed with deformity, resulting in further tilting after the disc degeneration
(Figure 5). The forces can open the narrowed disc space and correct the deformed
vertebral column.

Type III. Iatrogenic open-wedge fracture was induced by the team manual reduc-
tion (Figures 6-9). Because the healed deformed vertebrae and solid interbody fusion
had been established, the force can open neither the original body breakage nor the
disc space. When the vertebra was osteoporotic enough, the manual force will create a
new open-wedge fracture, either in the originally healed vertebra or in the adjacent
intact vertebral body, which can result in restoration of the anterior column height
and thus correct the kyphosis.
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Table 1.

Classification of kyphosis based on the results of manual reduction.

Figure 2.

Demonstrated radiographs of a 77-year-old female with T11-L1 kyphosis, T11-L1 lateral Cobb’s angle pre-op:

50'; post-manual veduction: 10'; post-vertebroplasty 10’. Cement vertebroplasties (T11,12,L1) and discoplasty
(T12/L1) were done due to simultaneous reduction of vertebral body and disc.
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Type IV. Failure of reduction, where solid interbody fusion was found in a non-

osteoporotic spine. This type is usually predictable before operation by experienced
surgeons.

The new classification of thoracolumbar kyphosis is based on the results of manual

reduction and functionally guides the subsequent surgeries. In Type I kyphosis, except
in infection case, the vertebroplasty, cement discoplasty, or posterior body
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Figure 3.

Demonstrated radiographs of a 71-year-old female with T11-L2 kyphosis, T11-L2 lateral Cobb’s angle pre-op:
50'; postural reduction: 34'; post-manual reduction: 19'; post-vertebroplasty 12'. Cement vertebroplasties
(T11,12,L1) and discoplasty (T12/L1) were done due to simultaneous veduction of vertebral body and disc.

Figure 4.

Demonstrated radiographs of a 67-year-old female with T11-1 kyphosis, T11-L2 lateral Cobb’s angle pre-op: 64';
posture reduction: 53'; post-manual veduction: 28'; post-vertebroplasty 27'. Cement vertebroplasties (T11 ¢ T12)
and discoplasty (T12/L1) were done due to simultaneous veduction of vertebral body and disc.

reconstruction is the major operation after manual reduction and additional posterior
instrumentation is needed if spinal instability is found. In Type II kyphosis,
discectomy and interbody fixation are indicated if post manual reduction takes place.
In Type III kyphosis, vertebroplasty or body augmentation with body cage with/
without posterior instrumentation is indicated if manual reduction succeeds

(Figure 4). In Type IV kyphosis, open or close osteotomy and posterior fixation are
suggested.

Two major complications (0.1%) of manual reduction were found in the early
learning curve in 1997. Hypotension and hemothorax were noted after manual reduc-
tion in a 78-year-old female with 90° kyphosis (Figure 10) who received blood
transfusion, chest tube insertion, and intensive care unit (ICU) care and finally
recovered. Another complication was reflected with iatrogenic L1 pars fracture with-
out neurological injury; this was fixed with posterior instrumentation. After 2000,
there were no major complications noted in the past 20 years. The common asymp-
tomatic complication is cement leakage due to the opening of anterior vertebral cortex
(Figure 11). Right now, if there is open wedge of anterior cortex, the cement
vertebroplasty will be divided into two stages; that is, 1 cc liquid cement was first
injected to form a thin cement membrane lining on anterior longitudinal ligament and
then, 5 min later when the first cement was hard enough to prevent cement leakage,

146



Manual Reduction, Subpedicle Approach, and Body Cages to Treat Burst Fracture
DOI: http://dx.doi.org/10.5772 /intechopen.1001889

Manual
Reduction

Figure 5.

Ankylosing spondylitis (A) and type 1B ankylosing spondylitis (B); 27YM, ankylosing spondylitis and kyphosis,
manual reduction at the force concentrated at L3/4, inducing disc open wedge. L2/L5: Pre-op: 15’ kyphosis,
posture reduction: 15' kyphosis, post-manual reduction: 19’ lordosis; 33’ lordosis was corrected (measured at
C-arm films). The interbody cementation was done.

sufficient high viscous cement was injected to fulfill the open spaces, either in verte-
bral body defect or in disc space.

2.3 Discussion

Based on our 25-year experiences, the manual reduction of thoracolumbar kypho-
sis is effective and safe. Manual reduction is commonly used in orthopedic practice to
manage long bone fractures and reduce limb joint dislocation [31]. Cervical spine
injury is usually treated with traction [32]. In this chapter, manual reduction was
designed based on basic biomechanical studies [23, 24, 33, 34] and hyperextension
postural reduction [35]. Clinical application achieved a high success rate. The learning
curve for manual reduction is short and no major complications were observed if the
correction was not more than 50 degrees. Classification of thoracolumbar kyphosis
was made according to retrospective study of the immediate results after manual
reduction. This classification may be influenced by observer bias, since the post-
reduction films were evaluated by the surgeons after performing the manual reduc-
tion. Since this is a qualitative analysis, the flaw had far less impact than if quantitative
comparisons had to be made.

In Type I kyphosis with breakage of the vertebral body, manual reduction has led
to a very good restoration of the vertebral body. Reduction of acute burst or
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Figure 6.

Demonstrated radiographs of (A) and corresponding pictures (B) of a 78-year-old female with T10-L1 kyphosis,
T10-L1 lateral Cobb’s angle pre-op: 78'; postural veduction: 77'; post-manual reduction: 34'; post-vertebroplasty
33'. T12 open-wedge veduction was noted. T12 and T11 vertebroplasties were done.

compression fractures [36] was as easy by manual reduction as instrumentation
reduction [37], followed by posterior fixation with transpedicle body augmenter
[26, 38, 39]. Non-union osteoporotic compression fractures, also known as Kiimmell’s
disease [40-42], were also easily reduced by manual reduction accompanied by pos-
terior body reconstruction with transpedicle body augmenter [27]. Vertebroplasty or
kyphoplasty was shown to increase vertebral body height without instrumentation,
but the restoration result was limited [36, 43-45]. The difference between manual
reduction and postural hyperextension reduction lies in the amount of force used.
Manual reduction can be repeated if the reduction is not complete and the forces can
be increased to induce restoration close to the anticipated result. Therefore, manual
reduction is a safe, effective, and economic method to reduce Type I kyphotic
deformity.

Acute secondary body collapse in active spinal tuberculosis, multiple myeloma
with compression fracture, or osteolytic metastasis can be easily reduced by the
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Figure 7.

Demonstrated radiographs of a 54-year-old female with T11-L1 kyphosis, T11-L1 lateral Cobb’s angle pre-op:
86'; posture reduction: 58'; post-manual reduction: 34'; post-vertebroplasty 34'. T12 open wedge was induced by
manual reduction and restored by subpedicle decompression and body augmentation (SpBA) with cemented two
polyetheretherketones (PEEKs).

Figure 8.

Demonstrated radiographs of a 79-year-old male with T12-L2 Kypho-scoliosis, L1-L3 lateral Cobb’s angle pre-op:
50'; postural veduction: 38'; post-manual veduction: 3'; post-vertebroplasty 3'. L1 open-wedge correction was
induced by manual reduction and cementation was done.

manual reduction. This finding may result in a new treatment policy in the future.
Traditionally, body collapse with cord compression secondary to active tuberculosis
[46] or metastasis [47, 48] has been explored through an anterior approach in order to
remove the compression source. But with manual reduction, the kyphosis could be
reduced and spinal cord can be decompressed, and confirmed intraoperatively by
C-arm myelogram. For tuberculosis (TB) spine with body collapse, subpedicle
debridement with bone graft and posterior instrumentation should be sufficient, but
this should be followed by medical treatment for tuberculosis. For secondary body
collapse due to spinal metastasis, the subpedicle corpectomy and discectomy in com-
bination with posterior fixation should be able to prevent cord compression, and this
should be followed with chemotherapy or radiotherapy. Manual reduction and
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Figure 9.

Demonstrated radiographs of a 92-year-old male with T11-L2 kyphosis, T11-L2 lateral Cobb’s angle pre-op: 52';
posture reduction: 50'; post-manual reduction: 30'; post-vertebroplasty: 29' T12 fractuve site partial reduction and
L1 iatrogenic open-wedge fracture.

Figure 10.

Demonstrated radiographs of a 71-year-old female with T10-L3 95’ post-manual reduction: 24° Hemothorax:
T12 open-wedge fracture. Multiple SpBAs were done. SpBA indicates subpedicle decompression and body
augmentation.

posterior approach will be much easier than the combination of anterior decompres-
sion and posterior fixation.

In Type II kyphosis with healed or deformed body without anterior interbody
fusion, manual reduction can open the disc and correct malalignment of the deformed
vertebral body. Traditionally, such deformities may necessitate an anterior approach
to decompress the cord, followed by anterior or posterior fusion [49]. Because tilting
of the vertebra can be corrected by manual reduction, the posterior approach includ-
ing transpedicle discectomy [50] and interbody fusion with transpedicle body aug-
menter would be sufficient. Manual reduction can change treatment modalities in
Type II kyphosis.

In Type III kyphosis with anterior interbody fusion in osteoporotic spine, the
iatrogenic open-wedge fracture can be induced by manual reduction and kyphosis
should be corrected. That situation followed by percutaneous vertebroplasty with
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Figure 11.

Demonstrated radiographs of a 70-year-old female with T11-L1 kyphosis, T11-L1 lateral Cobb’s angle pre-op:
24'; posture reduction: 23'; post-manual veduction: 3'; post-vertebroplasty 2'. The cement leakage was noted at
T12 and L2 vertebroplasties.

sufficient cement vertebral filling will lead to a good result. Usually, the degree of
osteoporosis should be evaluated first. The success can be predicted when dual X-ray
absorptiometry (DEXA) < —2.5. Theoretically, the force needed to create an jatro-
genic open-wedge fracture must increase according to the strength of the vertebrae.

In Type IV kyphosis, if the fusion segment is strong, manual force may not create a
new fracture, and thus fail to reduce the kyphosis. In such cases, transpedicular wedge
osteotomy [51, 52] or the anterior approach must be needed. But in contrast, success
using Type III will lead to simple posterior instrumentation with posterior body
reconstruction, which prevents the technically demanding and highly risky
transpedicle shortening osteotomy or the anterior approach. Manual reduction can
change the selection of traditional operative procedures in Type III kyphosis.

2.4 Summary of team manual reduction

Manual reduction can reduce the thoracolumbar kyphosis through different
mechanisms and change the followed treatments. New classifications of kyphosis and
new concepts in treating thoracolumbar kyphosis have been developed after the
development of team manual reduction.

3. TpBA and SpBA to fix burst fractures following manual reduction

This retrospectively observational, single-institute case series study was
approved by the St. Martin De Porres Hospital, Chia-Yi, Taiwan ethics review board
[IRB 20C-006].

This retrospective study evaluated patients with TL burst fractures from January
2004 to December 2012. The inclusion criteria were as follows: single-level high-
energy non-osteoporotic burst fractures (Type A3.3 according to the classification of
Magerl et al. [53] with more than five points graded by the load-sharing mechanism
described by Gaines et al. [54], and involving T10-L2 with neurologic function
limited to Frankel Grade C, D, or E [25]. Fifty-three non-operatively treated cases or
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DEXA < —2.5 and 16 patients with other major organ system or musculoskeletal
injuries were excluded. Five patients who sustained multilevel involvement were also
excluded. A total of 128 qualified patients completed the procedures. Because the cases
with other organ trauma were excluded, the general conditions were stable in enrolled
cases. The operation was done within 48 h after the patients were sent to the hospital
within 10 days after the fracture happened. All cases were done by the same surgeons.

The clinical results were based on the latest follow-up before December 2022. Four
patients died of unrelated medical illnesses and six patients were lost to follow-up.
These 10 patients were excluded from this retrospective study. Finally, 118 cases with
41C, 58D, and 19E by the Frankel grading system [25] and average 7.1 + 0.9 points
graded by the load-sharing mechanism were included in this study. The follow-up rate
was 92.2%. The male-to-female ratio was 71:47. The mean follow-up was 163.7 + 27.1
(range, 124-227) months and age at the time of operation, 56.3 + 6.7 (range, 32-67)
years. The mechanisms of injury included fall (47%) and traffic accidents (53%). The
demographic data are listed in Table 2.

The pre-operative evaluation protocol included anteroposterior (AP) and neutral lateral
TL radiographs, and either computed tomography (CT) scans or MRI scans to evaluate
fracture sites and cord compression status. The mean follow-up was 173 + 29 (TpBA) and
156 + 23 (SpBA) months (p = 0.001), and the age at the time of operation was 55.8 + 6.6
and 56.7 £ 6.9 years (p = 0.47). All patients tolerated the TpBA or SpBA surgery smoothly.

In the radiographic analysis, the lateral Cobb’s angle was measured as described by
Kuklo et al. [55] from the superior endplate of the vertebral body above the fracture to
the inferior endplate of the vertebral body below the fracture level. The segment
wedge angle was measured from the superior endplate to the inferior endplate of the
fractured vertebral body wedge angle of the fractured vertebral body as described
previously by Verlaan et al. [22]. The predicted anterior and posterior vertebral body
heights were estimated by the mean of the heights of the upper and lower adjacent
segments. The angles and body heights were measured on neutral thoracolumbar
radiographs before the operation, immediately after surgery, and at the final follow-up.
All digitization and measurements were done using EBM-viewer software (EBM Tech-
nologies Inc., Taipei, Taiwan) with an accuracy of 0.1 mm by a graduate student.

Items TpBA® SpBA®
Cases 53 65
Male:female 33:20 38:27
Age (yr) 55.8 + 6.6 56.7 + 6.9
T11:T12:L1:L2 7:20:18:8 11:22:23:9
Load-sharing score 72+0.9 7.0+12
Fall: traffic accident 25:28 31:34
Follow-up (mo) 173 £ 29 156 + 23
Frankel E:D:C 21:23:9 20:35:10
Final Frankel E:D:C 49:4:0 60:5:0

“TpBA indicates transpedicle body augmentation; SpBA, subpedicle decompression and body augmentation.

Table 2.
Demographic data of the patients.
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Clinical results were assessed by the performance scale (Grades A-E) described by
Frankel et al. [25] and also evaluated pains using the Visual Analog Score (VAS).

Student’s paired t-tests were done between two groups to evaluate all radiographic
and clinical parameters. All the data are presented as mean =+ standard deviation. The
level of statistical significance was set as p < 0.05.

3.1 Operative techniques using transpedicle decompression and transpedicle
body augmentation with short-segment fixation (TpBA)

After manual reduction, short-segment fixation was followed. Pedicle screws were
placed at the level above and below the fractured vertebrae (two levels, four screws)
using the rod screw system (Reduction-Fixation Spinal Pedicle Screw System,
Advanced Spine Technology Inc., Oakland, CA, USA; Diapason, Stryker Corporation,
Allendale, NJ, USA; and UP spine system, TiTec Medical Co., Ltd., Taipei, Taiwan).
Bilateral pedicle tunnels to the vertebral body were made by an awl, followed by serial
custom-made trials (8 to 14 mm) to prepare transpedicle tunnel for decompression
and body augmentation. The bony defect in the fractured vertebral body was filled
through bilateral transpedicle tunnels [9], with autologous bone graft mixed with
calcium sulfate (Osteoset, Wright Medical Technology, Arlington, TN, USA) if the
autograft from the posterior iliac bone was insufficient. Then the augmenter was
inserted into the vertebral body through the pedicle tunnel, and finally, bone graft
was used to fill the pedicle tunnel space. Patients wore a thoracolumbar brace for
3 months. After discharge, patients were followed up regularly.

3.2 Operative techniques of subpedicle decompression (TpBA) and body
augmentation without screw fixation (SpBA)

In the SpBA group, a paramedian incision of about 1 inch in length was made on
the more painful side as reported by the patient. The transverse process was identified
with muscle splitting and blunt dissection. The superior part of the transverse process
was then punched out to expose the subpedicle region, that is, the pedicle-body
junction area, where no nerve or vessel resides (Figure 12). A guiding pin was first
inserted and confirmed by C-arm fluoroscopy, followed by serial custom-made dila-
tors to prepare for the passage of body augmenters, the residual bone may be pushed
into anterior and peripheral region, which served as autogenous bone graft and may
help in vertebral fracture healing and anterior ankylosis. The outer vertebral cortex
was pushed by the dilators to the lateral side, which then worked as a shield to protect
the surrounding structures. After the preparation, a subpedicle working tunnel of
about 13 x 22 x 40 mm was created for the removal of retropulsed bony fragments
and passing two spacers simultaneously. The upper segmental nerve root was
protected by a nerve retractor. Two pile-up body cages of 10 x 13 x 27 mm were
inserted into the vertebral body through the subpedicle window. Body cages can be
made of polyetheretherketone (PEEK) or titanium, solid or hollow, cylindrical or
rectangular. Polymethyl methacrylate (radiopaque bone cement; Howmedica Inter-
national S. De R.L., Limerick, Ireland) was used to stabilize the body cages and
provide the initial partial internal support if stability was not perfectly established
after the body cages were inserted or bone quality was not good enough. Usually,
patients were able to walk on the same day of the operation. Both groups of patients
were asked to wear a thoracolumbar brace for 3 months. After discharge, patients
were followed up regularly.
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Figure 12.

Subpedicle decompression and body augmentation (SpBA) flowcharts of subpedicle decompression and body
augmentation with body cage and cementation as shown in the lateral and transverse views. The first step is the
insertion of the guiding pin as confirmed by C-arm fluovoscopy; second, the creation of a bone slop in the
cephalocaudal direction; third, creation of the subpedicle bone window and tunnel; fourth, after the removal of
retropulsed bone fragments and placement, the body cages with cementation were inserted. SpBA indicates
subpedicle decompression and body augmentation.

3.3 Results of TpBA and SpBA

A summary of the results of the operative parameters is shown in Table 3. The
average blood loss and hospitalization were not different between the two groups. The
operation duration was significantly shorter in the SpBA group (40 & 12 min), only
59% of that for the TpBA group (68 = 17 min) (p < 0.001). All patients in the SpBA
group could walk without or with assistance within 24 h after the operation; but
ambulation for the TpBA group was achieved 1 to 3 days after the operation. Signs of
fracture healing, that is, appearance of anterior vertebral cortical line could be
documented radiographically within 3 to 5 months. Initial reduction and maintenance
of reduction were mostly achieved in both groups. The final post-operative anterior
vertebral restoration rates in the two groups were similar. There was no implant
dislodgement in either group. The partial or complete spontaneous anterior or lateral
ankylosing bridge was noted in every case of both groups (Figures 13-16).

The initial anterior vertebral height correction was 52.2 & 4.8% (TpBA) versus
57.1 + 4.2% (SpBA) (p < 0.001) and final loss reduction was 2.4 + 0.8% versus
2.3 £ 0.9% (p = 0.28). Initial corrections of the lateral Cobb angle were 23.7° £ 3.9°
versus 24.4° + 4.3°) (p = 0.41) and of the final reduction loss were 2.9° & 2.2° versus
2.8° £2.4° (p = 0.79).

Adjacent disc degeneration secondary to endplate fracture was noted in every case
in the SpBA group; however, no late radiculopathy in the SpBA group was noted. In
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Operative parameters®

Hospital stay (d) Blood loss (mL) Op. time (min)

TpBA 47+£12 228 +77 68 +£17

SpBA 4.4+11 211+£70 40 £12

P 0.34 0.21 <0.001

Anterior body height (%)
Pre-op Post-op FU Correction Final FU Correction loss

TpBA 43.0 £ 4.4% 952 £ 1.9% 522 + 4.8% 92.7 £2.0% 2.4 £ 0.8%
SpBA 42.6 + 4.2% 99.8 £ 1.5% 5714 4.2% 97.5£1.2% 23+ 0.9%
P 0.69 <0.001 <0.001 <0.001 0.28

Lateral Cobb’s Angle (°)

Pre-op Post-op FU Correction Final FU Correction loss
TpBA 26.4° +13.9° 2.5°£24° 23.7° £3.9° 5.5°+29° 2.9°£22°
SpBA 26.9° £ 4.2° 2.6°+11.9° 24.4° £ 4.3° 5.4°+2.3° 2.8°+£24°
P 0.41 0.94 0.41 0.77 0.79

“TpBA indicates transpedicle body augmentation; SpBA, subpedicle decompression and body augmentation.

Table 3.
Results of operative parameters, antevior body height, and kephotic angle (°).

Figure 13.

Demonstrated radiographs of a 58-year-old male who fell from height with L2 burst fracture with Frankel grade
D. He was treated with manual veduction and transpedicle body augmentation (TpBA). The fracture was healed
with anterior ankylosing bridging 3 months post-operatively. He is still pain free and works at his farm.
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Figure 14.
Demonstrated radiographs of a 62-year-old male who fell from height with L1 burst fracture with Frankel grade
D. He was treated with manual veduction and transpedicle body augmentation (TpBA). The fracture was healed

smoothly and his previous lumbar degenerative scoliosis seems not to be affected too much by TpBA operation.

Figure 15.
Demonstrated radiographs of a 56-year-old male who got injured in a traffic accident with L1 burst fracture with
Frankel grade E. He was treated with manual veduction, subpedicle decompression, and cement-augmented body

cages. The spontaneous anterior ankylosis was noted from 1 month and continued to 16 years post-operatively and
he is symptom free.
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Figure 16.

Demonstrated radiographs of a 46-year-old male MD who had motorcycle accident and resulted in a L2 burst
fracture with Frankel grade C with urinary incontinence. He was treated with manual veduction and transpedicle
body augmentation (TpBA). He experienced the removal of implant and underwent decompression surgery due to
vesidual spinal stenosis 6 years later. He is still an active physician.

clinical evaluations, there were no significant intergroup statistical differences in VAS
at pre-operative status (TpBA vs. SpBA = 7.5 £ 1.4 vs. 7.8 £ 1.3) as well as at the final
visit (1.4 £ 0.4 vs. 1.2 £ 0.5). Totally, 109 patients were maintained or recovered to
Frankel grade E. Four cases in the TpBA group and five in the SpBA group improved
from grade C to grade D.

Complications included three superficial infections in the TpBA group, which were
cured by antibiotics management, three post-operative seromas in the TpBA group
and one in the SpBA group, which healed after debridement, and two deep vein
thromboses in the TpBA group. Two patients in the SpBA group had an intraoperative
first lumbar (L1) root overstretch injury, which caused numbness and neuralgia at the
left inguinal region and leg weakness, but the symptoms gradually subsided in 4 and
6 weeks later. Three patients in the TpBA group had residual symptoms of incomplete
decompression of the spinal stenosis, and laminectomy to decompress the spinal cord
was done later (Figure 17). Four dura tears, which were caused by the penetration of
bony spike, were observed during subpedicle decompression after the removal of
retropulsed bony fragments; the tears were sutured or packed with gelatin sponge and
healed without neurological impairment.

3.4 Discussion

Traditionally, there are three main surgical methods used for thoracolumbar
Magerl incomplete burst fractures: anterior approach, posterior approach, and a com-
bination of both [5-8]. The anterior approach directly decompresses the spinal cord,
but it comes with a risk of damaging the lungs, internal organs, and vascular struc-
tures. On the other hand, the posterior approach, including laminectomy, can only
achieve indirect decompression. In this reported study, manual reduction [9] was
used to provide indirect decompression, while the subpedicle approach [12] was used
to directly remove the retropulsed bony fragments. This approach combines the
advantages of both anterior and posterior decompression, but without the potential
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Figure 17.

Degr:zlomtmted radiographs of a 46-year-old male MD who had motorcycle accident and resulted in a L2 burst
fracture with Frankel grade C with voiding dysfunction. He was treated with manual reduction and transpedicle
body augmentation (TpBA). He experienced the removal of implant and underwent decompression surgery due to
residual spinal stenosis 6 years later. He is still an active physician.

surgical complications. The study used a posterior far-lateral approach to create a
unilateral subpedicle cortical window that served as a tunnel to remove all retropulsed
bony fragments and passing body cage for full-body augmentation. The study dem-
onstrated that the unilateral mini-open SpBA method for treating thoracolumbar
burst fractures was effective in achieving cord decompression, vertebral reconstruc-
tion, and satisfactory long-term results, as good as those seen with TpBA, but with a
smaller wound and shorter operation time, as evidenced by the results of a minimum
10-year follow-up.

In interpreting our data, it is important to consider some limitations. First, there may
be nonhomogeneous inclusion protocols due to differences in pre-operative fracture
classification methods. These protocols were studied and implemented by the trauma
team in the emergency department, with some cases using computed tomography and
others using MRI. This might result in different severities of neurological symptoms in
each group at different times, leading to bias. Second, the study did not have a proper
randomized control group. As this was a retrospective study, we performed fewer
posterior short-segment fixations after learning that the results of SpBA were satisfac-
tory. Consequently, the follow-up period of SpBA was significantly shorter than that of
TpBA. Third, the clinical outcomes were determined by the treating surgeons, which
may introduce bias in interpreting the findings. Fourth, all radiographs were obtained in
the supine position, which could result in bias when compared to studies using standing
radiographs. Finally, blinded evaluation of radiographic results was not possible, as the
body cages or posterior screws were visible on the radiographs. However, independent
reviewers were used to evaluate other criteria.

The long-term results of SpBA showed that adjacent disc degeneration did occur;
however, there was no significant radiculopathy. Burst fractures are often accompa-
nied by various degrees of intervertebral disc injury above the affected vertebrae
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[13-15], with reported rates as high as 63.4% [16]. The severity of intervertebral disc
injury increased with the degree of fracture [13, 56]. The progression of kyphosis
angle and loss of correction angle after surgery were mainly due to more severe
intervertebral disc injuries and changes in the intervertebral disc shape [17-19]. How-
ever, if the fracture of the endplate can be healed, resettlement of disc does not cause
kyphosis progression [20]. The literature [21, 22] also confirmed that adjacent disc
degeneration does occur in burst fractures; however, only 13% are severe and related
to endplate fractures. In the SpBA group, the vertebral body was fully restored by the
body cage and fixed with cement. The endplate was restored and healed as completely
as possible. Intervertebral disc injury is not only difficult to recover [57-59], but also
increases apoptosis of intervertebral disc tissue [60], leading to intervertebral disc
degeneration and spontaneous fusion [61]. Our findings support this, as every case in
SpBA had disc degeneration and tended toward anterior ankylosis across the upper
disc. Changes in the intervertebral disc angle and height reflect changes in the Cobb
angle [19, 62]. Changes in the intervertebral disc morphology, based on the fractured
and deformed endplate, may be the primary reason for this angle change [63].
However, body cages with cementation can restore the body and endplate well, and
degenerative disc material can still link with the healed flat endplate without causing
angle changes, even if the height is decreased. This may explain why Cobb’s angle has
been maintained well after over a 10-year follow-up.

For high-energy burst fracture, PEEK cages and solid titanium cages lead to the
same good clinical results. Originally, we used titanium cylindrical body cage to
ensure the endplate reconstruction and prevent disc degeneration as slightly as possi-
ble. Later, we found that if cement could fulfill the body and support the endplate
well, the PEEK cages, just as a spacer not a fusion device, would have led to the same
results of titanium cages (Figure 18). The vertebral bone growth around the cage-
cement complex was observed and finally stable fracture healing was achieved. Either
titanium or PEEK cage would have the same mechanism. Due to interspinal process
device being reported to decrease the disc stress [64, 65], the interspinal process
device (IPD) (Rocker, Paonan Biotech Co., Ltd., Taiwan) was applied hopefully to
decrease the disc stress and prevent the disc degeneration and kyphosis.

This study reveals that cemented body cages lead to similar clinical results as the
body cage with short-segment fixation. The body cages are the internal supporter to
the vertebral body to reconstruct the body height. The cement can fix the cage to the
residual bony structure of the vertebra and prevent the cage dislodgement. The
fractured vertebra will heal around the cage-cement complex and restore the spine
stability. The long-term clinical results showed that the cemented body cages can
work alone and the short-segment fixation is not needed. The cement lumbar
interbody fixation without screw instrumentation was reported, leading to novel good
clinical results with spontaneous ankylosis shown by a 10-year follow-up in lumbar
degenerative spondylolisthesis and 6-year follow-up in degenerative lumbar scoliosis
[66, 67]. All these findings suggest that cementation in the spine surgery can provide
long-lasting stabilization, potentially inducing spontaneous ankylosis to further stabi-
lize the spine construct over time.

4, Conclusion

This chapter describes the detailed techniques and results of treating post-
traumatic kyphosis through team manual reduction, which has been developed and
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Figure 18.

Degmuomtmted radiographs of a 47-year-old male who fell from height with L1 burst fracture with Frankel grade
D. He was treated with manual reduction, subpedicle decompression, and body cages with interspinal process
device (IPD) (vocker, Paonan biotech Co., Itd., Taiwan). The photographs show the final results of cage insertion
at the bone window and incision wound. The fracture was healed 3 months post-operatively and the patient
returned back to be an active construction worker.

practiced 25 years in over 2000 patients. A practical classification system for
thoracolumbar kyphosis was presented based on the results of team manual reduction.

The chapter further reports on surgical procedures used to treat thoracolumbar
burst fractures, including TpBA with short-segment fixation and SpBA without
instrumentation. The advanced SpBA procedure has advantages of being able to
remove retropulsed bony fragments and reconstruct the fractured vertebra with body
cages and cementation via a unilateral mini-open subpedicle window approach. The
surgical outcomes of SpBA have been reported to be positive, with complete spinal
cord decompression, maintenance of reduction, and further ensured fracture healing
through anterior or lateral spontaneous interbody ankylosis.

Overall, the chapter concludes that combining team manual reduction and SpBA is
a safe and efficient approach for treating thoracolumbar burst fractures, with good
clinical outcomes observed in patients with a minimum 10-year follow-up.
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Abstract

Brachial plexus injuries (BPI) affect mostly the young population. The management
of these injuries is complex and there are many surgical options for treatment. To evaluate
the patient motor component, the British Medical Research Council motor grading scale
(BMRC), range-of-motion (ROM), disability of the arm, shoulder, and hand question-
naire (DASH), and push and pull dynamometer are the main clinical assessment tools
that provide information about the clinical status regarding motor function. The purpose
of this chapter is to show the motor recovery on interventions that are available as surgical
alternatives for the management of BPI, through a systematic review of the literature.

Keywords: brachial plexus injury, peripheral nerve surgery, clinical outcome,
motor recovery, systematic review

1. Introduction

Brachial plexus injuries (BPI) are highly disabling [1]. The functional restoration
of these injuries tends to focus on motor recovery, this being reported in 94% of the
articles published on brachial plexus surgery, displacing the evaluation of other fun-
damental aspects such as sensory, pain, quality of life, functional impact, and psycho-
social context [2, 3]. However, motor recovery is directly related to improvement in
quality of life [4]. Motor recovery can be evaluated in various ways, using clinimetric
scales and assessment tools to measure strength such as the British Medical Research
Council motor grading scale (BMRC) [5], active/passive range-of-motion (ROM) [6],
and tools that allow us to quantitatively measure strength (push-and-pull dynamom-
eter) [7]. Being the BMRC the most standardized, reliable, and valid measurement
tool for evaluating muscle strength in patients with BPI [8]. Brachial plexus surgery
has different objectives, where relative to motor recovery elbow flexion and shoulder
abduction and stability are prioritized due to the greater chance for success [9].
However, we recognize the importance of considering other functions of the upper
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limb such as the motor functions of the hand, and some authors even mention the
importance of restoring elbow extension [10].

2. Surgical techniques on brachial plexus surgery

The management of BPI is complex and there is more than one way of approach-
ing it surgically. The alternatives for treatment include surgical neurolysis, end-to-end
sutures, nerve grafting, nerve transfers, muscle/tendon transfers, and a combination
of them (multiple interventions) [7]. Surgical success depends on several factors such
as the patient’s age, patterns of injury, severity of injury, timing of surgery, surgical
technique, quality of the donor nerves, and length of nerve grafts, among others
[11, 12]. Prospective, randomized controlled clinical trials that compared all the
surgical repair strategies for BPI and their clinical outcomes have not been performed.
Therefore, some considerations continue to generate uncertainty in surgical decision-
making. For this reason, we consider it appropriate to evaluate if the current percep-
tion of effectiveness in terms of motor recovery of all surgical techniques is correct
and guide the development of new studies on the subject.

The surgical treatment of BPI is based on a combination of evidence-based prac-
tice, feasibility, and the personal experience of the surgeon [12]. Prominent surgeons
around the world have proposed different treatment algorithms that are likely based
on multiple factors that include things such as patient populations, body mass index,
insurance status, socioeconomic status, mechanisms of injury, injury patterns, loca-
tion, and severity, among other relevant factors [13, 14].

2.1 Surgical Neurolysis

Surgical neurolysis is a technique that began to be used in the World War by explo-
ration of the wound and wide debridement of the affected nerve [15]. The purpose
of surgical neurolysis is to decompress the affected nerve structures. Neurolysis
consists of making multiple longitudinal cuts along the epineurium and dissecting
the connective tissue that surrounds the injured nerve structures, lysing the adhesions
formed in the compartment [16].

In 1996, Clarke et al. [17] reported a study without a control group where they
determined that neurolysis did not represent significant clinical changes compared
to spontaneous recovery. It was a transcendent study because it ended up defining
neurolysis as an ineffective technique for the management of BPI, this argument
added to the popularization of nerve transfer and nerve graft, led to the abandonment
of surgical neurolysis and decreasing the number of clinical studies carried out on this
technique. However, Morgan R. et al. (2020) recently reported the results of a study
using surgical neurolysis for 21 adult patients with post-traumatic BPI, observing that
some patients achieved a BMRC rating score > 3 in elbow flexion after surgery [18].
The mechanism of symptomatology in the patients included in the study of Morgan
R. is probably explained by the connective tissue that surrounds the nerve structures,
generating a compressive phenomenon that causes strangulation of the nerve [19, 20].
Therefore, we can assume that surgical neurolysis can be effective in some specific
cases. The results shown by this study and the results showed by Morgan R. support
the need to reevaluate neurolysis alone as a surgical technique for the functional
restorations of patients with BPI, through a well-controlled study, where it seems to
be useful for those patients with post-traumatic compressive neuropathy.
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2.2 End-to-end suture

End-to-end suture is a surgical technique that consists of directly confronting the
free edges of the transected nerve structure by using a suture to conserve continuity. This
alternative is useful in cases of neural transaction when it is possible to face the limits
without causing tension (<1-2 cm) [21]. The material commonly used to repair the dam-
age is a monofilament like interrupted nylon or polypropylene suture (6-0 to 8-0) [22].
It is imperative that the surgeon must perform the suture taking into consideration the
anatomical alignment of the nerve bundles [22]. Other possible applications according to
Kim et al. for transected nerves when there is no nerve action potential and the proce-
dure is to dissect sharply the proximal and distal stumps, with adequate cross-sections
approach the nerve endings avoiding excessive tension in the suture site. In acute partial
lacerations (72 hours) end to end improved functional outcomes in 73% over a popula-
tion of 22 patients with 16 patients that achieve grade 3 function as a primary repair [22].

2.3 Nerve graft and nerve transfer

Nerve grafts and nerve transfer are other surgical alternatives that surgeons often
use to treat BPI. A systematic review published by Garg et al. shows that the data
strongly favors nerve transfer over traditional nerve grafting for the restoration of
improved shoulder and elbow function in patients with complete traumatic upper
BPI [23]. However, several articles show uncertain results. Hardcastle et al. published
a systematic review where they compared nerve graft versus nerve transfer for the
restoration of the shoulder abduction in traumatic brachial plexus palsy, observing
that the proportion of functional recovery of shoulder function for nerve transfer
was not statistically significant (OR 1.34, 95% CI: 0.27-6.72) compared with nerve
transfer, establishing that nerve transfer and grafting are similarly effective in terms
of shoulder abduction [24]. Other studies show controversial results in pediatric and
adult populations [25, 26]. Therefore, the choice of the best treatment modality is still
controversial. The evidence suggests that in upper trunk BPI in adults, the Oberlin
procedure and other nerve transfer techniques are the more successful approaches to
restoring elbow flexion and shoulder abduction compared with nerve grafting [27].
The decision between performing nerve graft versus nerve transfer is controversial in
this context, a prospective, randomized; controlled trial would be necessary to evalu-
ate the factors involved in clinical outcomes such as the pattern and location of injury.

2.4 Muscle and tendon transfer

The muscle/tendon transfer is more complex technique with higher morbidity,
these types of techniques are usually indicated for patients with long-term evolution
after injury (>6-12 months). The time interval between the injury and the surgical
intervention is relevant because after 12-18 months of injury, the nerve regeneration
is reduced [28]. Moreover, atrophy and fibrosis of muscles innervated by the affected
nervous structure result in poor outcomes [29]. Therefore, muscle/tendon transfer
should be considered for patients who have large evolution or patients without recov-
ery after a primary intervention. Possibly the muscle/tendon transfers are the surgical
techniques that have the best motor outcomes in severe injuries [30]. It is necessary to
carry out new studies to evaluate whether this technique is adequate in patients with
arecent injury (< 6 months), comparing its effectiveness and morbidity with other
conventional techniques.
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3. Materials and methods
3.1 Systematic review

This systematic review was carried out according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (PROSPERO ID:
CRD42022296184) [31]. The selection criteria, search, and data extraction are sum-
marized in Figure 1. The main objective of this search is to establish the magnitude of
changes in motor status after surgical intervention in adult patients with BPI accord-
ing to the type of intervention. A focused question was developed by the Patient
population, Intervention, Control, Outcome (PICO) method: Do adult patients with
BPI (patient population) undergoing surgery (intervention) have motor recovery
(outcome), according to the type of surgical intervention (comparison)?

3.1.1 Eligibility criteria
According to prospectively deposited eligibility criteria, we included any reports

of adult patients with a diagnosis of post-traumatic BPI who underwent primary
surgical intervention in studies that reported pre- and post-operative motor clinical

Records identified through
5 database searching
= (I'I =21 53)
g
£ Search terms: “Brachial
_E Plexus Injury” AND “Surgery”
= imits: Human an ults
Limits: H d Adul
—) l
Titles and Abstracts screened = Records excluded
(n =2153) . (n=1993)
o
£
=
g 4
(4]
> Full-text articles
assessed for eligibility | Full-text articles excluded (n = 122)
(n=160)
— — Articles in other language (n = 16)
— Review articles (n = 6)
. . — Articles not available (n = 16)
Full-text articles meeting — Case reports (n = 9)
inclusion criteria — Sample size lower than 3 (n = 5)
- (n = 38) — Pediatric patients (n = 3)
2 ¢ — Not related to BPI (n = 6)
5 — Ineligible data/Insufficient data (n = 34)
,_'-=’ Studies included in — Data could not be extracted (n = 5)
quantitative synthesis — Not high level of injury (n = 19)
(n = 38) — Non motor outcomes reported (n = 3)
—
Figure 1.

Flow diagram according to PRISMA guidelines. Brachial plexus injury.
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assessment. Conversely, we excluded pediatric populations (obstetric brachial plexus
palsy), BPI with the intermediate or low location of injury (distal arm, elbow, forearm,
wrist, and hand), case reports, publications with a population of n < 3, basic science
research, article reviews, and publications written in other languages than English.

3.1.2 Search strategy

Studies were identified using the advanced search in PubMed with the Mesh
terms “Brachial Plexus Injury” as the main topic and “Surgery” as a subtopic. We
added “Humans” and “Adults” to avoid animal models and obstetric brachial plexus
palsies (pediatric populations). For the “title” and “abstract” fields, 2153 total articles
published between 1968 and 2021 were found. No constraints on study design, year
of publication, or publication status were imposed. From the 2153 unique records
identified by this search, screening for relevance by title and abstract resulted in 1993
articles being excluded. Of the remaining 160 articles selected for full-text evalua-
tion, a total of 122 were excluded (Figure1).

3.1.3 Data extraction

The final dataset consisted of 38 studies (Table 1) and was analyzed to extract
specific parameters to be used for all subsequent analyses. During the first and second
phases of the systematic review, the titles and abstracts were screened by two review-
ers. If a clinic outcome was not mentioned in the abstracts, articles were excluded
(A.S.A and GJ.A.I). During the last phase, full-text articles were evaluated by
another author (C.R.J.D) and checked by two different reviewers (A.S.A and GJ.A.I).
Disagreement between observers regarding the inclusion of publications was resolved
through a consensus between different observers. The data extraction was focused
on collecting data regarding the location of the injury, demographic (mean age and
proportion of males), procedural (mean follow-up and interval injury-surgery), and
motor status (pre- and postoperative).

Study (Author & Year) Sample size (n) Type of surgery Type of Study*
Altaf F (2012) [32] 13 SN; MI cs
Azab A (2017) [33] 13 MTT CS
Baltzer H (2016) [34] 29 NG; NT PS
Baltzer H (2016) [35] 51 NT RS
Bertelli ] (2016) [36] 13 NG RS
Cambon A (2012) [37] 7 MTT CS
Cambon A (2018) [38] 11 NT RS
Coene L (1992) [39] 57 MI RS
Cho A (2015) [40] 19 NT RS
Dolan R (2011) [1] 21 NT PS
Dubuisson A (2002) [41] 134 EE; SN; NT RS
Elkwood A (2011) [42] 8 MTT CS
Friedman A (1990) [43] 3 NG cs
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Study (Author & Year) Sample size (n) Type of surgery Type of Study*
Frueh F (2016) [44] 6 NT CS
Gao K (2013) [45] 2 NT RS
Garcia A (2014) [46] 6 NT CS
Gousheh ] (1995) [21] 217 EE; NG; SN RS
Gutkowska O (2017) [47] 33 SN CS
Haninec P (2012) [48] 21 EE cs
JeromeJ (2012) [49] 15 NT PS
Kachrama. C (2017) [50] 15 MTT RS
Kim D (2003) [22] 42 EE; NG; SN RS
Khalifa H (2012) [51] 24 NG; NT RS
Laubscher M (2015) [52] 27 EE RS
LeeY (2008) [53] 6 NG CS
Li G (2019) [11] 465 EE; MTT; NG; SN; NT RS
Malessy M (1998) [54] 25 NT CS
Maldonado A (2017) [55] 65 MTT:MI RS
Moor B (2010) [56] 12 NG PS
Nicoson M (2016) [57] 13 MTT RS
Roganovic Z (2004) [58] 131 NG RS
Roganovic Z (2005) [59] 81 NG RS
Roganovic Z (2007) [60] 9 NG RS
Sallam A (2017) [61] 52 NG; NT RS
Soldado F (2016) [28] 8 NT RS
Stewart M (2001) [62] 59 NG; SN RS
Stockinger T (2008) [63] 6 NT RS
Wolfe S (2014) [64] 10 NG RS

*The studies included were non-controlled, non-randomized before and after studies (quasi-experimental studies).

SN: Surgical neurolysis. EE: End-to-end suture. NG: Nerve graft. NT: Nerve transfer. MTT: Muscle/tendon transfer. MI:
Multiple interventions (different surgical approaches performed on the same patient). CS: Case sevies. RS: Retrospective
study. PS: Prospective study.

Table 1.
Studies included.

3.1.4 Quality assessment

All articles included in this work were graded independently by two reviewers
(A.S.A and GJ.A.I) and subsequently reviewed by the same authors in a consensus
meeting using the Newcastle Ottawa Quality assessment tool [65, 66], for assess-
ing the quality of the included studies and was adapted for the evaluation of motor
recovery in BPI. The following characteristics were considered for the evaluation:
representativeness of the study, mechanism of injury, injury location, surgical tech-
nique description, preoperative motor status, postoperative motor outcome, motor
evaluation according to BMRC, follow-up, mortality/morbidity. Three subjective
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qualitative categories were used to define quality, no concerns (NC), unclear (U), and
many concerns (MC). Disagreements were resolved by consensus.

3.1.5 Outcomes

Motor recovery was collected using the British Medical Research Council (BMRC)
motor rating scale, considering the results reported in the included studies before
and after the intervention using this tool. Brachial plexus surgery focuses on elbow
flexion recovery and shoulder abduction, depending on the characteristics of the
injury. Therefore, the data from the evaluation of two muscle structures were col-
lected mainly, the biceps brachii and the deltoid, wherein those cases in which both
outcomes were reported, elbow flexion was prioritized to define the outcome of the
patient. Effective motor recovery was established in any patient who showed a BMRC
>3 after the intervention. It was decided to defer the evaluation of ROM because it
is intended to establish that surgical techniques have a more significant impact on
the exclusive recovery of strength, regardless of joint stability. In order to increase
the sample size of sub-groups, those articles that reported different types of surgical
interventions (mixed studies), were divided into subgroups according to the type of
surgical intervention performed (nerve transfer, nerve graft, muscle/tendon transfer,
end-to-end suture, surgical neurolysis, and multiple interventions (different surgical
techniques performed in the same patient)).

3.1.6 Data analysis

Statistical analyses were conducted using SPSS 25.0 for Windows software (SPSS,
Inc., Chicago, IL). There are no complete clinical trials (controlled, randomized, and
blinded) reported about each of the surgical techniques included in the analysis. For
this reason, it was decided to include noncontrolled studies, where despite being stud-
ies that do not have a control group, they are valid for the analysis because the patients
are being considered a self-control group, evaluating themselves before and after the
surgical intervention. To calculate the effect size, contingency tables were created
using two variables for motor outcome according to BMRC: motor recovery (>M3),
and absence of motor recovery (<M2), considering these variables for the group of
patients before and after surgery. The effect size measure used was relative risk (RR).
To define whether there was a statistically significant association between motor
recovery and surgery, a 95% confidence interval (CI) was calculated for each effect
size, this analysis was done for each article/subgroup and the results were graphed in
a Forrest plot using the Review Manager Software from Cochrane (V.5.4.1) [67]. A
p-value <0.05 was considered statistically significant.

3.2 Results

Table 1 provides a summary of the characteristics of the 38 articles that were
included in the quantitative analysis. There were 34 retrospective studies (including 11
case series) and four prospective noncontrolled, nonrandomized studies. Regarding
demographic and procedural factors these were the results: mean age 29.95 + 5.27,
percentage of males 88.1%, mean follow-up in months 33.31 + 17.17, and mean interval
injury-surgery in months 7.23 + 4.5. Relative to the analysis of the quality of the pub-
lications, the following results were obtained are shown in Figure 2. Location of the
injuries was represented to be mostly infraclavicular in 70.86% of the cases affecting
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Percentage of articles induded

BNo concerns OUnclear BMany concems

Figure 2.
Overall quality of included studies.
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Figure 3.
Patterns of injury of the brachial plexus injuries included in the analysis.

cords or terminal branches of the brachial plexus at high level of injury (Figure 3).
Table 2 shows the demographic and procedural characteristics of the included studies
according to the type of intervention.

3.2.1 Motor recovery

The priority in BPI motor recovery is commonly focused on restoring elbow
flexion. According to the search for functional results in surgical management, the
main therapeutic objective of the included studies was the re-establishment of elbow
flexion of 31.58%, followed by shoulder abduction (28.95%), global motor recovery

176



Motor Recovery in Different Types of Brachial Plexus Injury Surgeries
DOI: http://dx.doi.org/10.5772/intechopen.108814

Factor Nerve Nerve Graft Muscle/ End-to-end Surgical *Multiple
Transfer Mean + SD tendon suture Neurolysis interventions
Mean + SD (n=566) transfer Mean + SD Mean + SD Mean + SD
(n=501) Mean + SD (n=216) (n=251) (n=97)
(n=118)
Age (yrs) 30.58 + 5.76 30.33 + 4.59 2992 +3.87 2741+ 4.5 29.81+9.2 31.6 +3.55
Number 8591+ 11.83 8913 +12.71 89.19 + 7.8 8771+ 712 89.75+8.85 90 +10
of males
Length of 34.36 + 3.54 33.66 + 15.75 33.56 + 19.77 3371£19.09  36.54+21.07 18.33 + 17.38
follow-up
(mos)
Injury-to- 736 + 418 6.98 + 4.08 10.23 + 7.77 443 +298 6.18 +1.84 66+19
surgery
period
(mos)
*Multiple interventions: Different surgical techniques performed in the same patient.
Table 2.
Demographic and procedural factors from BPI surgical groups.
A. Nerve Transfer Post-operative  Pre-operative Risk Ratio Risk Ratio
Study or Events  Total Events Total Weight 95% CI 95% ClI
Balk, A et al. (2015) 10 15 0 15 6.7%  21.00[1.34, 328.86]
Balizer, H. et al. (2016) 7 51 0 51 67%  15.00(0.88, 255.91)
Baltzer, H. et al (2016) 11 21 0 21 67%  22.00[1.44, 266.71] e
Cambon-Binder, A et al. 2018) 11 11 0 11 67%  23.00[152, 347.76) N
Dolan, R. et al. 2011) 17 21 0 21 67%  35.00[2.24, 546.57) _
Dubuisson, A et al. 2002) 2 s 0 6.7% 5.00 (0.3C, 82.69] —
Frueh, F. et al. (2016) 6 6 0 6 67%  13.00(0.89, 189.39) 1
Garcia-Lépez, A et al. (2014) 6 6 0 6  67%  13.00(0.89, 189.39) J——
Guang-Yao, L et al (2019) 107 243 0 243 6.7% 215.00[13.44, 3439.95) _—
Knhallfa, H. et al. 2012) 7 18 0 18 67%  1500(0.92, 244.51) e —
Malessy, M. et al. (1998) 16 25 0 25 67%  33.00[2.09, 521.64) _
Sallam, A et al, (2017) 20 24 0 24 67%  41.00[2.62, 641.40) S —
Soldado, F. et al. (2016) 8 8 0 8 67%  17.00([L14, 252.54]
Stockinger, T. et &l (2008) s 6 0 6 67% 1100074, 163.49] E
Terrence, |. et al, (2012) 15 15 0 15  67%  3100[2.02, 475.12) S
Total (95% CI) 475 475 100.0% 34.07 [16.72, 69.41) -
o0t o1 I 1000
Favours (Impairment] Favours [Rexovery]
B. Surgical Neurolysis Post-operative  Pre-operative Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight 85% Cl 95% ClI
Altal, F. et al. 2012) 3 3 o 6 143%  13.00 [0.89, 189.39)
Dubuisson, A et &l. 2002) 9 1 0 11 143% 19,00 [1.24, 291.01) _—
Gousheh, ). et al. (1995) 77 =] 0 85 14.3% 155.00[9.76, 2460.33] —
Guang-Yao, L. et al (2019) 58 72 0 73 14.3% 117.00(7.27, 1857.69) —_—
Gutkowska, O. et al. (2017) 20 23 0 33 14.3% 41,00 (258, 650.94) _
Kim, D. et al, (2003) 16 20 0 20 143%  33.00([2.11, 515.02) -
Stewart, M. &t al. (2000) 21 23 0 23 143%  43.00([2.76, 670.06] —_—
Total (95% CI) 251 251 100.0%  60.14 [21.21, 170.53] e
o0t o1 % 1000
Favours [Impairment] Favours [Recovery]
C. Multiple Interventions Post-operative  Pre-operative Risk Ratio Risk Ratio
Study or Subgroup Events  Total Events Total Weight 95% CI 95% CI
Anaf, F. etal. 2012 7 7 [ 7 33.3% 15.00 (102, 220.92] [————
Coene, L. et al. (1982) 43 57 0 57 33.3% 87.00(5.49, 1379.86) —_——
Maldonado, A. et al. (2017) 21 32 0 33 23.3%  43.00(2.71, 681.61) —_—
Total (95% CI) 97 97 100.0% 4833 [9.84, 237.31] -

Figure 4.

0.001

0. 10
Favours [Impairment] Favours [Recovery]

1000

Forrest plot of motor outcomes for patients with BPI after diffevent types of surgical techniques. Proportions of
patients reaching British Medical Research Council grade 3 (BMRC) or higher (=2M3) and corresponding 95 percent
confidence intervals (CI); black diamonds represent the pooled proportions (PP) and corresponding 95 percent
intervals, where those effect measures that are closer to zero represent the types of surgical intervention that most
favors the motor recovery (=M3) after the intervention. A. Nerve transfer PP (RR: 34.07 (CI: 16.72—69.41)). B.
Surgical neurolysis PP (RR: 60.14 (CI: 21.21-170.53) ). C. Multiple interventions PP (RR: 48.33 (CI: 9.84-170.53) ).
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D. Nerve Graft Post-operative  Pre-operative Risk Ratio Risk Ratio
Study or Subgroup Events  Total Events Total Weight 95% CI 95% ClI
Baltzer, H. et al (2016) 8 8 [ 8 63% 17.00 [1.14, 252.54]
Bertelli, ). et al. (2016) 7 7 ] 7 £.3% 15.00 [1.02, 220.982]
Friedman, A et al. (1990) 2 3 1 3 12.5% 2.00[0.33, 11.97) —_—
Gousheh, ). et al. (1995) 95 107 0 107 6.3% 191.00 [12.01, 3036.62] ——
Guang-Yao, L et al 2019 65 106 1} 106 6.3%  131.00[8.21, 2089.40] —k
Khalifa, H. et al. (2012) 4 [ 0 3 6.3% 9.00[0.59, 137.65] -
Kim, D. et al. (2003) 6 10 0 10 6.3% 13.00 [0.83, 203.83] e
Moar, B. et al. 2010) 12 12 0 12 6.3% 25.00 [1.65, 379.57]
Roganovic, Z. et al (20041 40 131 0 131 6.3% B1.00[5.03, 1303.57] ———————eh
Roganovic, Z. et al 2005) 20 81 0 81 6.3% 41.00 [2.52, 666.63]
Roganovic, Z. et al 2007) 7 ] o 9 6.3% 15.00 [0.98, 228.90] [ ——
Sallam, A et al. (2017) 1& 28 0 28 6.3% 33.00 [2.08, 524.54]
Stewan, M. et al. (2000) 26 36 0 36 63% £3.00 [3.35, 837.79)
Wolfe, 5. et al. 2014 10 10 1} 10 £.3% 21.00 [1.40, 315.98]
Young, L et al. 2008) s 3 0 € 6.3% 11.00 [0.74, 163.49) T
Total (95% Cl) 560 560 100.0% 41.25 [20.70, 82.20] -
0.001 0.1 10 1000
Favours (Impairment] Favours [Recovery]
E. End to End Suture Post-operative  Pre-operative Risk Ratio Risk Ratio
Study or Subgroup Events  Total Events Total Weight 95% CI 95% CI
Dubuisson, A et al. 2002) 70 118 [} 118  16.7% 141.00(8.84, 2250.14) —_—
Gousheh, ). et al. (1995) 25 25 [} 25 16.7% 51.00[3.27, 794.24) e
Guang-Yao, L. et al 2019) 8 13 0 13 167%  17.00[1.08, 267.07) ——————
Haninec, P. et al. 2012) 10 21 0 21 16.7%  21.00[1.31, 336.75) —_—
Kim, D. et al. (2003) 3 12 0 12 16.7% 17.00[1.09, 265.02) -
Laubscher, M. et al. (2015) 25 27 0 27 16.7%  51.00([3.26, 797.29) —_—
Tatal (95% C) 216 216 100.0% 49.67 [16.09, 153.28] ~a—
[ 1 0. 10 1000
Favours [Impairment] Favours [Recovery]
F. Muscle/Tendon Transfer Post-operative  Pre-operative Risk Ratio Risk Ratio
Study or Subgroup Events  Total Events Total Weight 95% C1 95% CI
Nicoson, M. et al. 2016) 10 13 [ 13 12.3% 21.00[1.36, 324.78] DS IS
Maldonado, A et al. (2017) 22 32 0o 32 12.3% 45.00[2.85, 711.41)
Kachramanoglou, C. et al. (2017) 5 15 [ 15 12.3% 11.00[0.66, 182.87] N e —
Guang-Yao, L. et al (2013) 28 30 o 30 12.3% 57.00[3.64, 892.83) s
Elwood, A et al. (2011) 4 8 o 6 13.8BX 7.00[0.45, 109.47] -
Cambon-Binder, A et al. (2018) = 7 1 7 24.8% .00 [0.95, 37.76] [ —
Abo-Hashem, A et al (2017) 11 12 & 13 12.3% 23.00[1.50, 353.64] —_—
Total (95% CI) 118 116 100.0% 21.77 [8.29, 57.15] *
0.001 0.1 10 1000

Favours (Impairment] Favours [Recovery]

Figures.

Forrest plot of outcomes for patients with BPI after different types of surgical techniques. Proportions of patients
reaching British Medical Research Council grade 3 (BMRC) or higher (2M3) and corresponding 95 percent
confidence intervals (CI); black diamonds represent the pooled proportions (PP) and corresponding 95 percent
intervals, where those effect measures that ave closer to zero represent the types of surgical intervention that most
favors the motor recovery (=M3) after the intervention. D. Nerve graft PP (RR: 41.25 (CI: 20.70-82.20)). E. End-
to-end PP (RR: 49.67 (CI: 16.09-153.28) ). F. Muscle/tendon transfer PP (RR: 21.77 (CI: 8.29-57.15) ).

(23.68%), handgrip (15.79%), external rotation (2.63%), and elbow extension
(2.63%). Regarding the outcome variable defined as motor recovery, this was defined
as any patient who showed a recovery of strength after surgery >M3 according to
BMRC. Figures 4 and 5 shows the effect sizes (RR) and CI of the different articles
and subgroups according to the type of surgical intervention. The results according
to the type of surgery are the following: surgical neurolysis group (RR: 60.14 (CI:
21.21-170.53)), end-to-end suture (RR: 49.67 (CI: 16.09-153.28) ), multiple interven-
tions (RR: 48.33 (CI: 9.84-237.31)), nerve graft (RR: 41.25 (CI: 20.70-82.20)), nerve
transfer (RR: 34.07 (CI: 16.72-69.41) ) and muscle/tendon transfer (RR: 21.77 (CI:
8.29-57.15)).

4. Discussion

According to the information presented in this chapter, we conclude that all the
surgical technics improve motor recovery in brachial plexus injuries. However, the
clinical aspects, the time of lesion and the surgeon’s abilities and expertise are the keys
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to decision-making. Our experience in this field allows us to define that the surgical
management of BPI should be carried out progressively, starting with simple inter-
ventions (surgical neurolysis and end-to-end suture) and making them increasingly
complex according to the severity and location of the injury (nerve graft, nerve transfer,
and muscle/tendon transfer).

The surgery should follow the next principles: surgical neurolysis should be
performed in some patients with preservation of nerve continuity and conduc-
tion that presents compressive neuropathy. End-to-end suture is preferred if the
defect is too large to be anastomosed without tension directly. In large defects,
nerve grafts should be performed, with direct intraplexal repair. If necessary,
utilize the sural nerve, radial nerve (superficial branch), or the medial cutaneous
nerve. After 6-12 months postinjury, the nerve regenerative capacity is reduced,
and thus, the muscle fibrosis and degeneration. For this reason, muscle/tendon
transfer should be considered in order to use a healthy muscle and fresh nerve
transfer.

The main limitation of this study is that no heterogeneity tests were performed
to assess which of the different surgical techniques have a greater motor recovery.
However, a meta-analysis requires other fundamental factors needed to be involved
in the data synthesis (demographic, socioeconomic, surgical injury interval,
severity, pattern of the lesion, location, and extent of the injury, among others).
Unfortunately, this was not possible in this study because many of the articles on the
subject were reported in a nonstandardized way omitting some data, so it was impos-
sible to include all of them. Second, the articles considered were case series and some
nonrandomized and noncontrolled studies (Level of evidence III-IV). According
with the last paragraph we highlight the need to develop a study that contains the
methodological and demographical information mentioned before. There are a few
clinical trials on brachial plexus surgery with a lack of high methodological rigor,
highlighting the need to increase the level of scientific evidence in the production
related to this topic [7, 16].

Cebron U. et al. (2021) evaluated the most frequently cited articles according to
the type of surgery relative to adult BPI, observing that in the last 30 years, the most
cited articles are related to nerve transfer, nerve graft, and muscle/tendon transfer
[68]. For that reason, in recent years, the study of techniques such as surgical neu-
rolysis and end-to-end suture has been abandoned considerably. Accordingly, our
study highlights the need to retake the study of these techniques by comparing them
with current trends in surgical management, because these displaced techniques show
effective results in terms of motor recovery.

5. Conclusion

This study, beyond comparing the effectiveness of the different techniques, shows
that they are all effective for motor recovery. Therefore, it is necessary to reassess
those that have been displaced over time (surgical neurolysis and end-to-end suture),
added to the popularization of new techniques (nerve transfer and muscle/tendon
transfer). Conversely, these results highlight the need to increase the level of evidence
and methodological rigor in the literature related to brachial plexus surgery, carry-
ing out well-powered, well-controlled, and well-randomized studies to have clearer
knowledge about the precise indications of each one of these surgical alternatives in
the management of BPI.
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Acronyms and abbreviations

BMRC British Medical Research Council motor grading scale

BPI Brachial Plexus Injury

DASH Disability of the Arm Shoulder and Hand questionnaire

MC Many Concerns

NC Not Clear

PICO Patient population, Intervention, Control, Outcome

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
ROM Range of Motion

U Unclear
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Chapter 10

Nerve Transfers in Adult Brachial
Plexus Injuries

Raj Kumar Manas

Abstract

Brachial plexus injuries are semi-emergency conditions that require early
intervention. Nerve transfers in adult brachial plexus injuries have become the
standard treatment that gives reasonably good results if performed before the
degeneration of muscle end plates. A clinical diagnosis based on clinical examina-
tions supported by radiological and electrophysiological investigations is required
that guides the specific procedures to be chosen. The surgeons must prioritize the
objectives of reconstruction and keeping the different lifeboats for the use in future
before choosing a specific nerve transfer. Also, it is important to be familiar with
different nerve transfers so that one can select and perform a specific one based
on pre-operative examinations and intraoperative findings of nerve stimulations.
The author aims to describe the approach for exploring and dissecting the brachial
plexus and different surgical techniques of nerve transfers used for different muscle
reinnervations in different scenarios.

Keywords: nerve transfer, adult brachial plexus injury, brachial plexus exploration,
nerve transfer for shoulder and elbow function, reconstruction in brachial plexus

1. Introduction

Brachial plexus injury is one of the most devastating conditions which (if not treated
on time), can cause irreversible loss of functions of the upper limb.

Historically, the outcome of surgical interventions in brachial plexus injuries was
not very promising until Millesi described the concept of nerve grafting and found
that when a nerve is injured, a useful recovery can be achieved by microsurgery if
the two ends of the nerve are repaired or reconstructed by nerve graft [1]. Later on,
Narakas also showed better results supported by many other brachial plexus surgeons
across the world [2]. The surgical management of the brachial plexus has improved
over the past few decades due to advancements in microsurgery, a better understand-
ing of nerve regeneration, and nerve coaptation techniques with nerve glue. Although
Nerve grafting revolutionized the treatment of brachial plexus injury, this may not
be always possible especially when there is root avulsion injury and when the gap
between two cut ends of nerves is more.

Nerve transfers in the form of neurotizing the injured nerve or part of the brachial
plexus with the healthy, uninjured nerve either intraplexal or extraplexal can give
reasonably better results if performed on time. Various nerve surgeons described and
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evolved various nerve transfers which have become the standard of care in brachial plexus
injuries. An earlier description of Neurotization or nerve transfer was described by A.
Lurje in 1948 who identified several neurotizers as n. phrenicus, n. thoracalis longus, nn.
thoracales anterior can be used to neurotize injured brachial plexus segments [3].

Oberlin in 1994 described using Flexor carpi ulnaris fascicle to neurotize the mus-
cular branch of the musculocutaneous nerve to reinnervate the biceps and found M4
recovery [4]. Later on, it was modified to perform double innervations by coapting
median nerve fascicles to the brachialis, the idea originally described by McKinnon
[5]. Somsak Leechavengvongs in 2003 described transferring nerve to the long head
of triceps to deltoid muscles in upper brachial plexus palsy which has shown excellent
recovery of M4 power [6]. Although, the techniques described are simpler, replicable,
and often give good results has received worldwide acceptance. But before planning a
nerve transfer surgery for the brachial plexus, it is important to understand the integ-
rity of which nerve is lost and which is preserved before planning for neurotization.

2. Nerve transfer
2.1 Prerequisite for successful nerve transfer
* The donor nerve or its fascicle to be transferred should be expandable [7, 8].

* The coaptation of the nerves from the donor to the recipient should be tension
free and any nerve graft should be used selectively and avoided if possible

* The transfer should be close to the target muscles

* The transferred nerve should be pure motor if the aim of transfer is for motor
recovery

* Donor nerve should have a maximum number of axons
* Early transfer gives better recovery

* There should be a complete passive range of motion across the joints before plan-
ning the nerve transfer.

2.2 Objective

A complete examination of the brachial plexus, understanding the relevant anat-
omy (Figure 1) with documentation is important that involves 58 muscles supplied
by different nerves of the brachial plexus. Apart from the examination of the brachial
plexus proper, it is important to evaluate what are the priorities of reconstruction
(Table 1), available donors, and recipient’s nerves to be neurotized to define aims and
objectives for nerve transfers (Table 2).

2.3 Brachial plexus exploration

Brachial plexus is explored under general anesthesia [8, 9]. The surgeons must
discuss with the anesthetist the duration of prolonged surgery, and the requirement
of intraoperative nerve monitoring (in which case muscle relaxant is to be avoided or
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Figure 1.
Schematic diagram of Brachial Plexus (Sketched by Dr Jishnu).

Elbow flexion

Shoulder stability with shoulder abduction and external rotation

Hand and wrist flexion

Sensation of the hand

Elbow extension

Wrrist & fingers extension

Recovery of Intrinsic muscles of hand

Table 1.
Objective of reconstruction (In decreasing order) [9].

is given in low dose only at the time of induction). Foleys catheterization is performed
if one expects a longer duration of surgery.

The patient is positioned supine for supraclavicular brachial plexus exploration and
a shoulder bag beneath the affected shoulder is placed. The entire upper limb is painted
and exposed to see the muscle contraction. If one is planning to perform intercostal
nerve or contralateral C7 nerve transfer, it is desired to prepare the chest and contralat-
eral neck also. Same way, both legs are prepared for nerve graft if required.

2.4 Marking

Suprasternal notch, posterior border of the sternocleidomastoid, and if possible
prominence of external jugular vein is marked Figure 2. Supraclavicular brachial
plexus can be explored through either a transverse incision or a V-shaped incision.
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For Shoulder For Elbow ForHand For Sensation
Donor Recipient  Donor Recipient Donor Recipient Donor Recipients
* SAN * SSN « Fascicle * Biceps CcC7 Median ICN, Lateral
L . of Ulnar branch of nerve Intercosto- contribution of
* Long * Axillary A .
nerve MCN C8,T1 brachial median nerve
head of nerve
triceps « Fascicle * Brachialis nerve,
. Sensory
of median branch of
nerve MCN branch of
ICN
* ICN
¢ SAN

SAN, Spinal accessory nerve; SSN, suprascapular nerve; ICN, intercostal nerve; MCN, musculocutaneous nerve; CC7,

contralateral C7 nerve.

Table 2.

The different nerve transfers.

Figure 2.

Marking for exploration of brachial plexus.
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One limb of V is marked at the posterior border of the sternocleidomastoid, whereas
the other is marked 1 cm above and parallel to the clavicle.

The marked incision line is infiltrated with 1:2 lakh adrenaline with saline. Once
the incision is made over the marked line, the skin and platysma flap are elevated.
In the upper portion of the incision, one will find the external jugular vein which
is ligated. In the upper part of the neck, one will encounter several branches of the
cervical plexus that may be confused with the spinal accessory nerve (Figure 3).

The spinal accessory nerve arises from the posterior border of the sterno-
cleidomastoid, runs obliquely, and supplies to the trapezius giving multiple
branches. In the lower parts, one gets a layer of fatty tissue which is raised as a
triangular flap and is sutured back while closing the neck wound to reduce the
dead space (Figure 4).

The transverse cervical artery is encountered in the lower part which can be
preserved or clipped (Figure5).

The Omohyoid muscle that runs transversely is divided and the first trunk of the
brachial plexus is visualized that is upper trunk or the Erb’s point. From the upper
trunk, a suprascapular nerve will arise and the upper trunk further divides into
anterior and posterior divisions.

ervical pleaxus

jugular
veain

+platysma flap

Figure 3.
Raising of skin platysma flap and preservation of cervical plexus.
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Figure 4.
marking for the adipo-fascial flap, dissection of spinal accessory nerve, and omohyoid muscle in the lower part.

Figure 5.
raising of the adipo-fascial flap, dissecting phrenic nerve and transverse cervical vessels.
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Figure 7.
Infraclavicular brachial plexus with its terminal branches.
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On the medial side one can easily identify and dissect the phrenic nerve which runs
longitudinally and pierces into the diaphragm, the strong contraction of the diaphragm
can be felt when stimulating it. C7 which continues to form the middle trunk is further
divided into anterior and posterior divisions. The lower trunk which is formed by roots
from C8, T1 which is usually just closer to the subclavian artery also divided into two
divisions. The roots, trunks, and divisions lie in supraclavicular regions (Figure 6).

All the cords are in the infraclavicular region and are named according to their
relation with the axillary artery.

The posterior division of all trunks forms the posterior cord which lies posterior
to the axillary artery. The anterior division of the upper and middle trunk forms the
lateral cord. The anterior division of the lower trunk forms the medial cords. These
cords further divided into terminal branches (Figure 7).

3. Specific nerve transfer

3.1 For shoulder abduction and stability

3.1.1 Spinal accessory to supra-scapular nerve transfer
3.1.1.1 Relevant anatomy

Spinal accessory nerve is not a part of the brachial plexus and arises from the
cranial fossa, it emerges in the proximal part of the sternocleidomastoid and supplies
it, then runs in an oblique course and gives several branches to the trapezius.

Whereas suprascapular arises from the upper trunk at Erb’s point, going posteri-
orly, laterally, and inferiorly to supply supraspinatus and infraspinatus.

3.1.1.2 Explovation and transfer

Spinal accessory nerve transfer can be done during supraclavicular brachial plexus
exploration by an anterior approach or via a posterior approach. Each approach has its
advantages and disadvantages.

3.1.2 Anterior approach

3.1.2.1 Advantages
* No separate incision is required.
* Easy to dissect.

3.1.2.2 Disadvantages

* In severe injury mainly in case of avulsion or rupture of the upper trunk and
C5, and C6 roots of the brachial plexus, the suprascapular nerve displaces more
distally and lies below the clavicle where it is difficult to dissect. Also, in case of
severe fibrosis of the upper trunk, the suprascapular nerve is either injured or
fibrosed, in that case, the posterior approach is preferred. Also, it provides a large
future scar on the neck in exploration via the anterior approach.
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* Many surgeons do not routinely explore the brachial plexus and directly go for
distal nerve transfer; in that case, accidental injury to proximal branches of the
trapezius can be avoided.

3.1.2.3 Technique

Spinal accessory nerve is identified & dissected in the upper part of the neck during
supraclavicular exploration of the brachial plexus. It runs obliquely to give several
branches to the trapezius. Branches in the upper part are usually preserved to save
the function of the trapezius. A larger, terminal branch is usually selected, cut, and
prepared for transfer in the supraclavicular region. The spinal accessory nerve can
be confused with branches of the cervical plexus which can be confirmed by electric
stimulation of the nerve which causes good contraction of the trapezius in the case of
the spinal accessory nerve.

The suprascapular nerve which usually arises at Erb’s point (C5, C6 upper trunk)
runs lateral & posteriorly to supply the supraspinatus and infraspinatus muscles. It
can be easily identified by rolling the index finger over the nerve and entering into the
suprascapular notch. It is cut from its origin and its distal cut end is coapted with the
proximal cut end of the spinal accessory nerve with fibrin glue or sutures.

3.1.3 Posterior approach
3.1.3.1 Advantages

* A relatively virgin area on the back that is away from the zone of trauma where
donor and recipient nerves can be easily dissected [9, 10].

* Neurotization is close to the neuromuscular junction of the supraspinatus, so less
time to be traveled by axons for regeneration and reinnervation of muscle.

3.1.3.2 Disadvantages

* The number of axons of the donor ‘spinal accessory nerve’ decreases as it travels

distally
 Difficult dissection

* The patient’s position has to be changed to prone or lateral decubitus during the
surgery.

3.1.3.3 Technique

The patient is positioned prone and bony landmarks of the acromion process; the
spine of the scapula and midline of the back are marked. The points are joined. The
spinal accessory nerve is found at 40% of the distance from the posterior midline
and acromion process. The suprascapular nerve is found at the midpoint of the line
joining the superior angle of the scapula medially and acromion laterally.

A skin incision is made parallel to the spine of the scapula and the skin flap is
raised on both sides. A plane is dissected in between the trapezius and supraspinatus
which is delineated by a layer of fatty tissue. Just below the trapezius muscle, the
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spinal accessory nerve can be identified as supplying it with its branches. It is dis-
sected as far as possible and is cut distally to prepare it for transfer.

The suprascapular nerve is dissected which lies beneath the superior transverse
ligament and requires to be divided. Once the ligament is divided, the suprascapular
nerve can be dissected and the proximal portion of it is cut which is coapted with a
distal portion of the spinal accessory nerve.

3.2 Somsak transfer

Leechavengvongs [6] first reported transferring the nerve to the long heads of the
triceps branch of the radial nerve to the anterior branch of the axillary nerve through
the posterior approach in 7 patients and achieved M4 power in all patients with an
average shoulder abduction of 124 degrees. Later on, it became a reliable procedure
addressing the shoulder by reinnervating the deltoid, especially in C5 & C6 brachial
plexus injuries with intact C7 roots supplying the triceps. It is done in conditions
where the suprascapular nerve is either functional so that deltoid function is super-
added with suprascapular nerve or it is combined with SAN to SSN (spinal accessory
nerve to suprascapular nerve transfer) transfer for shoulder abduction. Also, it can be
done in cases of isolated C5 injury or axillary nerve injury.

3.2.1 Techniques

Somsak transfer is either done in the supine position or a lateral position. The
posterior border of the deltoid is marked and a longitudinal incision is made over the
posterior aspect of the upper arm. Once the posterior border of the deltoid is delin-
eated it is lifted upward and we get the two divisions of the axillary nerve supplying
the deltoid. The axillary nerve arises from the posterior cord, comes out of quadran-
gular space, and supplies the deltoid. Usually, the anterior division of the deltoid is
selected for reinnervation, however, the axillary nerve proper can be used too as the
recipient nerve.

Just below the deltoid, triceps muscles will be visualized, the innervations of
which can be dissected by lifting one head of the triceps or in between the two
heads of the triceps (long and lateral heads). Once we identify the nerve supply-
ing the long head of the triceps, we stimulate it to confirm the contraction of the
triceps and isolate it. It is cut distally and is mobilized proximally to coapt with the
axillary nerve.

3.2.1.1 Key points (Somsak Transfer)

Indication: C5 injury
C5, C6 injury
Isolated axillary nerve injury

* Patients with C7 injury or triceps weakness are not candidates for this transfer

« Itis important to stimulate the nerve supplying the long head of the triceps intraoperatively to confirm the
presence of a strong contraction

* The sensory branch of the axillary nerve can be confused with one of the divisions of the axillary nerve. It is
used as a guide to trace the main nerve. Intraoperative stimulation helps in identifying the motor branch.

* Palpating the posterior border of the deltoid pre-operatively helps in marking our incision
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3.2.1.2 Other nerve transfers for shoulder stability

* Thoracodorsal nerve to long thoracic nerve (in patients with winging of the
scapula)

* Intercostal nerve to anterior branch of axillary nerve or long thoracic nerve
* Phrenic nerve to suprascapular nerve transfer
* Phrenic nerve to axillary nerve (with nerve graft)

3.3 Elbow flexion

3.3.1 Oberlin transfer

Christopher Oberlin first described the technique of transfer of ulnar nerve fas-
cicle to branch to the musculocutaneous nerve in 1994 in the case of C5, C6 avulsion
injury [4]. The simplicity of this procedure and reasonably good results has made this
procedure popular and it can be easily replicated by any peripheral nerve surgeon.
However, he described choosing any fascicles of the ulnar nerve for transfer. Since at
the arm level, the ulnar nerve is usually mixed, so transferring the ulnar nerve fascicle
(10%) will result in transferring some motor fibers (10). Later on, other groups
suggested fascicles of the nerve supplying the flexor carpi ulnaris which are generally
located poster medially to be selected for transfer to a muscular branch of the muscu-
locutaneous nerve (3).

McKinnon [5] described the double fascicular transfer of the FCU fascicle of the
ulnar nerve and motor fascicle of the median nerve to the biceps and brachialis of the
musculocutaneous. Oberlin included double innervations by coapting the median
nerve fascicle to the muscular branch of the brachialis (4). Few people also named it
as Oberlin I & 2 transfer (5).

3.3.1.1 Indications
C5 &C6 injury with intact C8 &T1.
3.3.1.2 Technique

Oberlin transfer is performed by making an incision on the medial side of the
upper arm which is usually made in the groove that is palpable just below the inferior
border of the biceps muscle [4, 5, 9].

Once the skin flap is raised and the medial border of the biceps is delineated, the
biceps is elevated. Just below the biceps, we can identify the musculocutaneous
nerve which gives a muscular branch to the biceps and brachialis and continues as a
lateral anti-brachial cutaneous nerve.

The biceps branch usually arises 10-12 cm distal to the acromion [4].

The musculocutaneous nerve travels forward and in the lower parts, it supplies the bra-
chialis muscle by giving a muscular branch to the brachialis before it continues as LABC.

On the more medial side, the ulnar nerve travels anterior to the triceps; intra-
fascicular dissection is done under microscope magnification in the proximal aspect
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Figure 8.
Oberlin transfer (median nerve fascicle to muscular branch of biceps (from MCN- Musculocutaneous nerve)
transfer and Ulnar nerve fascicle to muscular branch of brachialis transfer).

slightly lower level than the muscular branch to the biceps. Once donor fascicle (FCU)
is identified, which is on the posteromedial aspect toward the surgeon and selected. It
is confirmed by intraoperative nerve stimulation. The fascicle is dissected and divided
distally and coapted with the biceps muscular branch.

The Brachialis branch arises from the musculocutaneous nerve several centi-
meters below the acromion before it becomes and to be continued as LABC (LABC
is usually superficial and larger, whereas the brachialis branch enters into the
muscles).

Just medial to the MCN, the median nerve runs just anterior to the brachial
artery. While stimulating the median nerve, we perform intrafascicular dissec-
tion to select the fascicle (motor) to be coapted with a muscular branch to the
brachialis.

In a similar way, the fascicle of the median nerve (either FCR or FDS) is dissected
& identified, stimulated by a nerve stimulator, confirmed, and coapted with the
muscular branch to the brachialis (Figure 8).

3.3.1.3 Key points (Oberlin Transfer)

* C8 &T1 functions should be preserved.

* Choosing the posteromedial fascicle of the ulnar nerve that supplies the forearm muscles esp. FCU

* Motor fascicles in the median nerve are located on the medial aspect, whereas the sensory component is on
the lateral aspect of the median nerve

* Nerve transfer is to be done close to the biceps and brachialis muscles to decrease the time taken to regenerate
the axons.
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3.3.2 Intercostal nerve transfer

Intercostal nerve transfer has been used for neurotization of the musculocu-
taneous nerve as it is out of the zone of the trauma of the brachial plexus (extra
plexus) and is frequently available as a donor nerve that is expandable [9]. Apart
from neurotizing the musculocutaneous nerve, it can also be used to neurotize the
triceps, and deltoid, as a donor for FFMT (Free functioning muscle transfer) or
to provide sensation to the hand. It can be used even in cases with a history of rib
fracture although one should be cautious in patients with a history of rib fracture,
hemothorax, thoracotomy, or phrenic nerve palsy before selecting intercostal
nerves as a donor. The commonly used donor is ICN 3,4,5 although from 2nd to 6th
ICN can be used.

Relevant anatomy: intercostal nerve runs in the intercostal space on the inferior
aspect of the ribs.

3.3.2.1 Technique

The intercostal nerve can be explored through a curvilinear inframammary
incision made over the anterior chest wall. This incision is usually connected with
the incision in the arm for exploration of the musculocutaneous nerve or incision
for the infraclavicular brachial plexus. Once the skin flap is raised, the pectoralis
major muscle is retracted and ribs and intercostal muscles are exposed. An incision
is made on the anterior surface of the ribs parallel to the upper and lower border
with the elevation of the periosteum causing the intercostal nerve to come into
the intercostal space which usually lies along the inferior border. It can also be
identified by dissecting the sensory branch which lies along the anterior axillary
line Careful dissection of intercostal muscles helps in separating the intercostal
nerve. It is dissected till the costochondral joint to gain sufficient length to reach

\ =
Musculbcutenoms’ n
Nerve

Intercostal nerves3, 4,5

Figure 9.
Intercostal nerve to musculocutaneous nerve transfer.
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the musculocutaneous nerve easily for coaptation without tension. The repair is
performed in an abduction position of the shoulder so that there is less risk of its
rupture of coaptation during the postoperative period. Care is taken not to injure
the pleura during dissection.

Once 2 or 3 intercostal nerves are dissected, they are brought together and con-
nected with the musculocutaneous nerve (Figure 9). Bhandari et al. have described
the splint & weld technique [11, 12] for gluing the intercostals nerves.

3.3.2.2 Key points (intercostal nerve to MCN transfer)

o It is ideal to take three ICN to match with a diameter of MCN

¢ Care should be taken to avoid injury to the pleura.

* Nerve coaptations are done without tension.

* Nerve coaptation is done in the position of abduction of the shoulder so that during the postoperative period,
repair should not be stretched.

* Fibrin glue simplifies the coaptation of the nerve due to technical difficulty in suture repair

« To gain extra-length of MCN, one can dissect it from its origin at the lateral cord that can be approached in
the deltopectoral region. Once it is cut from its origin, it is retrieved through the arm and brought into the
axilla for tensionless anastomosis.

 The arm is strapped and immobilized with the chest for a period of 3 weeks, then passive mobilization is
started gradually.

* Chest physiotherapy is to be performed regularly

* Post-operative reinnervation of the biceps can be elicited by pinching the biceps and the presence of chest
pain by the patient.

* Preoperatively, a Pulmonary function test can be performed to assess lung function in case of phrenic nerve
palsy or when planning both the intercostal & phrenic nerves as a donor.

4, Hand functions
4.1 Contralateral C7 nerve transfer

Contra lateral C7 nerve transfer originally described by Gu [10] in 1989 has
been a topic of debate because of many reasons like its route of transfer, relative
post-operative weakness of donor’s nerve, and the risk associated with variable
outcomes [13, 14]. However, with many studies published with good outcomes,
it has been proven to be a safe and useful donor which is expandable because of
contributions coming from many spinal roots. Sometimes it is the only option left
for addressing hand function especially in pan brachial plexus palsy or for recipi-
ent nerve for FFMT.

4.1.1 Technique

The contralateral brachial plexus is explored conventionally on the unaffected side
and the C7 nerve root is dissected up to its branches as anterior and posterior divi-
sions. The posterior division is commonly used is divided distally to be transferred
as it has more motor axons compared to the anterior division. Half of the C7 nerve
fascicles causing pectoralis major contraction are usually chosen and transferred
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to the ipsilateral side. If we find contraction of hand muscles during intraoperative
stimulation, one should not use C7.

After division, a subcutaneous tunnel is created and either a non-vascularized
nerve graft (sural nerve) or vascularized ulnar nerve graft (VUNG based on superior
ulnar collateral artery & vein) is bridged connecting the cut proximal end of the C7
nerve to another end of the median nerve, suprascapular nerve or musculocutaneous
nerve depending upon the reconstruction planned.

The posterior division of contralateral C7 can be brought to the ipsilateral side
either with a pre-spinal route, retro-esophageal route, or subcutaneous route to
reduce the time taken for axonal regeneration.

4.1.2 Key points (contralateral C7 nerve transfer)

« It is better to select the posterior division of Contralateral C7 as it has a greater number of motor axons.

« It is decided intraoperatively while stimulating the nerve and sees any significant hand muscle contraction
before dividing C7 when there is a plan to take entire C7

¢ The ulnar nerve can be used as a free ulnar nerve graft by anastomosing its vascular pedicle in the neck with
athoracodorsal artery or transverse cervical artery

5. Conclusion

Nerve transfer in the brachial plexus has revolutionized the treatment and has
become the standard of care to restore useful recovery of upper limb functions in the
majority of brachial plexus injuries patients.

The nerve transfers described for shoulder abduction and stability are spinal
accessory nerve to supra-scapular nerve transfer which can be superadded with
Somsak transfer (using the long head of the triceps branch to the axillary nerve)
depending upon the involvement of the C7 root. If hand functions are good, ulnar
and median nerve fascicles can be used to neurotize muscular branches of the muscu-
locutaneous nerve to restore elbow flexion. Although intercostal nerves equally give
comparable results when used to reinnervate the musculocutaneous nerve, the Spinal
accessory nerve or Phrenic nerve are other options that can be considered to neurotize
the musculocutaneous nerve. For hand, either contra lateral C7 nerve is used esp. in
pan brachial plexus or distal nerve transfer should be considered depending upon the
availability of other expandable nerves.

A thorough pre-operative clinical examination, documentation with planning
followed by careful intraoperative dissection, microscopic coaptation of nerves, and
understanding the regenerating processes of axons with post-operative physiotherapy
are keys to the recovery of a good nerve transfer in brachial plexus injuries.
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Orthotic and Prosthetic
Management in Brachial Plexus
Injury: Recent Trends

Om Prasad Biswal, Smita Nayak and Rajesh Kumar Das

Abstract

The brachial plexus is a network of intertwined nerve that controls movement
and sensation in arm and hand. Any injury to the brachial plexus can result in partial
or complete damage of arm and hand. The surgery is a common indicative procedure
in brachial plexus injury in case of non-spontaneous recovery. The loss of function
of hand due to injury can be replaced by using body powered or externally powered
devices. Recent development in treatment protocol of prosthetic and orthotic science
using artificial intelligence helps in rehabilitating the persons with brachial plexus
injury to regain his confidence and perform daily activities. Combination of advance-
ment in surgical procedure along with artificially intelligent devices opens a new
array to rehabilitate the person with brachial plexus injury.

Keywords: grasp, artificial intelligence, neural network, assistive technology, external
powered device

1. Introduction

Brachial plexus injury (BPI) is one of the common and an unfortunate injury
from the patient’s perspective, which mostly results from high energy trauma to
the neck and upper limbs. Patients with brachial plexus injuries clinically represent
devastating injuries and complications with unpredictable outcomes. Stress on the
clavicle and adjacent structures including the brachial plexus and subclavian vasa
may lead to effectively crippling function in one or rarely both upper limbs. As
clavicle is the strongest link in the shoulder area, sudden movements or stress due
to trauma can result in the clavicle fracture. Then, all the tensile forces are trans-
ferred from the medulla to the neurovascular fibers and nerve roots, which can in
turn lead to the upper limb muscle weakness innervated by nerve roots of C5, C6,
C7,C8, and T1.

In adults, prevalence of brachial plexus injury shows 89% for male predominantly
with a mean age of 29 years and median age of 25 years [1, 2]. Traumatic injuries, such
as motorcycle collisions, have the majority in epidemiology of BPI, approximately
44-70% [3, 4]. The most common cause of BPI in children is obstetric brachial plexus
palsy (OBPP), with a prevalence rate between 0.38 and 4.6 per 1000 live births [5-7].
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Other possible causes for brachial plexus palsy may include iatrogenic injuries, such
radiation therapy and as well as those that can occur during surgical and anesthesia
procedures.

Patient loses his significant functional ability to perform activity of daily livings
(ADL) as well as potential functions in his/her occupation. It is important that this
valuable segment of our population should be functionally restored as early as pos-
sible to the best of our ability. With modern technology in hand and microsurgery,
this is very much feasible provided that the patient is treated in time. There are also
treatment techniques available for late clinical referrals, but early treatment brings up
a huge difference to the eventual outcome.

The results of brachial plexus injury treatment have considerably improved with
the introduction of advanced diagnostic modalities, microsurgical techniques, and
magnification. Few years back it was considered a difficult or impossible task to
restore a functioning limb in many of the patients with brachial plexus injuries, which
just recently microsurgical techniques in neurolysis, nerve repair, nerve grafting, and
nerve transfer have made it possible.

This article explains the various orthotic and prosthetic managements, current
developments and trends for brachial plexus injuries based on a substantial survey of
published peer-reviewed literature, and the insights gained by the author in treating
several cases of brachial plexus injuries.

2. Clinical anatomy of brachial plexus complex

The brachial plexus is a supersystem network of nerve fibers that supplies the
skin and musculature of the upper extremities. It begins in the root of the neck,
passes through the axilla, and runs through the entire upper extremity, usually
composed of five roots, three stems, six strands, and three bundles. The brachial
plexus is divided into five parts—roots, trunks, divisions, cords, and branches.

This complex network is formed by the anterior rami (divisions) of cervical spinal
nerves from C5 to C8 and the first thoracic spinal nerve, T; (Figure 1). The roots of
the brachial plexus converge to form three trunks at the back of the neck. A com-
bination of C5 and C6 roots form superior trunk, middle trunk is continuation of
C7, and inferior trunk is the combination of C8 and T1 roots. The trunks pass over
laterally, crossing the posterior triangle of the neck. Each trunk divides into two
branches within the posterior triangle of the neck or above or behind the clavicle.
One of them moves anteriorly and the other posteriorly; thus, they are known as the
anterior and posterior divisions.

Once both the divisions enter the axilla, they combine to form three cords, named
by their positions with respect to the axillary artery. The cords give rise to the major
branches of the brachial plexus which mainly control the sensory and motor func-
tions of the upper limbs, shoulder, and chest. The lateral cord is formed by the ante-
rior division of the superior trunk and the anterior division of the middle trunk, and
the lateral root of median nerve, musculocutaneous nerve, and lateral pectoral nerve
are the main nerve branches. The posterior cord is formed by the posterior division of
the superior trunk, the posterior division of the middle trunk, and the posterior divi-
sion of the inferior trunk, and the subscapular nerve, thoracodorsal nerve, axillary
nerve, and radial nerve are the main nerve branches. The medial cord is formed by the
anterior division of the inferior trunk, and the main nerve branches are the medial
antebrachial cutaneous nerve, ulnar nerve, and medial root of median nerve.
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Figure 1.
Diagrammatic representation of course of the brachial plexus.

3. Clinical relevance of brachial plexus injury

Generally, BPI can be divided into partial (upper or lower) and complete. The dam-
age of different nerve branches often leads to the dysfunction of corresponding corridor.
The clinical representations of upper brachial plexus injury widely referred as Erb’s palsy.
The forearm is positioned in pronation due to the weakness of biceps brachii. The wrist is
weakly flexed due to the weakened wrist extensors, while the wrist flexors are in normal
tone. The major characteristics are lack of shoulder abduction, elbow flexion, and an
internal and external rotation of the upper extremity, which is often termed as “waiter’s
tip deformity” [8]. Lower root of the brachial plexus (C8-T1) injury leads to claw hand
deformity. Complete injury damages both sensory and motor functions of the limb.

3.1 Manifestations in nerve regeneration after brachial plexus injury

Complete avulsion of the nerve proximal to the dorsal root ganglion or complete
avulsion of the nerve root from the spinal cord occurs, and it falls under pregangli-
onic injuries. Injury to the nerve distal to the dorsal root ganglion within the trunk,
division, cord, or terminal nerve branches is known as postganglionic injuries. Both
preganglionic and postganglionic injury have different yet significant prognostic and
therapeutic implications. Preganglionic injuries generally lead to complications such
as complete loss of motor and sensation in the distribution of the involved root and
denervation of the deep paraspinal muscles of the neck. In postganglionic injuries,
i.e., distal to the spinal ganglia, the cell bodies are intact and have more favorable
prognosis than is associated with preganglionic injuries. Developments of regenera-
tive microenvironment around the injury, the reinnervation of nerve to target tissue,
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and axon regeneration are related to the repair process of BPI. At the distal end of the
injury, the axons and myelin sheath degenerate and disintegrate into nerve debris.
Autophagy reaction is produced by Schwann cells (SCs) followed by Wallerian
degeneration at the end of the nerve involved. In the early stage of injury to clear
degenerative myelin debris, Schwann cells assist macrophages and also plays a vital
role in formation of basement membranes to promote growth and provide channels
by secreting laminin, which can guide axons to grow rapidly in the right direction.
The proliferating Schwann cells form a solid cell cord (band of Biingner) in the nerve
basal lamina enclosed by the basement membrane. This band Biingner has a good
guiding effect on the growth of nerve axons, and in addition it not only produces
related molecules that promote axon regeneration, but also helps to separate mol-
ecules that inhibit regeneration in the endoneurial tube, by which the regeneration
and repair of injured nerve can be accelerated [9-11].

Schwann cells, nerve axons, fibroblasts, etc., produce mainly three types of neu-
rotrophic factors (NTFs), which bind with specific receptors on the surface of target
cells [12]. In the regeneration and repair of injured brachial plexus, these NTFs play
different roles. Neurotrophin, one of the NTF, includes nerve growth factor (NGF)
and brain-derived neurotrophin factor (BDNF). NGF can promote the transduction
of intracellular signal in damaged nerve, which is an important factor in the accelera-
tion of the growth of axons and the recovery of nerve function. BDNF and its tyrosine
kinase receptor B (TrkB) mRNA assist in restoration of neural pathways and enhance
regeneration of axons and reconnection of injured muscles. Another NTF neurocy-
tokinin includes ciliary neurotrophic factor (CNTF). Fibroblast growth factor (FGF)
and other NTFs such as glial cell line-derived neurotrophic factor (GDNF), insulin-
like growth factor (IGF) can enhance and proliferate the axons and Schwann cells of
mature spinal cord [13]. Some previous studies have already explained that NTFs can
improve regeneration of nerve cell and can accelerate motor nerve conduction velocity
[11, 14]. The formation and regeneration of microenvironment is an important factor
that not only affects the repair of brachial plexus injury, and in long-term objectives, it
is also responsible for resurrection of motor and sensory functions in upper extremity.

4. History of orthotic and prosthetic managements in brachial plexus
injury

BPI leads to weakness in upper extremity muscles, hyporeflexia and is commonly
associated with upper limb pain. The general principles of upper extremity orthotic
and prosthetic managements in BPI are to prevent shoulder joint pain prevent con-
tractures, improve function, e.g., enable positioning of hand in space to allow two
handed activities, improve cosmesis and body image, to support the weight of the
upper limb, and thus ease the traction forces on the shoulder, and secondarily, such
support may assist in edema control.

One of the key goals in rehabilitation and orthotic prescription after BPI is to
support the shoulder to prevent subluxation, as impaired innervation to the shoulder
girdle leads to inherent instability of the glenohumeral joint, combined with weaken-
ing of the shoulder girdle, which in turn causes glenohumeral subluxation. Treatment
and prevention of shoulder pain and subluxation is also a common rehabilitative
goal in brachial plexus injury patients. Table 1 represents the orthotic and prosthetic
management of brachial plexus injury patients depending on their level of injuries,
motor deficits, and functional needs.
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Level Motor deficit Functional need Orthotic and prosthetic
Pprescription
C5-Cé Shoulder abduction Shoulder support Wilmer carrying shoulder-
Shoulder flexion Prevent shoulder elbow-wrist support
Elbow flexion subluxation orthosis,
Wrist extension Elbow flexion Aeroplane splint,
Gunslinger splint,
Steeper Stanmore flail arm
orthosis,
Humeral cuff
C5, C6, C7 Shoulder flexion Shoulder support Wilmer carrying orthosis
Shoulder abduction Prevent shoulder with arm trough,
Elbow flexion subluxation Functional arm orthosis
Elbow extension Elbow flexion (FAO),
weakness Wrist support Aeroplane splint,
Wrist extension Finger extension Gunslinger splint
Finger extension Wrist support
Thumb extension Finger extension
weakness 1st extension
C8,T1 Wirist flexors Wrist stabilization Static or dynamic wrist hand
Finger flexors Finger flexion orthosis,
Thumb flexors Some amount of finger Elbow or wrist driven,
Finger extensors extension tenodesis splint,
Thumb extensors Intrinsics of hand Knuckle bender splint
C5T1 Entire ipsilateral upper Shoulder support Slings, Hemi arm slings,
limb Prevent shoulder Functional arm orthosis
May include scapular subluxation (FAO),
motion Edema control Wilmer carrying orthosis
Normal function with hand support
Table 1.

Orthotic and prosthetic management for BPI depending on the level of injury, motor deficits, and functional needs.

Management of C5, C6, C7 level of injury, a standard shoulder sling can be
a simple orthotic aid, which is readily available to support the shoulder, but the
concern is the potential development of elbow flexion and shoulder adduction or
internal rotation contractures. Even with the return of motor function, the developed
contracture may limit functional use of the limb. Other commercially available
slings are Bobath sling, static shoulder—elbow sling, Roylan hemi arm sling and
humeral cuff (Patterson Medical Holdings, Inc.), etc. Another option that can pos-
sibly reduce subluxation and maintain appropriate positioning of the flaccid upper
extremity, particularly in patients who are ambulatory, is GivMohr Sling (GivMohr
Corporation) [15]. Standard shoulder sling exerts additional upward force from the
elbow joint to control shoulder subluxation. An upward force is transferred through
the shoulder sling along the length of the forearm, wrist, and hand. The downward
weight of the hand and distal forearm pushes the elbow and humerus upward and
provides an efficient transmission of force by creating a fulcrum point at the level of
the proximal forearm [16]. The shoulder cap fits snugly over the acromioclavicular
joint region and applies the fulcrum to the proximal forearm from above, which is a
better refinement of preventing shoulder subluxation and shoulder pain compared
to slings and hemislings [2, 16, 17]. But the concern is unilaterally functional patients
may have difficulty while donning and doffing, because it has more straps and
adjustments. Newer design concepts such as Steeper Stanmore flail-arm orthosis
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have rectified this problem with fewer straps and an adjustable locking device at the
elbow. The hemisling and the shoulder caps have certain differentiation in advantages
such as hemislings and are commercially available at lower cost with ease of donning
and doffing, whereas the shoulder caps have the advantages of greater stability and
comfort with respect to hemislings.

Patients with C5-C6 injury clinically represent with weakness of the shoulder
girdle musculature as well as the elbow joint flexion more often than the extension,
while because of the relative weakness of the external rotators and abductors, shoul-
ders are internally rotated or adducted. Shoulder internal rotation contractures are
found to be the most common. Almost 50-70% of patients may be found with a com-
plications of internal rotation contractures in obstetric brachial plexus palsy [18-20].
In later stages, weakness of the shoulder girdle may have the possibility to cause joint
dysplasia over the period and increased glenohumeral instability and subluxation.
The patient retains control of hand and wrist movements and some amount of elbow
extension as of triceps, if the lower trunk or lower nerve roots (C7, C8, and T1) are
preserved. These patients need support of the shoulder and elbow without impeding
the wrist and hand movements [21].

Ratchet shoulder abduction orthotic (SAO) devices such as Wilmer carrying
orthosis with shoulder-elbow-wrist support, or a Wilmer carrying elbow-wrist-hand
orthosis, aero plane splints, gunslinger splints can be indicated, in which shoulder
and elbow can be locked in different positions and can be placed in position either by
the opposite arm or by leveraging it against a table or other object. A cable-powered
device like shoulder-driven elbow-wrist-fingers tenodesis splint or even a myoelectric
exoskeletal device, which can be functional by slide input controls by potentiom-
eters, are also prescribed [21, 22]. A cable-controlled elbow functions very similar to
control of elbow unit in above-elbow prosthesis by protraction and retraction of the
contralateral shoulder. Allowing the elbow movement may lead to loss of control of
the glenohumeral joint, and the shoulder may remain subluxed with the additional
weight of the orthosis. Mobile arm supports can also be the options for individuals
with brachial plexus injury.

C5-T1 injury or the complete brachial plexus injury causes a complete flail arm
with both profound hypotonia and hyporeflexia. Orthotic prescription for flail
arm is required for potential support and protection for the arm and providing
some function to the arm. Essentially, orthoses that immobilize and protect the
arm are Wilmer carrying orthosis, gunslinger splint, etc., which are composed of
a shoulder support, elbow ratchet, forearm support, and distal trough that can
accommodate functional devices. Extending the trough of the shoulder cap all the
way to the fingertips also helps to control edema and provides protection to the
weak upper extremity. Currently, orthotic management in brachial plexus injury
is adding function to the weakened limb. A functional arm orthosis (FAO) can be
interpreted to borrow the power from an intact trapezius muscle shrug or from the
opposite arm.

Patients with C8-T1 nerve injury or the lower trunk of the brachial plexus injury
(Klumpke’s palsy) may have shoulder and elbow function preserved with loss of
wrist and hand motor control. So, these patients often require orthoses such as the
tenodesis splint or dynamic wrist hand orthosis with MCP assist to stabilize the wrist
and restore grip and pinch functions rather supporting the shoulder and enhancing
the function.

In most severe forms of brachial complex injuries, authors have suggested a
more controversial yet functional approach of management that involves immediate
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prosthetic fitting followed by amputation of the affected extremity above or below
the elbow. However, still it is been referred as a controversial approach as the ampu-
tation must take place soon after the initial injury to ensure compliance with the
prosthesis. But the concern is that the amputation of involved limb is an irreversible
procedure, and as we must conduct this early after the injury, the less conservative
treatment time and opportunity is available for assessing for any possible neurologic
recovery. Therefore, the decision regarding amputation must be made before adequate
assessment of any possible recovery of motor and sensory function [23-25].

5. Recent trends in orthotic management of BPI

5.1 Neuromuscular electrical stimulation (NMES) in rehabilitative orthotic
devices

NMES is often referred as muscle stimulation that uses an electrical current to
produce muscle contractions for the purpose of restoring motor functions in indi-
viduals who have muscle weakness or paralysis. NMES creates an electrical field
near motor axons of peripheral nerves that is of sufficient strength to depolarize the
axonal membranes, and thus, it operates by depolarizing motor axons rather than
muscle fibers directly, eliciting action potentials and, consequently, muscle contrac-
tions. Neuromuscular electrical stimulation is a modality that involves the application
of electrodes connected to a device that provides electrical current to a partially
or completely denervated muscle with the goal of promoting functional recovery.
NMES has been used in the rehabilitation of multiple central neurological conditions,
including stroke, cerebral palsy, traumatic brain injury, multiple sclerosis, and spinal
cord injury, with demonstrable success [26]. There have been very less evidence for
its effectiveness in peripheral nerve injury and central nervous system injuries. In
arandomized study comprising patients with severe median nerve compression,
the group treated with postoperative electrical stimulation demonstrated improve-
ments in functional outcomes as compared to the control group [27]. According to
Denise Justice et al. [26], NMES studies in the treatment of neonatal brachial plexus
palsy did not report loss of motor function, there were reports of improvement in
function, and thus, NMES in peripheral nerve therapy was considered reasonable.
These results show that there is mixed evidence regarding NMES being associated
with improvement in muscle strength, while it can be a vital modality for improving
muscle tone [26]. NMES can be applied with surface electrodes on the skin over the
targeted muscles or nerves. NMES stimulators range from being capable of delivering
arange of a single channel of electrical current to delivering seven to eight indepen-
dent channels of stimulation. NMES current waveforms are typically characterized
by a hierarchy of monophasic or biphasic current pulses. The pulse wave frequency,
amplitude, and width or duration of the pulses determine the strength of the muscle
contractions elicited. Stimulators are equipped with pattern controllers that allow the
patient or clinician to set or adjust some of these stimulation parameters like pulse
width, pulse frequency, and the duration and coordination of muscle contractions.
Many sophisticated commercially available NMES systems have controllers that
receive real-time input from patients, which enables them to adjust the stimulation
and elicit subsequent muscle contractions and movements produced. User interfaces
with such controllers range from buttons and switches to external or implanted sen-
sors or biopotential recording electrodes [28].
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5.1.1 Theory of application of NMES stimulations in brachial plexus injury

Many studies suggest that, by inciting depolarization of cell membrane and
opening voltage-gated calcium channels, electrical stimulation can increase intracel-
lular Ca®* transients level, and the increase of Ca** influx can improve the expression
of nerve growth factor (NGF), brain-derived neurotrophin factor (BDNF), and its
tyrosine kinase receptor B (TrkB) mRNA, which are the closest transducers for motor
neuron regeneration [29], which can also be referred as creating artificial neural
network (ANN). Electrical stimulation has also been found effective in promoting
reconnection of axons and muscles, accelerate nerve conduction speed, enhance
muscle fiber vitality, and followed by restore damaged nerve function. Many research
studies show that the main objective of electrical stimulation in downstream path-
ways is inducing synthetic reactions, so that the use of low frequency stimulation
can increase cyclic adenosine monophosphate (cAMP) level in nerve cells and then
cAMP can be induced to activate phosphokinase A (PKA).As long as a short electri-
cal stimulation can cause a series of closed loop reactions, it promotes the growth
of dorsal root ganglion (DRG) by regulating cell growth-related proteins, cAMP
response element binding protein (CREB), and cytoskeleton proteins [30], which in
turn activate downstream pathways and increase the expression of BDNF. By inhibit-
ing phosphodiesterase, CAMP can be enhanced and maintained at a certain level, and
it elevates BDNF [31].

5.1.2 Patterns of stimulations in NMES stimulator devices

There are three categories of NMES available currently, i.e., cyclic NMES, EMG-
triggered NMES, and proportionally controlled NMES. In cyclic NMES, electrodes
are placed on the skin over muscle bellies that are targeted for activation. The wrist,
finger, and thumb extensors are targeted for the activation of stimulation. A single
pair of electrodes may be adequate to produce hand opening and wrist extension.

In some patients, elbow extensors or shoulder muscles may also be targeted. Cyclic
NMES is considered to be most simple, commercially available, and the most used
NMES administering method [32, 33]. Some of the examples of commercially
available cyclic NMES units are Myoplus 2 pro (NeuroTrac®), Intelect NMES (DJO
Global, Inc.), etc. These units often have two channels. The intensity of stimulation
can be adjusted and delivered from each channel to a level that produces comfortable
muscle contractions and the desired movement, e.g., hand opening. Stimulation is
delivered according to an on-off control pattern, with the timing of the cycle, the
number of repetitions, and the maximum intensity of stimulation preset by a thera-
pist. When the pulse stimulation begins, stimulation frequency and duration elicit
repeated muscle contractions, therefore arm and hand movement happen, followed
by relaxation duration. Cyclic NMES requires no input from the patient. The patient
can simply relax his/her limb during the stimulation duration, and let the stimulator
activate the muscles, and sometimes patients are also instructed to move the arm or
hand in synchrony with the stimulation. Research studies related to cyclic NMES
show regimens ranging from 1.5 to 2.5 hours per day for 6-12 weeks [33, 34].

5.1.3 Assistive stimulation control and task-practice training using NMES devices

As the patient is prompted to produce his/her own effort to prompt the move-
ment, EMG-triggered NMES may be more effective in promoting neurologic changes
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leading to better recovery. Triggered NMES system, e.g., Neuromove, Zynex, etc.,
elicits repetitive muscle contractions through the EMG-triggered stimulators. As

the EMG signal exceeds a preset threshold, the stimulator turns on, and a preset
frequency of stimulation is delivered to the target muscle for a preset duration, which
is known as stimulation width. After the stimulation turns off, the cycle repeats [35,
36]. NMES is effective when it is used to assist goal-oriented task practice may lead
to better outcomes than might be achieved with NMES modalities like cyclic NMES
or EMG-triggered NMES, which can be challenging to use in task practice because
the timing of the stimulation pattern is preprogrammed [37]. Sensors worn on the
body can provide alternative methods of triggering stimulation. A force sensitive
resistor on the arm has been used to trigger NMES to the motor points of correspond-
ing muscle when the patient achieves some threshold degree of joint movement
while attempting to complete the task [38]. Switch-triggered NMES systems (e.g.,
NESS H200, Bioness, Inc.) use push buttons to trigger stimulation (Figure 2). The
push buttons may be operated by a therapist or by the patient. Push buttons give the
therapist or patient control of the initiation and duration of stimulation, which makes
it more feasible to incorporate NMES into task practice [40, 41].

In proportionally controlled NMES stimulation such as Myoplus 2 pro,
NeuroTrac® (Figure 3), the intensity of the NMES is not preset, but the patient can
regulate intensity by a control strategy that translates his/her desired movement into
stimulation intensities, which is being regulated in real time. Thus, proportionally
controlled NMES can be differentiated from cyclic and triggered NMES methods.

5.2 Functional electrical stimulation (FES) in orthotic devices

Contralaterally controlled functional electric stimulation (CCFES) is one of the
advance functional rehabilitation protocols that can be implemented to enhance the
recovery of paretic limb after brachial plexus injury [34, 42]. It uses current pulse
width from the contralateral side (non-paretic) upper limb to regulate the intensity
of electrical stimulation delivered to the motor unit of the affected upper limb.
CCFES treatment is a goal-oriented task practice which can either be in repetitive
practice which is self-administered or therapist-guided. The current pulse width
stimulation intensity delivered to the affected side is proportional to the degree
of respective range of motion of the normal side. It was initially developed at the
Cleveland Functional Electrical Stimulation (FES) Center and is a proportionally
controlled NMES approach in which the intensity of stimulation to the paretic finger
and thumb extensors is proportionally controlled by an instrumented glove worn on
the opposite (contralateral) hand (Figure 4). CCFES device consists of an instru-
mented glove, stimulator, and surface electrodes. Up to seven monopolar channels
of biphasic current can be delivered by the he stimulator. With the glove, the patient
can control the degree of opening of the affected hand and can practice using it in
task-oriented therapy. The stimulation intensity can be modulated and delivered
as with input from surface electrode, so that each channel can be programmed
individually. Also, the individual channel can be programmed automatically by
interpreting cyclic stimulation. Pulse duration can be adjusted for specific stimulus
channel, so that patterns of stimulation can be customized according to the change
in stimulus intensity, which in turn is related either to the function of the input
signal from instrumented glove or to the cyclic stimulation pattern. The patient can
open their hands (Hand CCFES) or simultaneous reach with hand opening (Arm
+ Hand CCFES) repeatedly over a midline activities of daily living (ADL) exercise
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Figure 2.
Switch triggered stimulation in NESS H200, Bioness, Inc. [39].

Figure 3.
Goal-oriented task practice training of BPI patient by NMES stimulation using Myoplus 2 pro, NeuroTrac®.

session of selectable duration by prompting the sound and light ques. MATLAB
R2022b can be used to program the stimulator. EMG signals can also be used from
the impaired upper limb to deliver proportionally controlled NMES in accordance
with the patient’s motor intention. In proportionally controlled NMES, the approach
capitalizes on the principle of intention-driven movement, linking the patient’s
motor commands to the stimulated movement and the resulting proprioceptive
feedback to the brain.

This pattern of artificial reinstatement of the sensorimotor integration may
have the possibilities to enhance Hebbian-type neuroplasticity (i.e., connections
between neurons that are simultaneously active and are strengthened), which may
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Figure 4.
Hllustration of contralaterally contvolled functional electrical stimulation (CCFES) [43].

lead to better motor recovery. Hence, proportionally controlled NMES may be more
effective than other NMES stimulations [44]. The command hand glove generally
consists of three bend sensors, which are placed on dorsal aspect of 2nd, 3rd, and 4th
digits. These use pre-gelled surface electrodes to target small and large muscles in the
forearm, hand, etc., which are commercially available in various sizes.

5.2.1 Pattern of stimulation in FES stimulator devices

Cyclic stimulation is generally given at the motor points of individual muscles
for gaining the muscle tone and conduction by cyclic pattern involving interrupted
galvanic current. Rehastim (Hasomed GmbH, Magdeburg, Germany) is a 8-channel
stimulator may be used into the training environment with two bipolar, self-adhesive
electrodes (diameter: 40 mm), and applied biphasic square pulse frequency 30 Hz to
50 Hz, pulse width ranging from 300 ps-500 ps. The stimulation of this integrated
neuroprosthesis can be updated in a closed-loop, real-time iteration at 50 Hz—60 Hz
via a controller area network/universal serial bus (CAN/USB) port using an algo-
rithm. Whenever the brain-machine interface (BMI) classifier output will be
positive, NMES can be applied for 5-7 s to the motor points of individual muscles at
a joint during respective movement [45]. For example, in Erb’s palsy, three fibers of
deltoid muscle (anterior, lateral, and posterior) or its motor points. In elbow, stimu-
lation is given to motor point of brachialis muscle and triceps muscle on the anterior
aspect and posterior aspect, respectively, just above the elbow region. Thus, for wrist
and fingers movements, stimulations are given at the motor points of the flexor and
extension muscle groups. Hence, each motor point is stimulated from proximal to
distal as one complete stimulation cycle. Each motor point may be stimulated for
10-15 contractions. This cyclic stimulation can be given from 4 to 6 weeks depending
on the severity of the injury. As the muscle tone starts to improve, muscle strength
also begins to recover, followed by improvement of the conduction. After muscle
strength gains approximately 1 or 1+ grade alongside improvement in conduction,
the stimulation is shifted from interrupted galvanic current to faradic current to
stimulate the muscle in groups, which is otherwise known as faradism. It stimulates
for a short duration through interrupted direct current with a pulse width ranging
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from 300 ps to 500 ps with a frequency of 50-100 Hz. Faradism produces tetanic
contraction and relaxation of the muscle, and the pulse frequency and duration can
be adjusted [46].

Implantable microstimulator or multichannel implantable pulse stimulation
approaches may be recommended for brachial plexus injury patients who have
been carefully screened for hypotonia. Emerging technology that uses implanted
nerve cuff electrodes to deliver high-frequency stimulus waveforms to nerves may
prove capable of generating nerve pulse. Adding such pulse stimulation to an NMES
neuroprosthesis could conceivably improve its effect and widen its applicability.
Implementing upper limb neuroprostheses in brachial plexus injured patients has
been a major challenge over the years, while another major challenge is developing an
intuitive method by which patients control stimulation to their affected arm and hand
without interfering with the task being attempted. Patient should find neuropros-
thesis is easier and more effective than any compensatory strategy already attempted
before, and thus, it can be successful [47, 48].

5.3 Implementation of brain-machine interface (BMI) in hybrid neuroprosthesis
exoskeleton

Armeo Spring, Hocoma, Volketswil, Switzerland is a commercially available 3D
workspace rehabilitation exoskeleton for shoulder, elbow, and wrist joints. It comes
with seven degrees of freedom to provide antigravity support for the paretic arm
and to provide movement kinematics and grip force. Gravity compensation adjust-
ment is also incorporated into the device, so that patients with severe impairments
can perform task-oriented practice with a virtual augmentative environment.
There are two springs that are incorporated into the device, by which the unweigh-
ing can be realized. The real-time sensor data may be used to display a three-
dimensional multi-joint visualization of the user’s arm and exoskeleton in virtual
reality (Figure 5) [49].

To capture the angles of all arm joints and the grip force from a shared memory
block, a file mapping communication may be used. The virtual arm software can be
programmed in HMD (Kaiser XL50) and SPS framework. Skeletal meshes can be
made up of a set of polygons designed to make up the surface of the Skeletal Mesh,
VertexBone and VertexSkin engines, etc., or a hierarchy of interconnected bones
and joint segments which can be used to animate the vertices of the polygons in the
three-dimensional real-time visualization software. The 3D models, rigging, and
animations are created in an external modeling and animation application (Unreal
engine 4, 3DSMax, Maya, Softimage, etc.) and are then imported into skeletal mesh
engines. The bone vertices of the meshed model may be modified according to the
degree of freedoms the user can provide in online closed-loop feedback. This can be
designed measuring the joint angles and grip forces of the device. The joint angles of
the exoskeleton can be directly represented in virtual reality, whereas the grip forces
can be augmented to feedback real-time hand function.

Prior to each session, patients must be instructed to perform a natural wrist move-
ment during the assigned tasks aiming at maximum movements, respectively. For an
example, the ROM of wrist and elbow movements are calculated as the sum of maximum
extension and flexion and can be computed as the mean of each session. The three-
dimensional visualization of the fingers and wrist in real-time virtual augmentation
software should be applied during each task as implicit online feedback of the respective
joint movement. Patient needs to be trained with two exoskeleton sessions: with and

218



Orthotic and Prosthetic Management in Brachial Plexus Injury: Recent Trends
DOI: http://dx.doi.org/10.5772/intechopen.109701

Figures.
Integrated neuroprosthesis with a gravity-compensating, seven degree-of-freedom exoskeleton, Armeo Spring
exoskleteon, Hocoma, and virtual environment feedback attached to the paretic arm [50].

without BMI-controlled NMES. Both the exoskeleton and the maximum pulse stimula-
tion intensity (Spmay) are calibrated individually. The exoskeleton is adjusted to provide
required gravity compensation for every joint and unrestricted joint movements in
three-dimensional space. The Sy, for individual muscle or each muscle group is deter-
mined as the output current approaching the motor threshold but that is still perceived as
comfortable. In brachial plexus injury, depending on the severity of upper limb impair-
ment, prolonged supra-motor threshold stimulation may be perceived as painful and was
therefore the stimulation intensity and is thus set according to patient’s comfort level.

5.3.1 Electroencephalographic (EEG) signal acquisition

Since many years, any brain disorders can be easily diagnosed by visual inspec-
tion of EEG signals. In healthy adults, the amplitudes and frequencies of such
signals change from one state to another of the human, such as simple situations
like wakefulness and sleep. The characteristics and amplitudes of the waves also
change in accordance with age. Five major brain waves have been distinguished
into five bandpass by their different frequency ranges, from low to high frequen-
cies, respectively, are called alpha (a), theta (8), beta (), delta (5), and gamma
(v). In 1929, Berger introduced the alpha and beta waves. In 1938, Jasper and
Andrews used the term “gamma” for the waves of above 30 Hz. The delta refers to
all low frequency waves below the alpha range and the theta waves as those having
frequencies within the range of 4-7.5 Hz [51]. A beta wave rhythm varies within
the range of 14-26 Hz, while amplitude normally under 30 4V and is found in
normal adults (Figure 6). Usual waking rhythm of the brain like active thinking,
active attention, solving concrete problems, etc., is associated with beta rhythm,
and when a person is in a panic state, the corresponding rhythm may be acquired.
Mainly over the frontal and central regions of the brain, beta wave rhythm can be
encountered. A central beta rhythm is related to the Rolandic alpha or sensory-
motor rhythm (SMR) and can be influenced by motor activity or tactile stimulation
[52]. The gamma rhythm, often referred as fast beta wave, has frequencies above
30-45 Hz. The gamma wave band has also been proved to be a good indication of
event-related synchronization (ERS) of the brain, and the gamma wave has been
considered to be a good indication [53].
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Figure 6.
Normal beta (B), alpha (a), theta (6), and delta (8) rhythms in order of high to low frequencies.

5.3.2 Classification and feature extraction of recorded EEG signals

Electroencephalographic (EEG) signals can be recorded with Cerebair (Nihon
Kohden, Japan), Sienna Ultimate (EMS Biomedical, Austria), BrainAmp DC ampli-
fiers, and anti-aliasing filter (BrainProducts, Munich, Germany) from approximately
21 Ag/AgCl scalp disposable gel-less and pre-gelled type electrodes over central
and frontal regions of the brain. Each signal is sampled with up to 16 bits and is
very popular in many commercially available EEG recording systems. Therefore,
it is essential to store the archived signal masses in memory volumes. However, the
memory size for archiving the EEG signals is often much lesser than that used for
archiving radiological images.

A calculation procedure indicates that for a 1 hour recording from disposable
electrodes (gel-less, and pre-gelled types) with an amplification rate of 1000 Hz in
accordance with international 10-20 system.

N x seconds x minutes xfx b ~ GB. 1)

GB = memory size, Ng = numbers of electrodes, f = frequency of amplification
rate, b = bits.

Thus, a memory size of 21 x 60 x 60 x 1000 x 16 ~ 1.20 Gbits ~ 0.15 Gbyte is
required. In today’s technology of SSDs, hard drives, optical disks, CDs, and zip disks,
there should be enough storage facilities for a large group of patients. EEG reading
formats can easily be converted to spreadsheets that will be readable by most signal
processing software packages such as MATLAB for different EEG machines.

Since electrode impedance often exceeds the frequency range of the physiological
signals, ambient noise may compromise the recordings. Therefore, the high frequency
noise must be avoided during this period so that all potential sources of electrical
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noise from the sampling environment can be removed and aliasing error can be
avoided [54-59].

Since EMG may contaminate via compensatory movements with EEG, it may
implicit artifacts that can compromise EEG-based BMI training [60]. In order to
avoid or minimize these artifacts, the patients must be instructed to avoid blinking,
chewing, and any head and body movements other than the joint movements. Also,
the clinician should conduct visual inspection and feedback so that alternative BMI
control can be prevented. After receiving the raw EEG signal, the data is filtered
through bandpass, and DC notch filters and then spanning for visual artifact rejec-
tion are performed. Using EEGLAB-Toolbox (MATLAB Central, MathWorks), each
session of event-related spectral perturbation (ERSP) of the feedback electrodes is
calculated [49].

Surface electromyography (EMG) of the individual muscle or each muscle group
is to be recorded with a Butterworth high bandpass filter and a sampling rate of
500-1000 Hz. An individual EMG threshold is set to calibrate the EMG classifier.
The activity of the bipolarized EMG channels is measured and analyzed followed by
discrimination between movement, and rest need to be performed.

The waveform length (1)

At,)=P, |x(t, +1)-x(t,) )
whereasP, =t, +t, 3)
t,=t,—w+1 (4)

is calculated for each bipolarized EMG channel within a sliding window of w
(ms). To correct for a delayed response of the subject to the cues, we calculated the
cross- correlation of a vector L = A(t;) containing the waveform length feature with a
vector P = Py which encodes the trial phase, where P(y;) = 1if t1 is part of the move-
ment phase, otherwise P = 0.

To improve the assignment of the waveform length to the movement or rest class
(M, or Ry, respectively), latency of the maximum of the cross-correlation sequence
can be used as an offset. With a receiver operating characteristic (ROC) analysis, the
threshold for the discrimination between the two distributions M, and R; is set. The
criterion for threshold selection may be set as such that the false-positive rate must be
lower than 5% to ensure high specificity of the classifier.

5.3.3 Desynchronization of BMI and NMES classifiers

As event-related desynchronization (ERD) is correlated to movement in the beta
(p) band gets detected by EEG in the ipsilateral hemisphere of the brain (Figure 7).
The brain-machine interface (BMI) environment stimulates EMG recordings of
patient’s joint during the movement [58, 61]. Once both the EMG and EEG classifier
gives a positive output, NMES stimulation may be triggered. The same EMG filter-
ing and feature extraction procedure can be used during the NMES session. Then,
the samples of each data packet from these channels can be joined together to form
a wavelength, which is to be computed, summed up for bipolar channels, and com-
pared to the threshold for movement detection. As soon as it crosses the threshold, the
EMG classifier will give a positive output.
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Figure 7.
Hllustration of the flowchart of closed loop environment for hybrid brain-machine interface.

The sensitivity and specificity of the classifier of a linear discriminant analysis
(LDA) are indicated by the true-positive rate (T},) and the true-negative rate (T;),
respectively, while N is the total number of sample blocks in either during the move-
ment or rest period. The positively and negatively classified sample blocks are ;N and
2N, respectively.

n

The false — positive rate (Fp ) =1-T,.

TPR and TNR are calculated by

_pim

* Nm (5)
_PpNr

"N (6)

For the different classifier modalities, i.e., EEG, EMG, and hybrid EEG/EMG, the
classification accuracy (X) of a BMI system is computed by
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The correct response rate (Cg) is calculated by the ratio between the number of
BMI-controlled NMES assistance (Nymgs) and the number of trials (IN,).

Nnmes
= X100

Nt (8)

CR

The feasibility of integrating a hybrid BMI approach based on EEG/EMG into an
integrated neuroprosthesis exoskeleton followed by neurofeedback training by stimu-
lating NMES involving virtual environment increases the stability of classification
and data extraction and can be expected that using BMI + NMES with neuroprosthe-
sis exoskeleton can be more effective on ROM and ERD than the implementation of
exoskeleton alone [62].

6. Recent trends in prosthetic management of BPI

6.1 Surface electromyographic (sEMG) virtual reality augmentative biofeedback
in prosthetic (bionic) hand reconstruction

Hand reconstruction has seen many new approaches to replace the non-functioning
plexus limb. The bionic hand/myoelectric/hybrid prosthetic hand uses the myoelectric
signal from the electrical voltage generated during muscle contraction to control some
movement. In patients with brachial plexus injury, this type of prosthesis uses the rest
of the human body’s neuromuscular system to control flexion/extension of the elbow,
supination/pronation of forearm (rotation), or inhibiting functional grasps [2].

Bionic reconstruction can be recommended for patients with failed surgical treat-
ment alternatives (i.e., nerve repair, nerve transfers, and secondary reconstructions
resulting in futile upper limb function). Patients with simultaneous central nervous
system injury, unstable fractures of the affected limb, untreated or resilient mental
health problems, lack of compliance and commitment to adhere to a long-lasting reha-
bilitation program cannot be adequate candidates for a biofeedback training in bionic
hand reconstruction. Tinel signs are suggested to be eliminated along the neural axis
of the major peripheral nerves indicating the presence of viable axons suitable for
nerve transfer surgery. Multidisciplinary team consisting of experienced prosthetists,
reconstructive surgeons, orthopedic surgeons, physiatrists, psychologists, and phys-
iotherapists should be formed for the assessment of the patients whether they are fit
into the reconstruction procedure and explain to the patient that the functionality of
a myoelectric prosthesis. Other interventions, such as psychological support, posture
training, and/or strengthening of the remaining muscles, are also indicated [25].

Surface electromyographic signals (SEMG) electrodes are generally used on the
exact skin position, where muscle contraction can be palpated with the finger, e.g., 5 cm
distal to the elbow joint on the dorsal extensor compartment when the patient is asked
to think of extending his/her wrist and fingers. While the sEMG electrode is moved
to the volar aspect of the forearm, placing it on the pronator teres muscle, ask the
patient to attempt pronating his/her forearm. Patient’s movements can be assessed and
evaluated while the signal being observed on the computer screen. When the patient
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thinks of this movement, the amplitude repeatedly increases [63]. In some cases, SEMG
signals are not found. In these cases, nerve and muscle transfer need to be performed to
establish new EMG signal sites, which delay signal training for 6-9 months. At least two
separate EMG signal sites are needed for dexterous control of prosthetic hand.

As soon as two or more EMG signals have been identified, sSEMG-guided signal
training should be given to patient to get acquainted with adjustment of the voltage
gain of each signal independently to achieve a similar signal amplitude threshold for
all signals during training, which will make signal separation and comprehension
easier during the training of the patient. But during training phase relaxation should
be allowed as muscle strength may decrease faster in patients with complex nerve
injuries and faint myoactivity. Depending on the number of available EMG signals
and the degrees of freedom of the bionic hand, it is necessary to use methods for
switching between these degrees of freedom through pattern recognition software.
One frequently used method of switching between degrees of freedom is via the
simultaneous contraction of two muscles, also known as co-contraction.

Hybrid hand fitting and prosthetic training are needed to be given with indi-
vidually tailored socket onto or below the functionless plexus hand (Figure 8).
Strength training for elbow flexors and shoulder muscles should be performed, if
co-activation of the muscles used for prosthetic control is observed while lifting the
arm. Simple grasping tasks, such as picking up manipulating small objects, boxes,
signal independency should be improved through strength training, simple tasks of
daily living, and co-activation of signal amplitude training. As the patient must lift
the weight of his/her own hand in addition to the hybrid prosthetic hand, the device
might feel rather heavy.

It should be noted that many tasks might be restricted since the paralyzed hand
gets in the way and phase relaxation should be allowed in-between. Direct visual-
ization of this muscle activity is vital for patient as it allows him/her to mentally
grasp the pattern of myoelectric hand control and follow the training progress more
consciously.

NS S

Figure 8.

(1) To identify the highest EMG amplitude over a specific target muscle, several motor commands may be
attempted with virtual augmentation, and different signal positions can also be compared. (2) The EMG activity
in a patient’s arm is directly translated into prosthetic function after using a tabletop prosthesis. (3) Patient can
visualize and embrace the use of future prosthetic hand, after the fitting and training with a hybrid prosthetic
hand. (4) EMG signals can be trained and optimized either with sSEMG biofeedback or with the prosthetic hand
itself, after prosthetic reconstruction [64].
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6.1.1 Elective amputation of affected limb and prosthetic hand veplacement

Depending on the availability of site of the various EMG signals, the level of ampu-
tation (transradial, transhumeral, or, in rare cases, glenohumeral) should be precisely
planned by the multidisciplinary team consisting of the patient’s psychologist, prosthe-
tist, physiotherapist, and the surgeon responsible for the amputation so that patient’s
expectations can be familiarized with everyone and unresolved questions regarding the
planned amputation and clear communication regarding decision of amputation can be
made; otherwise, it will result in irreversible and life-altering surgery. Elective ampu-
tation is to be performed as described previously followed by post-operative wound
healing, and patient should be trained adjacent joints for improved upper limb mobil-
ity. The EMG signal training and selection of EMG electrodes’ site should be followed
up after 4-6 weeks of post-operative wound healing. These electrode positions and
motor commands might differ slightly from the ones found before amputation. The
prosthetist must design the prosthesis which may consist of prosthetic socket, hook/
hand, silicone liner, and sEMG electrodes depending on the sites of EMG signals and
co-contraction of muscles. Then, the procedure must follow post-prosthetic training
from open/close the prosthetic hand without any co-contraction with weight of the
prosthetic device being supported, followed by prosthetic movements on different arm
positions such as the elbow flexion or extension. Patient should be trained for simple
grasping tasks simultaneously with activities of daily living training staring with rather
simple tasks as opening a door to slowly adding complexity and tasks that the patient
considers relevant for his/her specific life adaptation or function.

7. Conclusion

Brachial plexus injuries have shown an upward trend in recent years with the
frequent occurrence of accidental injuries such as car accidents, fall from heights, and
external force pulling. Over the years it is been an absolute challenge for the prosthetists
and orthotists to facilitate functions in BPI patients. Advancement in the field of brain—
machine interface, artificial intelligence and replication of anatomical movements with
prosthetic arm have emerged as excellent and effective treatment protocols for BPI. The
interpretation of BMI with neuromuscular stimulation with exoskeleton assistive device
has shown impressive effects on ROM, cortical modulation, and pain. In the future,
novel restorative framework may be implemented while retaining their voluntary effort
in BMI-NMES training goal-oriented training sessions. Additionally, due to the reduced
neuromuscular interface in BPI affected patients, it is not clear whether currently com-
mercially available prosthetic arm systems designed for otherwise healthy amputees can
significantly enhance the prosthetic function in patients with brachial plexus injury,
and hence, novel technologies for prosthetic control may be explored in future. Future
studies should evaluate the applicability and benefits of the listed novel technologies as
controlled trials with higher patient numbers will demonstrate the positive effects of
the current rehabilitation protocols of patients with severe brachial plexus injuries.
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Nomenclature

BPI brachial plexus injury

OBPP obstetric brachial plexus palsy

ADL activities of daily living

SCs Schwann cells

NTF neurotrophic factors

NGF nerve growth factor

BDNF brain-derived neurotrophin factor
TrkB tyrosine kinase receptors

mRNA messenger ribonucleic acid

CNTF ciliary neurotrophic factor

FGF fibroblast growth factor

GDNF glial cell line-derived neurotrophic factor
IGF insulin-like growth factor

LMN lower motor neuron

SAO shoulder abduction orthosis

FAO functional arm orthosis

NMES neuromuscular electrical stimulation
ANN artificial neural network

cAMP cyclic adenosine monophosphate
PKA protein kinase A

DRG dorsal root ganglion

CREB cyclic-AMP response binding protein
EMG electromyographic

CCFES contralaterally controlled functional electrical stimulation
FES functional electrical stimulation
BMI brain-machine interface

EEG electroencephalogram

ERD event-related desynchronization
sEMG surface electromyographic
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Chapter12

Short-Segment Schanz Pedicle
Screw Oblique Downward Fixation
for Thoracolumbar Burst Fractures:

A New Method for the Reduction
of Intraspinal Bone Fragments

Sheng Yang and Chunyang Xia

Abstract

Short-segment pedicle screw internal fixation for thoracolumbar burst fracture
has been widely used in clinic. When the fracture fragment enters the spinal canal
seriously, it is often necessary to decompress. The authors pioneered the reduc-
tion of fracture fragments in the spinal canal by direct traction with pedicle screws
implanted obliquely downward without lamina decompression. Compared with the
previous pedicle screw parallel endplate fixation and lamina decompression, this new
method has less trauma, better reduction and can remove the internal fixation after
fracture healing. Compared with conventional pedicle screws, short-segment Schanz
pedicle screws are more similar to normal posterior columns in structure and stress
conduction and have better safety and stability, so the latter is more suitable for the
treatment of severe burst fractures.

Keywords: thoracolumbar spine, burst fracture, short-segment pedicle screw, obliquely
downward fixation, thoracolumbar burst fractures

1. Introduction

Thoracolumbar spinal fracture is the most common spinal fracture. When the
fracture is serious, it often needs surgical treatment [1-5]. Previous studies have
shown that it is difficult to reduce the intraspinal fracture fragments by direct
distraction when the displacement distance is >0.85 cm, the turnover angle is >55°
[6], the transverse diameter of fracture block/injured vertebral is >75%, and the
height of displaced fracture block/injured vertebral height is >45% [7]. In this
case, laminectomy combined with anterior surgery is usually required to directly
reduce or treat intraspinal bone fragments. In 2018, the authors first reported a
direct distraction and reduction of such intraspinal bone fragments by oblique
downward insertion of Schanz pedicle screws in the adjacent upper and lower
vertebrae without laminectomy and/or anterior surgery [8]. In this article, the
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authors will discuss the scoring criteria of thoracolumbar injuries, the advantages
of Schanz screws, the mechanism of oblique downward screw distraction reduc-
tion, the indications and contraindications of the new method, and the role of
thoracolumbar orthosis.

2. Thoracolumbar injury score criteria

Currently, commonly used scoring systems for thoracolumbar injury
include Thoracolumbar Spine Injury Classification System (TL AOSIS) [3, 4],
Thoracolumbar Injury Classification and Severity Score (TLICS) [2] and Load
Sharing Classification (LSC) [5]. Both TLICS and TLAOSIS score thoracolumbar
fractures from three aspects: fracture morphology, integrity of the posterior liga-
ment complex (PLC), and nerve injury. Conservative treatment is recommended
when the total score of TLICS is less than 4, and surgical treatment is recom-
mended when the total score of TLICS is more than 4, and both are acceptable
when the total score of TLICS is 4 [2]. TLAOSIS classifies neurological dysfunc-
tion on the basis of TLICS and adds clinical correction parameters. Conservative
treatment is recommended when the total score of TLAOSIS is <3, surgery is
recommended when it is >5, and surgery or conservative is recommended when it
is 4-5 [3, 4].

Different from TLICS and TLAOSIS, LSC quantified and assigned values
from three aspects, such as vertebral fracture degree, fracture block displace-
ment range, and kyphosis correction angle. Each aspect was recorded as 1 point,
2 points, and 3 points, respectively, according to light, medium, and heavy,
and the highest was 9 points [5]. Conservation is recommended when the total
score of LSC is less than 4 points, and short-segment pedicle screw fixation is
recommended when the total score of LSC is 4-6 points; posterior short segment
fixation is not suitable when the total score is >7, and anterior fixation is recom-
mended [5]. LSC only makes a detailed assessment of vertebral injury, but lacks
the assessment of neurological function and posterior column (PLC), so it is
not suitable to use LSC alone for assessment when combined with neurological
and posterior column injuries. TLICS and TLAOSIS are more comprehensive in
evaluating fractures than LSC, but their evaluation of fractured vertebral bodies
is not detailed/lacks quantitative standards, so the authors use LSC + TLAOSIS to
evaluate thoracolumbar fractures clinically.

LSC is an evaluation standard for judging the safety of short-segment pedicle
screw fixation in the treatment of thoracolumbar fractures [5]. The higher the LSC
score, the more unstable the injured vertebra and the worse the safety of short-
segment pedicle screw fixation. Since this article mainly discusses the treatment
of thoracolumbar burst fractures with pedicle screw fixation, the authors use LSC
to evaluate the severity of fractures in this article. The accuracy of LSC has been
questioned in recent years [9, 10]. Filgueira et al. reported in 2020 that LSC is safe
and reliable when LSC is <6, and when LSC is >7, it is necessary to combine other
evaluation criteria to select appropriate surgical methods [11]. Similarly, the author’s
finite element study on short-segment (T12 and L2) Schanz screw fixation for severe
lumbar 1 fracture in 2021 also suggested that the scope/degree of posterior superior
wall fracture of vertebral body is also one of the risk factors for fixation failure [12].
The authors believe that the evaluation of vertebral posterior superior wall injury
should be increased when evaluating thoracolumbar fractures.
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3. Advantages of Schanz Pedicle Screw

The purpose of surgical treatment is to rebuild the stability of thoracolumbar
vertebrae, restore the height of injured vertebrae as much as possible, and reduce
postoperative deformity and complications. At present, there are many surgical meth-
ods such as anterior approach, posterior approach, and anterior-posterior approach,
but there is no best scheme due to the complexity of fracture [13]. Short-segment
(adjacent to upper and lower vertebrae) conventional pedicle screw fixation for A3/
A4 [2] thoracolumbar burst fracture has been applied clinically, but the complication
of screw rod rupture in severe fracture (LSC > 7) restricts its popularization [14-16].
Previous studies have shown that many factors, such as the degree of primary injury
of fracture, pedicle screw diameter, screw depth, screw type, and bone abnormal-
ity (such as osteoporosis), are the risk factors for the failure of conventional pedicle
screw fixation [17-20]. The successful treatment of thoracolumbar burst fractures
with adjacent to upper and lower vertebrae Schanz screw fixation by the authors and
Aono et al. shows that Schanz screws have better ability to maintain the stability of
fixation segments [8, 17].

In 2018, the author put forward for the first time that Schanz screw is successful
in treating severe fracture (LSC > 7), mainly because Schanz screw is more similar to
the posterior column structure of spine and its stress conduction than conventional
nail [8]. The posterior column structure of normal lumbar spine (upper and lower
articular processes, isthmus and lamina) is similar to “butterfly shape.” The structure
of Schanz screw rod is similar to “][“ shape, while that of conventional pedicle screw
rod is similar to | |” shape [8]. The stress of normal posterior column of spine is
transmitted through butterfly-like posterior column. The stress conduction of Schanz
screw is from outside to inside, then down and finally to outside downward (like ‘]
[‘shape), and its connecting rod is located on both sides of spinous process and
directly behind lamina [8, 19]. The stress of conventional pedicle screw is linear-like
conduction, and its screw rods are located in the plane of upper and lower articular
processes (see Figure 1) [8, 19].

Normal stress conduction between adjacent posterior columns (indirect conduc-
tion through intervertebral facet joint): from superior articular process along isthmus
through lamina to inferior articular process and finally through intervertebral facet
joint (indirect conduction) to superior articular process of the next vertebra. Stress
conduction between Schanz screws and rods (indirect conduction through connect-
ing clips): from upper screws to upper connecting clips (similar to isthmus), along
connecting rods, through lower connecting clips (similar to intervertebral facet
joints) and finally to lower screws. Direct conduction of stress between conventional
screws and rods: from the upper screw to the lower screw directly through the
connecting rod. Moderate fracture (LSC < 7) had no significant effect on the stress
of screw and rod because the injured vertebra could still bear part of the load. In
severe burst fracture (LSC > 7), when the loads of the anterior, middle, and posterior
column are all (/most) transmitted across the injured vertebra through the posterior
screw and moderate rod, this direct transmission may lead to excessive stress concen-
tration in a certain part of the screw or rod (often at the root of the screw) and fatigue
break. This view is first proposed by the author.

Because the connection clip has the adjustment function [8], there is no need to
bend the connection rod to keep the Schanz screw-rod tightly combined. However,
conventional screws often need to bend the connecting rod to ensure the tight
combination of screw and rod [16]. The ability of conducting stress of straight rod is

235



Frontiers in Spinal Neurosurgery

Figure 1.

Fifite element simulation of posterior—anterior position of thoracic 12, lumbar 1, and lumbar 2 vertebrae.

1A. Normal T12, L1, and L2 butterfly-shaped rear column simulation diagram; 1B. T12 and lumbar 2Schanz
pedicle screw fixation simulation diagram, Schanz screw rod is”][“ shape, and. its connecting rod is located

on both sides of spinous process. 1C. Simulated images of routine pedicle screw fixation in T12 and L2. The
structure of conventional pedicle screw rod is similar to “| [“shape, and its connecting rod is located in the plane of
intervertebral facet joint outside the lamina.

better than that of bent rod. Compared with conventional screw, the straight rods of
Schanz screw are located on both sides of spinous processes, while the curved rods of
conventional screws are located on the planes of upper and lower articular processes,
so the ability of Schanz screw to limit excessive flexion and extension of fixed seg-
ments is stronger than that of conventional screw. Namely, the straight rod of Schanz
screw can also play a certain function similar to PLC [8]. The authors’ previous finite
element studies suggest that the anterior flexion of fixation segments is also one

of the risk factors for the failure of pedicle screw fixation [12, 19]. Pedicle screws
maintain the stability of fixed segments by bearing loads and conducting stresses.
Compared with conventional screws, Schanz screws have better stress conduction
and stronger unloading capacity, so that the screw can maintain the stability of the
fixed segment without obvious stress increase (not exceeding the fatigue threshold
of the screw) [8, 12, 19].

4. Mechanism and advantage of traction reduction of oblique downward
screw

The typical imaging features of burst fracture are compression of anterior column,
comminution of upper endplate, burst fracture fragments of middle column retro-
pulsed into spinal canal [1]. When the burst vertebral body is compressed more than
30%, most of the burst bone fragments collapse and move backward and are mainly
located in the middle and posterior part of the vertebral body and in the spinal canal
(bone defects are often seen in the anterior part of the vertebral body). Only after
the bone fragments located in the middle and posterior part of the vertebral body
are reduced forward and upward can the intraspinal canal bone fragments have the
space and possibility of reduction [8]. Unlike the backward and upward traction force
of the screw parallel to the upper endplate, the traction force of the screw oblique
downward is forward and upward (see Figure 2) [8].
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Figure 2.

Lateral finite element simulation of T12 and L2 Schanz pedicle screw oblique downward fixation of L1 severe
burst fracture (LSC 9). The reduction traction F of the obliquely downward implanted screw in T12 includes an
upward component F1 and a forward component Fa.

In posterior column traction reduction, the forward and upward traction of the
upper screw can not only elevate the height of vertebral body, but also move the bone
fragments at the back of the vertebral body (in front of the spinal canal) forward and
upward, providing enough reduction space for the bone fragments in the spinal canal
to return [8]. Compared with the upward and backward traction of the conventional
method, the forward and upward traction of the new method is more beneficial to
the reduction of the intraspinal canal bone fragments and has less influence on the
compressed dura sac and nerve [8]. In anterior column distraction reduction, the
traction of upper screw is first forward and upward, then (beyond the level of upper
endplate) backward and upward [8]. The forward and upward traction can make
the collapsed and backward bones fragments move upward and forward. Upward
and backward traction not only makes the bone fragments continue to be restored
upward, but also makes the bone fragments displaced forward and downward return
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upward and backward [8]. The author’s research based on his finite element model of
burst fracture shows that it is safe to implant pedicle screw oblique downward within
15 degrees [19, 21].

5. Skills of oblique downward screw implantation and reduction

Due to limited space, the anesthesia, position and incision of this new method
are detailed in the relevant paper published by the author in 2018 [8]. In this section,
the authors focus only on the techniques of exposure of the operative area, oblique
downward screw placement, and reduction (taking T12 and L2 Schanz pedicle screw
fixation for lumbar 1 burst fracture as examples). Precautions for surgical site expo-
sure: 1) subperiosteal dissection without transection of paravertebral muscles. The
muscles at the attachment points of T12 transverse process and L2 superior articular
process were turned upward and outward to expose intervertebral facet joints, so as to
avoid damage to local intervertebral facet joints and joint capsule as much as possible;
2) avoid damage to supraspinous ligament and interspinous ligament; 3) only the
paravertebral muscles of L1 need to be stripped to the extent that the connecting rod
can be inserted; the lateral half of L1 lamina and T12L1 intervertebral facet joint need
not be exposed.

Precautions for pedicle screw insertion: 1) Refer to the Roy-Camille method to
select the nail entry point. 2) The parallel line of the upper endplate was the 0 degree
reference line, and the pedicle screw was inserted into the middle and lower third of
the vertebral body under the assistance of fluoroscopy (the angle between the long
axis of the pedicle nail and the parallel line of the upper endplate was about 10°, not
more than 15°). 3) According to the author’ clinical experience, the sagittal position
of the upper and lower screws should be as parallel as possible to achieve better reduc-
tion (based on the principle of force and reaction force). 4) The screw placement
depth reaches 90% ~ 100% of the vertebral body. 5) Cyclic reduction was performed
according to the sequence of posterior, anterior, and posterior column reduction:

(1) during posterior column traction, the side with severe spinal stenosis was first
reduced, and then the contralateral side was reduced. (2)Intraoperative lateral
fluoroscopy is often difficult to directly observe the reduction of intraspinal fractures.
The experience of the authors suggests that the angle change between the extension
line of the upper endplate of the injured vertebral body and the extension line of the
upper edge of the fracture fragment can indirectly judge whether the intraspinal canal
fracture fragment is reduced or not. With the recovery of the height of the injured
vertebral body, the angle between the two gradually decreased, indicating the reduc-
tion of the bone fragment, and the angle between the two was close to 0, indicating
that the reduction was good. (3) The height of the anterior and posterior margins of
the upper and lower intervertebral spaces of the injured vertebral body was similar to
the height of the adjacent intervertebral discs, indicating that the anterior column was
well reduced.

6. Indications and contraindications

The indications and contraindications of the new method are basically the same
as those of the conventional screw. The author mainly discusses the characteristics of
Schanz screw. Because the damage of Schanz pedicle screw to soft tissue is greater than

238



Short-Segment Schanz Pedicle Screw Oblique Downward Fixation for Thoracolumbar Burst...
DOI: http://dx.doi.org/10.5772/intechopen.108068

that of percutaneous pedicle screw, the authors suggest using short-segment conven-
tional percutaneous pedicle screw fixation for moderate fracture (LSC4-6) [5, 22, 23].
However, it is recommended to consider this new method when the fracture frag-
ments retropulsed into the spinal canal seriously and requires lamina decompression.
Indications of this new method are: (1) A3/A4 fracture [2, 3] with incomplete spinal
cord/nerve injury with LSC > 7 (fracture block protruding into spinal canal >40-50%);
2) fracture within 10 days; (3) MRI showed that the continuity of posterior longitudinal
ligament (PLL) at the injured spinal canal level existed/did not break. Contraindications
[2, 3]: 1) MRI showed that the PLL at the injured spinal canal level was broken, com-
bined with cerebrospinal fluid leakage and/or complete paralysis (nerve injury); 2)
unilateral pedicle fracture >90% or bilateral pedicle fracture >70%. 3) fracture with
dislocation or C-type burst fracture [2, 3]; 4) congenital spinal malformation /severe
degenerative scoliosis; 5) patients with severe osteoporosis (bone mineral density,

BMD < -3.5); 5) Infectious/pathological fractures.

7. Thoracolumbosacral orthosis (TLSO)

The author’s series of studies on the treatment of thoracolumbar fractures with
short-segment pedicle screw fixation since 2018 showed that [8, 12, 18, 19, 21]: the
maximum stress of pedicle screws increased with the aggravation of fracture degree,
and the increase of screw stress in forward flexion was the most obvious. In moderate
thoracolumbar fracture (LSC score 4-6), the risk of screw breakage is low with both
types of screws, so brace assistance is not required. In severe fracture flexion, the
fracture risk of conventional screws is increased while that of Schanz screws is low.

The maximum stress of these two screws in the upright position of severe fracture
did not exceed the screw fatigue threshold, so the risk of fixation failure was low.

In brief, maintaining an upright thoracolumbar position during early postoperative
walking (within 3 months) reduces the risk of Schanz and conventional screw fixa-
tion failure. Although Schanz screws have a better ability to conduct stress compared
with conventional screws, the authors’ study [12, 19] showed that the bone defect area
of the vertebral body after reduction of severe fractures has a slight movement during
anterior flexion, and this micro movement is more severe in Schanz screws than in
conventional screws. This slight movement may be one of the reasons for the re-collapse
of the injured vertebra after Schanz screw fixation [8, 19, 24]. TLSO braces can

keep the thoracolumbar and lumbar vertebrae upright, thereby reducing the micro
movement of the injured vertebrae bone defect area and avoiding the re-injury of
PLC and intervertebral disc caused by flexion and extension activities [24-26]. Early
functional exercise (within 3 months) after short-segment pedicle screw fixation

for severe thoracolumbar fractures requires TLSO assistance [8, 12, 19]. The time of
wearing TLSO was adjusted according to the size of bone defect area and the growth
of new bone during follow-up.

8. Typical case

A 45-year-old male patient. L2 burst fracture with incomplete nerve injury
(Frankel C grade). Schanz pedicle screw was implanted obliquely downward in
adjacent upper and lower vertebrae and then directly distracted reduction and fixa-
tion was performed. Lamina decompression and bone grafting were not performed.
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Figure 3.

34 preoperative sagittal CT image: Anterior column of L2 is compressed 80%, the middle column is comminuted,
and the bone fragments enter the spinal canal >80%. The fracture fragment indicated by the red arrow shifts
backward and downward, and the fracture fragment indicated by the yellow arrow obviously protrudes
backward into the spinal canal; 3B. Sagittal CT image after L 1 and 3 Schanz pedicle screws oblique downward
implantation and distraction reduction: Schanz pedicle screws were implanted obliquely downward in L1 and
L3. The height of anterior and posterior edges of L2 vertebral body recovered to 90%, and the fracture fragments
protruding into vertebral canal weve basically veduced (the fracture blocks indicated by yellow and red arrows
were reduced forward and upward), and there was a bone defect area in the anterior and middle part of the
injured vertebral body. The kyphosis of injured vertebra was basically corrected, and the stenosis of spinal canal
was obviously improved. 3C. Preoperative CT axial position showed that the vertebral body burst, the fracture
fragments obviously protruded into the spinal canal, the spinal canal obviously narrowed, and the pedicle
fracture. 3D. Axial CT images after fracture healing and internal fixation: The spinal canal is basically normal,
and there is a small bone defect area in the middle of L2 vertebral body.

The neurological function was Frankel D 3 days after operation and Frankel E 1 month
after operation (see Figure 3).

9. Conclusion

Compared with the previous pedicle screw fixation parallel to the end plate, the
oblique downward Schanz pedicle screw can direct reduce the intraspinal fracture
fragments without lamina decompression and does not increase the risk of nerve
injury. This is a new safe and effective method for reduction of intraspinal fracture
fragments. The treatment of severe thoracolumbar burst fracture with short-segment
Schanz pedicle screw oblique downward fixation requires TLSO brace to help prevent
the injured vertebra from re-collapse in the early stage after operation.
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Abstract

Metastatic spinal cord compression (MSCC) is a condition associated with high
morbidity and mortality. It affects up to 5% of patients with cancer and continues to
increase in prevalence with advances in cancer care. In certain cases, surgical management
is required for management of pain, neurological decline, and mechanical instability.
Various surgical approaches and techniques have been utilized with traditional open and
minimally invasive surgery both shown to be effective in improving patients’ function
and quality of life. Predictors of survival and functional outcomes following surgery for
MSCC include primary tumor type, performance status, and preoperative neurological
status. Several prognostic models have been created and validated to assist clinicians in
appropriate patient selection. Complications following surgery for MSCC are varied,
with wound infection and dehiscence being the most frequently reported. There remains
considerable variation in reported outcomes and the decision to pursue surgery should be
carefully considered in the context of the individual patient’s prognosis and goals of care.

Keywords: spinal metastases, spinal cord compression, surgical decompression,
minimally invasive surgery, surgical techniques

1. Introduction

Metastatic spinal cord compression (MSCC) infers significant morbidity and
mortality in patients with cancer and represents a significant clinical challenge. The
incidence of spinal metastatic disease continues to increase due to an aging popula-
tion and improved overall cancer survival [1]. It affects up to 5% of patients with
cancer [2]. Primary tumors that more commonly spread to the spine include breast,
lung, kidney, and prostate cancers [3]. The mean survival for patients with MSCC is
dependent on a variety of factors including primary pathology, baseline performance
status, and the number of extraspinal organs affected [4, 5].
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Spinal metastases can cause a range of symptoms, including pain, weakness, paral-
ysis, bowel and bladder dysfunction, and mechanical instability. A multidisciplinary
collaborative approach involving radiologists, oncologists, and spinal surgeons has
been shown to be effective in improving neurological function and reducing pain
in patients with MSCC [6]. In around one-third of cases, patients experience symp-
toms refractory to medical management require timely surgical intervention. This
is influenced by the primary pathological mechanism of MSCC causing damage to
the spinal cord through direct tumor compression, resulting edema, venous conges-
tion, and resultant demyelination and secondary vascular injury. These effects can
eventually become irreversible if not timely acted on [6]. Surgical decompression
has the potential to offer prompt resolution of this compression, while radiotherapy
requires days and longer to take effect. Multiple studies including meta-analysis and a
randomized-controlled trial have demonstrated a combined approach of surgery with
radiotherapy, compared with radiotherapy alone results in better outcomes [6-8].

In addition, surgical management through instrumented fixation and stabilization
of the spinal column can negate the effects following bony infiltration/destruction,
causing instability, fracture, or collapse.

In this chapter, we provide a review of surgical techniques, predictors of patient
outcomes, and the complications reported in the literature over the past two decades.
This information is intended to support and inform clinicians and patients in making
the most appropriate treatment decisions for spinal metastases.

2. Patient population, demographics, and surgical selection

The patient population affected by MSCC is diverse. Studies have shown that
the incidence of MSCC is higher in males than females, with a male to female ratio
ranging from 1.2:1 to 2:1 [6]. The age at diagnosis varies widely, with a mean age of
around 60 years. However, MSCC can also occur in younger patients, particularly
those with hematologic malignancies. The most common primary tumors leading to
MSCC are lung, breast, prostate, and renal cell carcinomas [9]. The incidence also
varies depending on the primary tumor, with lung cancer being the most common
implicated association [9].

Generally, surgery is opted for in patients with severe or rapidly progressing neu-
rological deficits, as well as those with a single level of compression or lesions causing
spinal instability. In patients with a poor performance status or multiple levels of
compression, surgery may not be beneficial, and palliative care or radiotherapy alone
may be more appropriate [6]. The timing of surgery is also important, with emergent
surgery indicated in cases of impending neurological compromise, and urgent or
elective surgery recommended for stable patients with less severe symptoms. Patients
with spinal metastases are often at increased risk of operative morbidity and mortal-
ity compared to the general population [10]. Therefore, informed consent and shared
decision making between the patient and clinician are essential.

3. Surgical techniques

The choice of surgical technique used is dependent on several variables that
comprise both clinician and patient factors. These include the tumor location, size,
and degree of spinal cord compression, surgeon experience, and expertise with the
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options for approach. A significant factor is the patient’s overall health status and
expected survival.

Techniques can be categorized by approach (posterior, anterior, or combined) and
exposure (open or minimally invasive surgery).

3.1 Posterior decompression

Posterior decompression techniques are the most common surgical approach
used to treat MSCC. These techniques involve removal of the posterior elements of
the vertebrae, to achieve decompression of the spinal cord and obtain a histological
diagnosis. Simple decompression is a useful option for patients who require treatment
to preserve neurology, while having significant frailty. However, additional instru-
mented fusion confers duration of benefit with mechanical stability.

Laminectomy involves removal of the laminae and spinous processes of the
involved vertebrae; it provides direct access to the spinal cord and potentially allows
for more extensive decompression but may result in spinal instability requiring
additional fusion.

Laminoplasty involves making a hinge on one side of the laminae and opening it
on the opposite side to create a channel facilitating decompression. Laminoplasty pre-
serves the posterior spinal elements and can help maintain spinal stability, although
it may not provide a sufficient channel for decompression in cases of extensive tumor
involvement.

Surgical stabilization is achieved by use of rods fixed to pedicle screws commonly
in unaffected vertebrae adjacent to the affected area of spine. This can involve use of
inter-transverse grafts, metal cages, or bone grafts. Additional fusion in conjunction
with decompression is preferred when there is significant anatomical instability,
either due to the disease itself or created iatrogenically as a result of the necessary
surgical decompression (Figure 1). Fusion allows reconstruction of the spinal column
and mechanical stability, and confers longevity of surgical outcome. Surgical fusion
is preferred in patients with good prognosis, and who are deemed medically fit for a
more demanding surgical procedure.

A B

Figure 1.
65-year-old female with metastatic spinal lung cancer. Pre-operative MRI images with 4 week post-operative
X-rays.
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3.2 Anterior decompression

Anterior decompression techniques involve removal of the anterior elements of
the vertebrae to achieve spinal cord decompression. These techniques are particu-
larly useful for tumors that are located anteriorly or for tumors that cause instability
of the vertebral body. Anterior corpectomy, or vertebrectomy, involves removal of
the vertebral body and adjacent disc. It is often combined with fusion and instru-
mentation to stabilize the spine and is often used for patients with large tumors
that involve multiple spinal levels (Figure 2). Anterior decompression is usually
more invasive and may be associated with a longer recovery time than posterior
decompression. A lack of surgeon familiarity with the techniques required and
requirements for access surgeon participation can make this a less appealing option
for many spinal surgeons. Additionally, depending on the level of the spine involved,
anterior approaches can carry a higher risk of complications such as damage to the
great vessels, esophagus, and nerves.

3.3 Traditional open surgery

The techniques described above represent in most cases a direct open approach,
these being considered the recognized and more traditional methods to achieve
MSCC decompression, with the posterior approach most used. The range of
decompression can vary from a simple laminectomy to multi-level corpectomy
depending on tumor involvement and desired operative outcome. Open surgery
provides direct visualization of the tumor, allowing for improved and greater
quantity of tumor resection, spinal reconstruction, and stabilization than mini-
mally invasive techniques. Despite the advances in minimally invasive surgery,

Figure 2.
Intra-operative image showing an anterior vertebral body reconstruction with metal cage, cement, ceramic spacer
device with allograft. Fixation achieved with rods and screws.
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open surgery remains a valuable option for selected patients with MSCC, especially
those with large, complex, or unstable tumors that require extensive decompres-
sion and reconstruction.

3.4 Minimally invasive surgery

Minimally invasive surgery (MIS) has gained popularity for the treatment of
MSCC due to its potential benefits over traditional open surgery, including reduced
surgical trauma and blood loss, and faster recovery time with shorter hospital stay
with good patient selection. Several MIS techniques have been used in the treat-
ment of MSCC, including percutaneous vertebroplasty (Figure 3), percutaneous
kyphoplasty, and minimally invasive decompression with or without spinal stabi-
lization (Figure 4). However, MIS techniques may be associated with insufficient

Figure 3.

A. MRI of 75-year-old female with an undifferentiated cancer associated with spinal metastasis and L4 vertebral
compression. Fluoro images B and C, creation of a void in the vertebral body using a radiofrequency wand prior
to vertebral body augmentation with bone cement. D-F, post-op CT images, axial (D and E), sagittal (F).

Figure 4.
Intra-operative image showing the construct for MIS thovacolumbar fixation in a MSCC patient.
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Description Advantages Disadvantages

Posterior Removal, or opening of Considered less technically Difficult access to anterior
the posterior elements of challenging. spine.
the vertebrae. Allows good exposure for spinal Instability if not
Commonly, laminectomy cord decompression. supplemented with
or laminoplasty. Less invasive. fixation.

Anterior Removal of the anterior Allows good exposure to Often more technically
elements of the vertebrae. anterior spine. challenging.

Commonly, vertebrectomy Risk to anterior structures
or corpectomy. (aorta, esophagus, nerves).
More invasive.

Open Traditional open surgical Better for extensive disease. More invasive/traumatic.
access to the spine. Good visibility of affected

areas.

Allows for stabilization of the
spine with direct open views of
anatomical landmarks.

Minimally Minimally invasive access Less invasive/traumatic. Reduced visibility of

invasive to the spine. Potentially faster recovery time. disease.

Also allows for spinal Surgical skill set—
stabilization using a additional training to
percutaneous approach. perform.

Fixation Additional intraoperative Provides added mechanical Risk of construct failure.
stabilization with a stability. Risk to anterior structures
mechanical construct. Allows for prolonged duration (aorta, esophagus,

of operative outcome. nerves).
More invasive.
Table 1.

Description of the surgical approaches used in MSCC along with advantages and disadvantages of each.

decompression of the spinal cord in cases of extensive tumor involvement or signifi-
cant spinal cord compression. Additionally, the smaller exposure used in MIS may
limit the surgeon’s visualization and ability to fully resect tumor (Table 1).

4. Prognostic tools and predictors of survival

The prognosis for patients with MSCC can vary widely depending on several fac-
tors, including the patient’s overall health, the extent and location of the metastases,
and the effectiveness of the treatment approach (Figure 5). The one-year survival
of patients with MSCC is poor at around 20%, and surgical treatment is targeted to
preserve the remaining quality of life [9]. Prognostic tools and identified predictors
of survival may help clinicians make informed decisions about the best treatment
strategies for individual patients, avoiding inappropriate referrals and treatment.

4.1 Comprehensive scoring systems

The Tokuhashi scoring system is a widely used prognostic tool for predicting the
survival time of patients with metastatic spinal tumors [11-13]. It was developed by
Tokuhashi and colleagues in 1990 and has since been modified and validated by other
researchers. The scoring system is based on six factors: primary tumor type, number
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Patient

Treatment

* Neurologic status
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* Immune status

* Patient & family

* Multi-disciplinary

* Supportive measures

* Surgery: front + back,
MIS, kyphoplasty

* Radiotherapy:
external
beam, radiosurgery,
IMRT

wishes

* Chemotherapy
* Life expectancy

* Timing

Figure 5.
Factors to consider when considering treatment options and outcomes for each MSCC patient.

of extraspinal bone metastases, number of spinal metastases, metastases to other
organs, neurological deficit, and performance status. The system requires a bone
scan to classify number of bony metastases and a CT/MRI to determine extraspinal
metastases. The primary tumor type is scored based on its propensity to metastasize
to bone, with lung and breast cancers receiving higher scores.

Each factor is assigned a point value ranging from 0 to 4, with a higher score
indicating a more favorable prognosis. The total score ranges from 0 to 15. The scoring
system is used to classify patients into one of three risk groups: A, B, and C. Group
A patients have a poorer prognosis and are generally not considered candidates for
aggressive surgical intervention. Group B patients have an intermediate prognosis and
may benefit from surgery in some cases. Group C patients have the best prognosis and
are generally considered candidates for surgical intervention.

Quraishi et al. conducted a semi-prospective study involving 201 patients to
evaluate the usefulness of the Tokuhashi scoring system in predicting prognosis and
decision making following surgery for MSCC [14]. The patients were divided into
three groups based on their Tokuhashi score. Median survival was 93 days in Group A,
229 days in Group B, and 875 days in Group C. The predictive value of the Tokuhashi
score using Cox regression for all groups was 66%. However, there was no significant
difference in the neurological status between Group A and Group B or between Group
B and Group C. However, Group C was found to have a significantly better neurologi-
cal outcome than Group A patients.

The Katagiri scoring system was developed in 2005 and is based on the analysis of
1046 patients with spinal metastases [15]. The scoring system assigns points based on
similar factors to the Tokuhashi system but utilizes degree of spinal cord compression
in place of neurological status. Each factor is given a score ranging from 0 to 2, with a
total possible score of 12.

Kobayashi et al. studied the merits of the Katagiri score in predicting survival outcomes
in 201 patients with MSCC [16]. The authors concluded that faster rate of growth at the
primary site, visceral metastases, and poorer performance status were the key significant
independent prognostic factors showing correlation with decreased survival in patients.
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4.2 Other scoring systems

The above scoring systems require comprehensive imaging and ideally multidis-
ciplinary team discussion for proper functioning. Unfortunately, MSCC can present
as a surgical emergency and require expedited decision-making in a patient’s best
interests. Additional scoring systems exist and may be of use in these circumstances.

The Oswestry Spinal Risk Index (OSRI) is a system that was developed by utilizing
the two most predictive factors of some recognized studies: performance index (by
Karnofsky score) /General Condition and the assumed Primary Tumor Type [17].
This allows for an estimation of prognosis without the need for additional imag-
ing. The OSRI has been validated for use in several studies involving patients with
MSCC. It was created as a means of comparison of three recognized scoring systems
(Tokuhashi, Tomita, and modified Bauer). Here, a prospective cohort of 199 patients
with spinal metastases was treated with either surgery and/or radiotherapy and used
to compare these three systems. Each system was found to be equally as good as the
others in terms of overall prognostic performance. By utilizing their most predic-
tive items the OSRI was formulated. Namely the OSRI is a simple summation of two
elements: primary tumor pathology (PTP) and general condition (GC): OSRI = PTP
+ (2-GC). OSRI was found to have similar concordance albeit with a larger coefficient
of determination than the three scoring systems. This had been further validated in
national cohort studies with similar excellent results [18, 19].

The American Society of Anesthesiologists (ASA) classification is a widely used
system for assessing the risk of morbidity and mortality in patients undergoing
surgery [20]. The ASA classification system is based on a patient’s overall health status
and helps guide the anesthetist and surgeon in making decisions about the type of
anesthesia and surgical approach to use. The ASA classification system is divided into
six categories depending on presence and generally perceived severity of disease.

The ASA classification system has been shown to be a useful tool in predicting
surgical outcomes, as well as morbidity and mortality including in MSCC [21]. It is
important to note, however, that the classification is based on a patient’s overall health
status and does not consider other factors that may impact surgical outcomes, such as
the surgery itself or pathology treated. It is also largely based on operator/anesthetist
subjective assessment of illness severity and does not control for severity of disease
(e.g., uncontrolled vs. well-controlled hypertension) (Table 2) [22].

4.3 Other work examining survival

Out with these validation studies, one study found no significant difference in
survival outcomes examining the surgical approaches (either anterior or posterior)
in 282 patients who had surgery with overall survival rates of 63, 47, 30, and 16% at
3 months, 6 months, 1 year, and 2 years, respectively [23]. Neurological improvement
in function was observed in most patients after surgery, but the complication rate
was often high. Itshayek et al. identified a significant relation between duration of
ambulation and both preoperative and post-operative ASIA grade, as well as a pos-
sible trend toward significance between preoperative ASIA grade and survival [24].
The importance of preoperative motor function was further highlighted by Lo et al.
[25]. Patients who had an intact motor status preoperatively demonstrated improved
survival compared to those with motor deficit. Survival was improved when surgery
was performed within 7 days of the onset of motor deficit as opposed to when per-
formed 7 days after onset.
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Scoring system Indicators associated with improved prognosis Literature

Tokuhashi Favorable primary tumor type. [11-14]
scoring system

Lower number of extraspinal bone metastases.

Lower number of spinal metastases.

Lower number metastases to other organs.

Better baseline performance status.

Better baseline neurological function.

Katagiri scoring Favorable primary tumor type. [15,16]
system

Lower number of extraspinal bone metastases.

Lower number of spinal metastases.

Lower number metastases to other organs.

Better baseline performance status.

Lesser degree of cord compression.

Oswestry spinal Favorable primary tumor type. [17-19]
risk index (OSRI) .
Better baseline performance status.
American Healthier baseline (non-smoker, minimal alcohol). [10,20-22]
Society 01_: . Decreased number and severity comorbidities.
Anesthesiologists
(ASA) Decreased acute illness severity.
classification
Table 2.

Summary of prognostic indicators: An overview of the indicators used in discussed prognostic scoring systems and
associated studies validating their use.

5. Predictors of function
5.1 Motor and ambulation

Several studies have investigated the association between surgical intervention
and post-operative motor function and ambulation. Rades et al. reviewed patients
who underwent spinal surgery with radiotherapy versus radiotherapy alone [26]. The
surgical technique was operator dependent, but was described as simple laminectomy
or decompression with fixation. An improved motor score was found in 22 and 16%
of patients after surgery with radiotherapy and after radiotherapy alone, respectively.
Post-treatment ambulatory rates were 67 and 61%, respectively. Of note, for patients
who were non-ambulatory pre-intervention, 29 and 19% regained ambulatory status.
Individuals who had MSCC from more unfavorable, radioresistant primary tumors
had an improved functional outcome with decompressive surgery, stabilization, and
radiotherapy compared to when only laminectomy and radiotherapy were performed.

A retrospective cohort study by Younsi et al. reviewed 101 patients undergoing
decompressive laminectomy for spinal metastases [27]. At discharge, 83 patients (82%)
stated an overall improvement in their symptoms. It was noted that 51% of all non-
ambulatory patients had regained ambulation after surgery. Overall, 61 patients (60%)
were ambulatory at discharge compared to 20 patients (20%) prior to surgery. Tateiwa
et al. also showed the benefit of a posterior approach for direct decompression with or
without subsequent stabilization [28]. In this study, 21 patients (68%) improved by at
least one Frankel grade, and 17 patients (55%) became ambulatory post-operatively.
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In summary, factors that affect post-operative motor and ambulatory function
for patients with MSCC include the type of surgery performed, preoperative neuro-
logical function, pre-operative ambulatory status, and post-operative oncological
treatment.

5.2 Neurological function

Several studies have examined the effect of surgical intervention on neurologi-
cal outcomes. Cofano and colleagues conducted a retrospective study to investigate
the impact of decompression type on neurological outcomes in patients with spinal
metastases [29]. The study included 84 patients, and decompression types were
divided into anterior/anterior-lateral (AD), posterior/posterior-lateral (PD/PDL),
and circumferential (CD). The results indicated that patients who underwent AD/CD
decompression had higher rates of improved neurology and lower rates of deteriora-
tion compared to those who underwent PD/PLD decompression. These findings sug-
gest the importance of removing the source of epidural metastatic compression and
targeting CD/AD decompression in cases of circumferential or anterior/anterolateral
compression for good neurological outcome.

In a retrospective study by Lida et al., the neurological outcomes of radiotherapy
and surgery were compared in patients with MSCC presenting with myelopathy [30].
The study found that radiotherapy alone was less effective compared to surgery in
these patients. Of patients treated surgically, 30 (88%) showed neurological improve-
ment compared to 1 patient (8%) in the radiotherapy group. In addition, ambulation
and survival rates were significantly improved by surgery. Lak et al. also aimed to
quantify the results of decompressive surgery on patients’ quality of life in symptom-
atic metastatic spinal disease [21]. They reviewed 151 patients, where most patients
had a posterior approach for their spinal metastases. The authors identified that surgi-
cal decompression provides considerable chances of neurological recovery and good
functional performance in patients presenting with neurological deficits from MSCC.
About 58.3% of patients improved, 31.5% had no improvement, and 10.0% had wors-
ening of functional status. The findings also give support to surgical intervention in
situations where life expectancy is less than 6 months, as significant QALY was gained
at both 6 months and 1-year time points.

Walter et al. reported on the outcomes of patients with metastatic spinal disease
treated with palliative considerations using the techniques of spinal decompres-
sion and posterior instrumentation [31]. In this study, 57 individuals underwent a
posterolateral approach for decompression and posterior instrumentation, and the
authors described excellent clinical outcomes with 13 (22.8%) patients demonstrat-
ing neurological improvement and 43 (75.5%) remaining stable at follow-up. In
another study, nerve root palsies showed good recovery following decompressive
laminectomy, and pain relief was provided in most cases [27]. Pre-operatively
impaired neurological function had improved by at least one grade in 61% of
patients at discharge. However, sensory deficits and bladder/bowel dysfunction
were often persistent.

A subgroup analysis by the global spine tumor study group suggested that post-
operative improvement in neurological function may not always be sustained, and
long-term follow-up is required [32]. This review of 914 patients undergoing decom-
pressive debulking surgery with fixation demonstrated an initial improvement in
post-operative Frankel scores in 25% of patients; however, it was found that approxi-
mately 20% of patients had deteriorated between 6 and 12 months post-op.
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6. Complications

Complications following surgical treatment of MSCC have been reported in the
literature and can be defined broadly as surgical and non-surgical (Table 3).

6.1 Surgical complications

Across the literature, multiple surgical complications have been reported includ-
ing worsening pain or neurology, wound infection, dural tears/CSF leak, significant
operative hemorrhage, and construct failure. Wrong level surgery has also been recog-
nized in this setting. Wound infection or wound dehiscence were the most frequently
reported complication in the studies reviewed. In one study, rates of wound infection
were found to be significantly higher in open compared with MIS surgery [41].

The loosening rate of implants was also studied with an overall loosening rate of
44% [46]. Luque rods and sublaminar wire system were the most affected systems
(70%). Despite this, no cases needed revisional surgery or implant removal at 1 year
post-operatively. The authors postulated that the loosening rate of implants was high

Type Complication Rates Reported
Surgical Worsening neurology 1 (1.9%) Iida [30], 17 (1.9%) Depreitere [32], 4 (2%)
Quraishi [14], 4 (2.4%) Vanek [33]
Wound problem (infection/ 2 (3.5%) Lak [21], 2 (3.6%) Uei [34], 1 (2.9%) Li [35], 5
dehiscence) (5.2%) Pessina [36], 3 (5.5%) Iida [30], 2 (6.7%) Gallazzi

[37], 42 (4.6%) Depreitere [32], 3 (5%) Chen [38], 2
(3.5%) Xiaozhou [39], 2 (3.8%) Colangeli [40], 7 (4.5%)
Zhu [41], 15 (8%) Quraishi [14], 13 (78%) Vanek [33], 3
(2.1%) Hohenberger [42], 1 (3.3%) Gao [43]

CSF leak 1(2.9%) Li [35], 1 (1.9%) Xiaozhou [39], 2 (3.8%)
Colangeli [40], 3 (1.9%) Zhu [41], 34 (12.1%) Jansson
[23], 4 (4.3%) Hohenberger [42], 6 (6.3%) Rustagi [44]

“Significant” hemorrhage 5 (9%) Uei [34],1 (2.0%) Hamad [45]

Epidural hematoma 2 (3.6%) Uei [34], 1 (2.9%) Li [35], 2 (3.7%) Iida [30], 1
(1.9%) Colangeli [40], 6 (3.6%) Vanek [33]

Gastric perforation 1 (1.9%) Iida [30]

Construct failure 2 (2.1%) Pessina [36], 1 (3.3%) Gallazzi [37], 7 (0.8%)

Depreitere [32], 3 (5.9%) Hamad [45], 4 (2%) Quraishi
[14], 4 (2.4%) Vanek [33]

Wrong level surgery 2 (0.7%) Jansson [23]
Medical Pulmonary embolism 1 (3.3%) Gallazzi [37], 3 (1.5%) Quraishi [14], 2 (4.3%)
Hohenberger [42]
Deep vein thrombosis 3 (3.1%) Rustagi [44]
Post-operative pneumonia (3.7%) Iida [30], 8 (4%) Quraishi [14]
Medical unspecified 1(2.9%) Li [35], 7 (7.6%) Pessina [36], 32 (3.5%)

Depreitere [32], 7 (4.2%) Vanek [33]

Table 3.

Summary of reported complications: An overview of surgical and medical complications following operative
treatment of MSCC as reported in the literature. Total number reported (percentage of cohort) [study]: N (%)
[Author Year].

257



Frontiers in Spinal Neurosurgery

and would be expected to grow even higher as oncological patients continue to show
improved level of survivorship with medical advances, for example, target therapy.
However, there remain no definitive studies on how the loosening of implants would
impact patients’ quality of life and clinical performance.

6.2 Medical complications

Where documented in these studies, systemic/medical complications tended to
concentrate on cardiorespiratory events particularly venous thromboembolism and
post-operative pneumonia.

7. Conclusion

Surgical treatment for MSCC typically involves decompression with or without
spinal stabilization with various approaches used to address this condition. Minimally
invasive surgery has been shown to be non-inferior to open surgery in improving
patients’ motor and neurological function. Multiple validated prognostic scor-
ing systems exist to assist surgical decision making and patient selection. Wound
infection and dehiscence are the most common complications of surgical manage-
ment. However, there is a notable incidence of construct/implant failure, epidural
hematoma, incidental durotomy, and venous thromboembolism. Further research
is required directly comparing surgical approaches and techniques for MSCC along
with the adjunctive treatment measures used. This needs to be tailored to the tumor
type, extent, and levels of spinal involvement and consideration given to the goals for
patient care.
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Chapter 14

Lumbar Interspinous Devices:
Indications, Surgical Aspects,
Clinical Considerations

Claudio Irace

Abstract

Interspinous devices (or spacers) are currently used in lumbar spine surgery, but
their use is still controversial, mainly due to confusion between so-called first and
second-generation spacers, and unrespect of formal indications to implant. Our first
aim is trying to offer an interpretation for a correct indication of surgical implanta-
tion, paying additional attention to those pathological conditions in which these
devices must not be used; second, to identify the right clinico-surgical method to
avoid potential errors in this surgery; third, to stress those surgical tricks directed to
perform a successful implant of these spacers.

Keywords: interspinous device, interspinous spacer, lumbar spine stenosis, lumbar
spine surgery, neurogenic intermittent claudication

1. Introduction

Nowadays, surgical implantation of lumbar interspinous devices (ISDs) has a
widely accepted role in the management of spinal degenerative disorders, and this is
confirmed by the current high number of scientific papers dealing with their use.
Nevertheless, the issue of ISDs still remains quite controversial, and this is mainly due
to two reasons: first, experimental data are often misinterpreted and therefore not
considered strong enough to justify a clinical application; second, sometimes, indica-
tion to an ISD implant isn’t done in a correct way and the subsequent potential poor
surgical outcome being then attributed to the ISD itself (and not to the surgeon!);
third, the technique of implantation of an ISD is too often deemed ‘easy’ and, hence,
those basic surgical steps not respected, so opening the way to poor postoperative
results.

2. Historical remarks

We are indebted to Prof. Jacques Sénégas, who first elaborated the concept of
‘lumbar dynamic fixation’ about forty years ago and developed the ISD named Wallis
[1]. Since then, a deluge of ISDs, often having different experimental and clinical
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supports, have been marketed and scientific papers concerning their use go on to be
published; this context led to an unfavourable confusion about their correct use and,
of course, careful and free from prejudices evaluation of clinical application and
outcome.

3. Experimental data

Biomechanical studies have shown that all of ISDs act grossly in the same way: they
enlarge spinal canal dimensions, increase neuro-foramina height, reduce intradiscal
pressure in neutral and extended position [2]; moreover, they have a ‘primary stabi-
lizing effect’ [3]. The ISDs designed ‘for fusion’ additionally show to promote bone
fusion at the instrumented level.

4. Interspinous devices

ISDs may be grouped into two categories: the first group includes the so-called
‘simple’ spacers (first-generation), and the second one is constituted by the spacers
‘for fusion’ (second-generation); ‘simple’ spacers maybe static or dynamic (the term
‘elastic’ is sometimes used to indicate some dynamic devices). We’ll here take in
consideration some of the most frequently implanted (and studied) devices, remem-
bering that some of them are no more marketed.

4.1 Spacers ‘simple’

Wallis (Abbott, USA). It’s made of polyetheretherketone (PEEK) and two flat
woven Dacron bands; experimentally these latter resist traction of 200 decaNewton
(daN) and stretch approximately 20% before failure by overloading; biomechanical
studies demonstrated that, after a surgical decompression, the Wallis implant pro-
duces a significant restriction of segmental range of motion (ROM), limiting the
flexion—extension plane, having no effect on lateral bending and minimal impact on
axial rotation [4]; moreover it’s able to markedly release the intradiscal pressure in
extension (Figure 1).

DIAM (Medtronic, USA). It’s a dynamic stabilizer, made of a silicone core with
polyester sleeve, providing segmental stability and restoring foraminal height, partic-
ularly in those disorders accompanied by hyperlordosis [5].

4.2 X-STOP (taken off the market)

SUPERION (Vertiflex, USA). This device may be a valid alternative to
laminectomy in a well-restricted population of patients affected by one- or two-level
lumbar spinal stenosis (LSS); however, patients should be informed of the high rate of
possible reintervention [6].

COFLEX (Paradigm Spine, USA). It was the first of the so-called titanium ‘U-
devices’, also due to its appearance as a ‘U-shape’ on lateral radiographs; it received
FDA approval for implant in one- or two-level lumbar stenosis; later there were some
observations concerning its use at the superior stenotic level of a decompression/
fusion operation, to reduce the incidence of adjacent segment disesase (ASD) (the
‘topping-off’ technique) [7].
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Figure 1.
Lumbar stenosis. Sagittal CT scan at 15-year follow-up: the Wallis spacers, correctly placed, are visualized at L3-
L4 and L4-L5 (black arrows).

BACJAC (Surgalign, USA). It’s made of PEEK, a bioplastic which has an elastic
modulus close to that of bone [e.g., human femur has a flexural modulus of about 20
gigaPascal (GPa), and PEEK Optima has about the same value]; its advantages are a
self-deploying way of insertion, tissue-sparing technique, minimal (or absent) risk of
subsidence, no MR/CT artefacts [8]. Stand-alone implant or following uni- or bilateral
decompression provides mid-term relief of low-back and radicular pain, and
improvement of neurogenic intermittent claudication (NIC), in the following lumbar
spine disorders: central and foraminal stenosis, recurrent disc protrusion associated
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with foraminal stenosis, mild antero- or retrolisthesis, degenerative disc disease
(DDD), synovial cysts associated with pseudospondylolisthesis. When considering
these disorders, this device seems to provide a ‘primary stabilizing effect’; a 2-year
follow-up confirms that this effect is still active, with no need for subsequent more
invasive fixation surgical procedures [3].

APERIUS (Medtronic, USA). It was the first percutaneous titanium ISD available
on the market; it was designed to be used as a stand-alone implant [9]; a good
outcome at six months follow-up in LSS patients, with no migration of the device has
been reported [10].

4.3 Spacers ‘for fusion’

ASPEN, ALPINE (Zimmer, USA). The ASPEN was the first device projected to
achieve bone fusion, so revolutioning the market of existing spacers, which were
simple distances. Experimentally it showed a reduced range of motion (ROM) in
flexion/extension about equal to anterior lumbar interbody fusion (ALIF) [11]. More-
over, it remains one of the few devices which may also be implanted at the thoracic
segment (Figure 2), and it’s worth that a ‘flared’ model is available to be best adapted
to the L5-S1 level. The ALPINE differs from the ASPEN device because it’s adaptable
in length and may be inserted in compression or extension.

ROMEO 2 PAD (Spineart, CH). It’s composed of two plates, one polyaxial, and a
central core, made in PEEK or titanium; compared to the other devices, it has the
advantage of being applied in a pre-assembled format, so making the surgical proce-
dure faster and easier.

MINUTEMAN G3 (Spinal Simplicity, USA). This device for fusion is probably one
of the fewest to be implanted percutaneously.

PITBULL (BMK, Korea). This device probably has one of the largest central cores
to be filled with bone (to promote fusion).

SEASPINE (SeaSpine Orthopedics Corporation, USA). This spacer may also be applied
at the thoracic segment (Figure 3), and a dedicated model for L5-S1 is available.

BACFUSE (taken off the market). It derived from the BacJac spacer (see above) and
was designed to act as a device for fusion; despite its somewhat bulky design, which
probably contributed to its scarce diffusion, our long-term follow-up showed optimal
bone incorporation without loss of regional lordosis (Figure 4).

5. Indications

Main indications for an ISD implant are grouped under the wide term of lumbar spine
degenerative disorder; although this comprehensive definition may represent a protec-
tive shield for the surgeon, we strongly recommend trying to obtain an exact preopera-
tive diagnosis, not only because ‘the more correct the indication, the higher the rate of
success of the intervention’, but also because, concerning the term of lumbar degenera-
tive conditions, instructions for use (IFUs) of different ISDs may vary. Therefore, we’ll
here describe different degenerative lumbar disorders amenable to ISD implants.

5.1 Central stenosis

Central lumbar canal stenosis probably represents the most important indication of
an ISD implant, and this has been extensively confirmed. Having this said, the main
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i,

Figure 2.
Thoracic degenerative disc disease. Lateral x-ray film: the ASPEN device is correctly inserted at the mid-thoracic
indexed level.

relevant aspects are two: performing or not decompression of neural structures before
ISD implant, and coexistence of a listhesis which could be not adequately treated by
ISD. About the first point, the decision to perform a decompressive step may be taken
simply based on preoperative magnetic resonance (MR) or computed tomography
(CT) scans and this is unequivocally true for severe stenosis causing bilateral NIC
(Figure 5). Milder degrees of central stenosis could not necessarily require pre-ISD
neural decompression; in such an occurrence, intraoperatively we behave as follows:
after having skeletonized the indexed level, the application of traction on spinous
processes (using two Backhaus forceps) is made; if frank hypermobility is appreci-
ated, the ISD is inserted without delivering a flavo-laminotomy, because we know that
it will realize an enlargement of the central canal and restore the bi-foraminal height,
such to obtain a sufficient neural decompression (as we say, ‘we let the ISD make its
dirty job’). It goes without saying that paracentral canal stenosis causing ‘intractable’
ipsilateral symptoms always needs a unilateral decompression before ISD insertion.
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Figure 3.
Thoracic degenerative disc disease. Lateral x-ray film: the SEASPINE device is well visualized at the mid-thoracic
indexed level.

5.2 Foraminal stenosis

This is probably one of the most correct and valuable indications (Figure 6).
Intraoperatively, after having performed a plain microsurgical foraminotomy on the
affected side, only minimal contralateral skeletonization will be necessary before
applying the ISD. We here must remember that in these cases, the choice of the ISD
could favour those spacers, which can be inserted by sparing the supraspinous
ligament.
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Figure 4.
Spacers for fusion’. Sagittal MR T1-weighted image at 2-year follow-up: the BACFUSE spacer is seen at L4-L5
(black arrow); the regional lordosis is unchanged.

5.3 Recurrent disc herniation

Operated lumbar disc herniations may recur in different ways; clinical
presentation is often persistent back pain, exacerbated by movements, associated with
radicular irradiation, and the MR scan may show a small extruded disc fragment,
surrounded by scar tissue, just at the entry of the neuroforamen; such condition,
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Figure 5.
Severe lumbar central stenosis. Axial MR T2-weighted image: preoperative study.

Figure 6.
Lumbar foraminal stenosis. A preoperative axial CT scan shows the marked narrowing of the left neuroforamen
(black arrow).

usually refractory to medical and physical therapy, is the ideal target for a
micro-surgical decompression of the involved nerve root(s), associated with a
selective discectomy, followed by ISD implant.
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5.4 Isolated disc herniation

Implantation of an ISD has no role in treating an isolated primary lumbar disc
herniation; however, some empirical evidence delineates a long-term reduced rate of
recurrent disc herniation when a spacer is applied at the end of the removal of the
extruded disc. In those selected cases in which the herniated fragment is associated
with a frank degenerated disc, causing intense low-back pain, the option of the
additional insertion of an ISD may be considered [12].

5.5DDD

As already stated in Section 3, ISDs reduce intradiscal pressure and have a stabi-
lizing effect [which is quantitatively comparable to ALIF, meaning about 50% reduc-
tion of range of motion (ROM)]; basing upon these experimental data, we implanted
ISD in several cases of single DDD, obtaining good results in terms of long-lasting
back pain relief (Figure 7). We wish to stress the occurrence of a hyperintense signal
of interspinous ligament in MR T2-weighted images, which must be considered an
additional element of disc disease, hence supporting the indication of an ISD implant
(Figure 8).

5.6 Post-surgical instability

This is a well-known condition, which may follow one or more lumbar surgical
procedures: refractory pain is mainly located at the low-back and flexion—extension x-
ray films usually show minimal or no listhesis; these patients may be adequately
treated by an ISD implant, which is safer than other invasive fixation procedures.

5.7 Spondylolisthesis

During a procedure aiming to stabilize a lumbar anterolisthesis, the matter of
reducing the slipped vertebrae occurs, considering that reduction may potentially
result in permanent nerve root damage; our experience led us to the conclusion that
spinous fixation by means of a second-generation ISD plus additional bone fusion
provides a valid result when used in those cases of spondylolisthesis up to grade-1

(Figure 9).
5.8 Synovial cyst

Lumbar synovial cysts are frequently diagnosed as the cause of lumbar and sciatic
pain; except for rare instances of spontaneous resorption, most of these cysts require
surgical removal; because of the association of satellite spondylolisthesis, which in our
experience occurs in almost all cases, it may be advisable to correct the vertebral
slippage contextually to the excision of the cyst. Associated anterolisthesis is never
grade-2, so we routinely insert an ISD once the cyst is removed; our long-term follow-
up x-ray controls demonstrate no need for additional stabilization procedures.

5.9 Transitional vertebra

Vertebral anomalies at the lumbosacral junction, named as sacralization of L5 or
lumbarization of S1, are frequent and may give rise to refractory, mechanical back
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Figure 7.
Lumbar DDD. Sagittal MR T1-weighted scan at 6-year follow-up: the L5-S1 degenerated disc is well seen, and the
spacer is correctly inserted between the two spinous processes (black arrow).

pain; in these cases, x-ray films usually show mild instability, which may appear as L5-
S1 retrolisthesis. ISD implants proved to be effective in providing long-lasting, excel-
lent back pain relief (Figure 10).

5.10 Adjacent segment disease

As already stated before (see Section 4), the implant of an ISD at the rostral level of
a multilevel fixation may be useful to reduce the future risk of ASD. We never
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Figure 8.

Lumbar degenerative disc disease (DDD). Preoperative sagittal MR T2-weighted image: the L5-S1 degenerative
disc is shown, as well the hyperintense signal of the interspinous ligament (black arrow), which may be considered
an additional element of the degenerative process.

adopted this technique in a prophylactic way; however, we implant a second-
generation ISD to treat those cases of ASD, in which a lumbar stenosis w/wo associ-
ated listhesis occurs rostrally or caudally to a previous posterior pedicular fixation
(Figure 11). Of course, a careful evaluation of preoperative neuroradiological exami-
nation is mandatory to check the shape and volume of the spinous process to be
included in the ISD anchor; intraoperatively, the terminal part of rods and the surgical
scar may hinder skeletonization of the indexed spinous processes, but we never had to
temporarily remove one of them to insert the ISD.

6. Contraindications

ISDs may differ from each other in several aspects; however, all of them share two
important features: first, they cannot be implanted at the level of a pars defect;
second, they cannot be used in case of a spondylolisthesis >grade-1.

Concerning the first occurrence, it must be stressed that sometimes preoperative
neuroradiological exams may scotomize an isthmic defect and the related mild
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Figure 9.
Lumbar spondylolisthesis. Preoperative sagittal MR T2-weighted scan: the L4—L5 stenosis and listhesis grade-1
(white arrow) is well seen.

listhesis be wrongly attributed to a degenerative disorder; if so, intraoperatively, the
surgeon will have to face an unexpected pathoanatomical finding and be obviously
addressed to change surgical strategy timely.

Anterolisthesis grade-2 may involve different scenarios. A surgeon may incorrectly
interpret preoperative images and judge a borderline slippage as grade I instead of
grade II, often due to a misleading neuroradiological report; this is why a flexion—
extension x-ray film is mandatory in the preoperative setup of a lumbar instability.
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Figure 10.
Transitional vertebra. Preoperative sagittal MR T2-weighted scan: typical appearance of vertebral bodies and
discs at the lumbosacral passage (white oval); L5-(lumbarized)S1 retrolisthesis may be appreciated too.

Or, a frank listhesis, deemed by the experienced surgeon when unexpectedly found
out at surgery, will discourage him from implanting the scheduled ISD and possibly
shift to a pedicle fixation.

Of course, several additional disorders (such as osteoporosis, coexisting infective
states, bone anomalies of the posterior vertebral arch, etc.) constitute a contraindica-
tion to the implant of an ISD, but they are easily ascertained at the time of
preoperative consultation.
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Figure 11.
Adjacent segment disease (ASD). Lateral x-vay film at 2-year post-ISD implant: pedicular fixation L2-L3-L4 is
seen; the spacer at the caudal ASD level is well inserted between the spinous processes (black arrow).

7. Surgical tricks

The interspinous space may present multiple anatomic variations, and this must be
kept in mind by the surgeon, particularly the shape of the space and its matching with
the shape of the spacer [13].

The L5-S1 level. Anatomy of the passage L5-S1 may be quite variable, and this is
mainly due to the shape and height of sacrum protuberance; when an ISD implant at
L5-S1is planned, great attention must be paid to the preoperative study, and if the MR
scan is not clear about bone aspects of sacrum, a CT examination must be done before
surgery.

Regardless of the type of ISD, the basic rule to implant it successfully is to insert it
as deep as possible, and the right placement is at the line of articular processes
(Figure 12); suboptimal insertion of the spacer does not necessarily involve a poor
clinical outcome, but x-ray follow-up controls, at least over the first postoperative
year, are strongly recommended.

The surgical technique to implant an ISD may differ, and it’s also due to the type of
spacer and the strumentarium to implant. Some spacers are to be applied through the
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Figure 12.
Depth of ISD implant. Postoperative axial CT scan: the base of lateral plates of the spacer (black arrows) are
correctly placed at the level of articular processes (black dotted line).

interspinous ligament, assembling the two parts once they are in situ; this implies that
the supraspinous ligament has not to be sacrificed (sparing technique) offering an
additional barrier to potential superficial dislocation of the device. Alternatively, if
you use a ‘U’-spacer or opt for a not-sparing technique, attention must be paid not to
over-decorticate the facing surfaces of spinous processes because this manoeuvre does
not enhance bone incorporation and may result in the spinous process weakening.

The last step of implantation is clamping the lateral plates of the spacer against
spinous processes; this is probably the most hazardous manoeuvre in terms of risk of
rupture of spinous process and must be done cautiously, squeezing the dedicated
compressors in a step-by-step alternate way. Once you have compressed the device in
situ, we suggest checking its final mechanical seal: the spacer is grabbed by a needle-
holder and pulled superficially and horizontally, so observing that the lumbar seg-
ments move as a unique block.

Multilevel stenosis of the lumbar canal, though usually symptomatic at just one
level, may be encountered in the daily practice and the matter of operate upon two or
three levels is not trivial; are ISDs insertable at multiple levels? Yes, they are. How-
ever, much attention must be paid to the preoperative CT scan: the decisive factor is
represented by the height of the middle of the three indexed spinous processes, which
must be high enough to receive plates of both spacers (Figure 13). Based on our
experience, the implant of two spacers having a metal-to-metal final construct at one
or both sides of the middle spinous process may result in a poor clinical outcome in
terms of back and/or radicular pain.
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Figure 13.
Two-level lumbar spinal stenosis. Flexion x-ray film at 2-year follow-up: the spacers are correctly placed, and the
construct is no metal-to-metal.

8. Complications

Wrong level. Although bizarre to comprehend, an ISD may be implanted at the
wrong level (Figure 14); this may occur when ‘kissing’ spinous processes are found at
surgery, often in an obese patient, so making intraoperative fluoroscopic controls
incorrectly interpreted.

Spinous process rupture. In most of cases in which this complication happens, this
occurs intraoperatively; factors leading to such a complication are incorrectly sized
device selection and poor surgical technique; we never encountered early or late
postoperative rupture of a spinous process in an ISD-implanted patient, and in those
rare cases in which we found out this complication, retrospective review of postoper-
ative x-ray and/or CT exams indeed revealed that the rupture had occurred at surgery.

Regardless of the type of ISD used, most of the fractures involve the junction of the
inner and middle thirds of the cranial spinous process. When we started inserting a PEEK
ISD, the first bone fracture case was discovered only through CT scan, which we routinely
performed on postoperative day 1, and it passed clinically unnoticed (e.g., postoperative
pain was the same that uncomplicated patients referred). How to manage this complica-
tion? It must be remembered that the lateral plates of the ISD (especially those of second-
generation) act as fixators of the ruptured spinous process, usually making revision surgery
unnecessary; the use of a lumbar corset for two months (instead of one) is advisable.

Dislocation of ISD. When a spacer migrates into the spinal canal, urgent revision
surgery, aimed to remove it and repair the dural sac, if lacerated, is mandatory. Migra-
tion of ISD in the paravertebral soft tissues is far more frequent and may be accompa-
nied by recurring pain or claudication; in such cases, an election revision operation is
planned, and two options are available: once the displaced spacer has been removed, a
new, different-type ISD is inserted; alternatively, transpedicular fixation is performed.

Miscellaneous. Scientific literature reports different complications: dural tear, nerve
root injury, late lumbar/radicular recurrent pain, neurological impairment, and
chronic lumbar pain.
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Figure 14.

‘Wgr‘;ng level’. Sagittal veformatted CT scans: this patient came to our attention after having performed an
“interspinous stabilization L4-L5” elsewhere (as veported in medical discharging chart); soon after surgery her
bilateral claudicatio radicolaris started to worsen; on the left, the DIAM device applied at the L3-L4 (wrong
level), and, on the right, the COFLEX device corvectly inserted at L4-L5; the DIAM at L3-L4 was intentionally
left in place to avoid late compromise of segmental stability.

9. Personal considerations

Dutch school of neurosurgery goes on to keep a leading role in the management of
spinal stenosis; over 70 years ago, in a tribute to another giant of spinal surgery
(Clovis Vincent), Prof Verbiest first described the pathophysiological correlation
between symptoms of cauda equina compression and spinal stenosis, which, curiously
and interestingly, he defined as ‘rare’ [14]. Nowadays, the group of Moojen goes on
sharing elegant works concerning the outcome of patients receiving an ISD implant: in
their very recent randomized control trial paper, a 5-year follow-up good outcome in
ISD implant, if compared to conventional lumbar decompression was reported [15].
Moreover, it’s worth that they also state that the ISD group seems to have less back
pain during long-term follow-up; this constitutes a very important issue: our experi-
ence, using different types of ISD, supports the same conclusion: ISD patients,
implanted for treating lumbar stenosis (and, above all, for a DDD), early in the
postoperative course refer that back pain is of different quality and far milder than
preoperatively, and this substantial pain relief maintains over time.

We started to implant ISDs in 2005, and since then, we have used different types
of spacers; on time, we realized that each of them has its own pros and cons, which
must be well-known by the surgeon to best adapt to any patient elected for this kind
of surgery.

In my daily activity, patients affected by spondylolisthesis grade 2, in which
implanting an ISD represents a formal contraindication, are very few; on the contrary,
the number of cases harbouring a listhesis up to grade- 1 is far larger, and almost all of
them are ideal candidates to ISD implant; this means that at least as first surgical
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management step, more invasive procedures (such as transpedicular fixation, anterior
lumbar interbody fusion, XLIF, etc.) are not necessary.

Lumbar spinal stenosis affects about one-third of people aged 70, and those of
them requiring a surgical treatment are offered different options, the first of whom
being a decompressive one- or more-level laminectomy. Based upon our 30-year
experience, we think that: a] standard one- or multilevel laminectomy [e.g., with the
removal of spinous process(es)] for the management of lumbar stenosis has to be
abandoned; b] of course, minimally invasive decompressive procedures [with sparing
of spinous process(es)] are still highly valid and have to be correctly proposed to the
‘stenotic’ patients as a first surgical option; c] ISD implant, coupled or not with a
decompressive step, actually represents the ideal treatment for one-level lumbar
stenosis w/wo listhesis up to gradel; d] empirically, if compared, the group of
decompressed-only and that of ISD-implanted patients share about the same high rate
of improvement of NIC, but the latter seems to fare largely better in terms of relief of
lumbar pain.

Most of the scientific papers dealing with the outcome of different surgical opera-
tions, performed to achieve lumbar stabilization take bone fusion rate into account as
the main indicator of success. This methodological approach was developed and
consolidated more than 50 years ago when global aspects concerning this kind of
surgery were different: hardware, age of patients (usually less than 80 years), and

Figure 15.

Lumbar DDD. Three-dimensional reformatted coronal CT scan at 13-year follow-up: the BACJAC spacer is well
inserted between the spinous processes of L5 and S1 (dotted black oval); a spinal cord stimulation electro-catheter
is also seen at L2-L3.
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Figure 16.

Lumbar DDD. Preoperative (left) and 10-year follow-up (right) sagittal MR T2-weighted scans: the L4-L5
degenerated disc (left, white arrow) and the long-term correctly placed ROMEO 2 PAD spacer (right, white
arrow) are well seen.

diagnostic tools (grossly limited to x-ray films). Nowadays, we feel that the concept of
bone fusion, adopted to evaluate the outcome of surgical options for DDD and lumbar
stenosis, should be replaced by that of ‘bone synthesis’, which is more helpful and
adherent to global (functional, clinical, and radiological) analysis of operated patients.
One of most frequent criticisms made to ISDs is the absence of long-term follow-
up studies; this may be partially true and it’s also due to the replacement of the first-
generation spacers with the newest ones, probably making ongoing studies obsolete
and, therefore, abandoned. Moreover, recent covid-19 epidemics determined a tre-
mendous gap in the follow-up studies, especially concerning many aged patients
operated upon for lumbar stenosis, who deceased or were lost over last three years.
Currently, our documented experience with hundreds of implanted ISDs allows us to
affirm that: (a) a first-generation PEEK spacer demonstrates no neuroradiological
migration or bone spinous process rupture at a 13-year follow-up (Figure 15); (b) a
second-generation device shows the same good result at a 10-year follow-up
(Figure 16).

10. Final reflections

Of course, most of the spinal disorders described in Section 5 may be treated by
means of other surgical techniques; concerning this statement, some observations help
both the surgeon and the patient. First, a ‘(at least) second opinion’ will help the
patient to take the right decision to manage his/her problem; second, ISD implant may
be considered as an ‘intermediate step in the continuum of care for patients with NIC
associated with lumbar spinal stenosis’ [16].

In some western countries ISDs are widely implanted by physiatrists and inter-
ventional pain specialists; recently, a small series of complications related to ISD
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implants, in particular, the migration of the spacer in the spinal canal, performed by
pain specialists, was reported [17]. Over the last two decades, the industry has pro-
moted the ISD surgical implant and, based upon its presumed ‘easiness of technique’,
it forced its use by ‘non-spine surgeons’; the matters of incorrect surgical indication,
poor knowledge of the biomechanics of the spinal column, inability to manage poten-
tial complications, have rocketed. It has been strongly recommended that ‘spinal
instrumentation, however minimally invasive, should be performed by fellowship-
trained spine surgeons’ and, in the same way, a consultation with an experienced
spine surgeon before an ISD implantation should be performed [17].

As for most lumbar spine surgical procedures, the problem of costs exists for ISD
implant too; this directly leads to our (as surgeons) formidable task to conciliate
budget-based medicine and the goal of ‘best treatment for the ideal patient’; therefore,
settings of clinical assessment, surgical experience, profound knowledge of available
spacers, must be managed with skill and simultaneously by the experienced surgeon.
This goal will revitalize the somewhat abandoned ‘ancient doctor-patient relationship’
and decrease the high rate of litigation in spinal surgery [18].

Very recently, the experience of ISD implantation was reported as being very
satisfying in terms of minimal surgical invasiveness and good clinical outcome [19];
based upon our 20-year ISD-dedicated surgery, we truly share these observations:
early in the postoperative course, most of our ISD-implanted patients refer to stand
and walk with a straight back after a long time of pain and claudication, and this
excellent result usually maintains over time.
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Chapter 15

The Application of Multi-Modal
Image Fusion Combined with
Navigation Technology to Precisely
Localize Spinal Cord Lesions

Peihai Zhang and Xuejun Yang

Abstract

Objective: To study the application value of multi-modal image fusion combined
with navigation for precise localization of spinal cord lesions. Methods: From
November 2015 to January 2022, a total of 28 patients with spinal cord lesions were
enrolled in the study, and intraoperative CT images were obtained by O-arm, and
preoperative MRI and intraoperative CT were fused by the navigation system to
reconstruct 3D models of the spine and lesion. Complete the localization and resection
of spinal cord lesions during navigation, and record basic patient information, image
fusion time, and navigation accuracy. Results: All 28 patients successfully localized
spinal cord lesions with multi-modal image fusion combined with navigation. The
time of image processing was between 7 min and 19 min, and the mean value was
15.3 + 2.2 min. The navigation error was between 0.9 mm and 5.3 mm, and the mean
value was 1.8 + 0.9 mm. Conclusion: The multi-modal image fusion combined with
navigation can be used to precisely localize spinal lesions, providing a more objective
basis and a new approach for individualized and precise surgical planning.

Keywords: O-arm, navigation, multi-modal, image fusion, spinal cord lesions

1. Introduction

Spinal cord lesions, also known as spinal canal lesions, account for about
4.3% ~ 10.4% of all central nervous system lesions and an annual incidence of about
0.97/100,000 people. Lesions can occur in the spinal cord, nerve roots, and meninges
[1, 2], and surgical resection is the preferred treatment. The intraoperative precise
localization of spinal cord lesions is one of the crucial factors affecting the qual-
ity of surgery. Determining the lesion location mainly relies on the vertebral body
being inferred indirectly, while the localization of spinal segments lacks consistent
standards. It has been reported that the risk of surgical exposure or exploration in
the wrong segment is between 0.032 and 15% [3-7]. This is likely to cause unneces-
sary spinal cord injuries, especially for lesions that extend into the foramen area.
Due to the difficulty of exposure and the complex spatial structure of lesions, a large
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amount of lamina milling is required to remove part of the small joints, which may
lead to accelerated spinal degeneration and instability in the long term. Glioma and
intramedullary tiny lesions of the spinal cord can be difficult to locate and require the
surgeon’s experience to determine the extent of resection. However, the spinal cord
lacks a functional dummy area, and blind exploration is bound to cause nerve func-
tion injury, which is far from the standard of accurate neurosurgery.

In 2015, the study team started using multi-modal image fusion techniques to identify
intraoperative spinal cord lesions. The O-arm was used to capture intraoperative CT
images of the patients, which were then uploaded to the navigation system and com-
bined with other images for intraoperative localization of spinal cord lesions. Previous
investigations [8-10] have confirmed the technique’s viability and accuracy. The intan-
gible surgical experience can be made concrete through preoperative MRI images that
clearly show the lesions. The use of multi-modal image fusion technology in treating
spinal cord lesions can be encouraged by summarizing and updating existing data.

2. Methods

28 patients with spinal cord lesions who underwent surgical treatment in our
hospital’s neurosurgery department between November 2015 and January 2022 were
selected, including 13 men and 15 women, with cases affecting the cervical segment
6, thoracic segment 10, and lumbar segment 12. Patients’ ages ranged from 14 to 78,
with an average age of 41. During postoperative pathology, 8 cases of neurofibroma,
3 cases of schwannoma, 2 cases of meningioma, 3 cases of capillary hemangioma, 6
cases of spinal cuff cyst of nerve roots, 1 case of intramedullary vascular malforma-
tion of the spinal cord, 3 cases of cavernous hemangioma, and the remaining 4 cases
of ependymoma were identified.

Prior to surgery, patients underwent regular CT (64-slice spiral CT, GE, USA) and
MRI (3.0 T, GE, USA) scans. After scanning, axial, sagittal, and crown pictures were
captured, recorded in DICOM format, and stored at the Stealth station 7 navigation
workstation. The enhanced inspection is selected based on the relationship between
the lesions and significant blood vessels.

Before surgery at Synergy Cranial, the intraoperative O-arm was used to take CT
images of the patient’s spinal segments, which were then registered and merged with CT
and MRI images sent to the navigation workstation. Operate in the Stealth Merge module,
select the O-arm CT images as the reference, verify the fusion image’s accuracy by com-
bining or separating Windows, choose the appropriate transparency, and ensure that the
bone cortex is consistently aligned on both pictures. Additionally, the key to a successful
fusion was to maintain the continuous union of vertebrae and facet joints in the diseased
segment due to intraoperative spinal flexion and rotation, which could not align with
preoperative imaging. Two senior neurosurgeons collaborated to achieve image fusion.

In the Synergy Cranial software’s building 3D model module, the target structure’s
3D model is reconstructed. Blood vessels and the spine can be reconstructed using
modules including bone and vessel using preoperative CT and O-arm scans as data
sources. and enhanced by tools such as Push, Threshold, and others. Based on preop-
erative MRI data that can be reconstructed using programs like Lasso, the 3D model
of spinal cord occupation was created. Once the 3D model reconstruction is complete,
itis possible to display the integrated model of the spine, blood vessel, and lesion in
the same spatial coordinate system by varying the model’s size and transparency. At
this stage, the operation path can be virtually created and planned at any level.
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With reference to multi-modal 3D fusion images, surgical incisions, laminae
milling, facet joint grinding, and other precise locations were designed. Prior to the
surgical exploration of the spinal cord using anatomical markers on the bones, such
as the spinous process and facet joints, the precision of navigation was examined. The
degree of lesion excision was determined, the lesion location was found, navigation
accuracy was validated, and CT or MRI images were switched to display in accordance
with the operation’s goals.

The time for image processing included the time for acquiring the image using
O-arm and the time for image fusion. Navigation errors were evaluated by measuring
the maximum distance between the end of the lesion in MRI images and its real posi-
tion. Descriptive statistics were used to calculate the mean and standard deviation.
SPSS (version 13.0 SPSS Inc) was used for the analysis.

3. Results

The findings showed that only a small portion (2.29%-15.66%) of the entire
operation time (83-400 min) was accounted for by the operating time for O-arm
scanning and image fusion (7-19 min). For the high cervical-level spinal cord lesion,
O-arm scanning was not necessary. The posterior fossa bone can usually be used for
automatic fusion, and the procedure is quick overall. Patients with lumbar lesions
undergo O-arm scanning and image fusion in a shorter time (10-17 minutes) than
those with cervical and thoracic lesions (15-19 minutes).

MRI and CT image fusion for patients with spinal cord lesions in the high cervical
segment was successful (Figure 1). O-arm scanning was omitted, and intraoperative

Figure 1.

Shows the image fusion of patients with meningioma from the foramen magnum to C2. The MRI TiWI axial
image was combined with the CT image and the ved avrow shows the location of C1—2. The accuracy of the fusion
was verified by adjusting transparency and separate windows.
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Figure 2.

Image fusion of patients with C5—6 ganglion lesion: Preoperative enhanced CT was combined with intraoperative
O-arm images. The red figure indicated the C5-6 vertebral body where the lesion was located. The registration
time maximized the C5—6 fusion.

contour registration was performed using MRI data. The intraoperative O-arm scanning
was performed according to the schedule of all the other patients. During the procedure,
one patient with a cervical 5-6 ganglion lesion was lying on their side with their neck
partially extended to the healthy side. The preoperative CT and MRI images and the
intraoperative O-arm image did not integrate well, and the image fusion was finished
using the principle of maintaining continuous fusion of vertebral body and joint bone in
lesion segments (Figure 2). A patient with a thoracic spinal cord intramedullary vascular
malformation paraplegic had an acute intramedullary hemorrhage and only an emer-
gency thoracic MRI scan was performed before surgery. Sagittal T2-weighted sequences
were used to fuse the MRI with intraoperative O-arm images (Figure 3).

After the image fusion was completed, Synergy Cranial software was used to
reconstruct the patient’s 3D model and plan the surgical path. To completely remove the
lesion and minimize spinal and paravertebral muscle damage, minimally invasive surgi-
cal incisions were made in 2 cases of lumbar schwannoma and 1 case of thoracic nerve
root rotator cuff cyst. Figure 4 depicts a case of minimally invasive image-assisted
navigation for lumbar 3-4 schwannoma resection. Under the microscope, the lesion was
completely removed while only a part of the patient’s lamina was ground. The mini-
mally invasive incision is based on the body surface projection of the lesion recorded by
navigation, and the accurate finding of the lesion through minimally invasive channels
is defined by letters A, B, and C. A is the navigational interface of CT images during
O-arm surgery; B is the navigational interface of synchronous T2WTI imaging on MRL

An example of lumbar schwannoma with L3-5 posterior pedicle screw place-
ment due to injury to the L4 vertebrae. The O-arm scan immediately confirmed
that all screws were in their proper places (Figure 5). During intraoperative 3D
model reconstruction, a patient with ganglioblastoma at the C5-6 level (Figure 6)
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Figure 3.

Image registration of patients with intramedullary vascular malformation of the thoracic spinal cord. Sagittal
images of patients with MRI T2WI were fused with intraoperative 3D images of an O-arm, and the accuracy of
fusion was verified by adjusting transparency and separate windows, respectively.

Figure 4.
Navigation and operation of lumbar 3—4 schwannoma using rainbow mode for MRI images, greyscale mode for
O-arm images, yellow for lesion models, and white for lumbar models.

had a satisfactory union of the C5-6 vertebrae and tiny joints, while the remaining
vertebrae showed significant deviation due to changes in body position. A and B

used data from intraoperative O-arm scanning to create a 3D reconstruction of the
cervical spine, while C and D used preoperative CT data to create a reconstruction
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Figure 5.
O-arm scanning of patients with lumbar 4—5 schwannoma after navigation and screw placement. The lesion
model was red, the orange spinal model was reconstructed from intraoperative O-arm 3D CT data, and the white

spinal model was veconstructed from preoperative CT images.

Figure 6.
3D model reconstruction and navigation of patients with C5—6 ganglioblastoma: The spine and other bony models
were set in white, the left vertebral artery was set in ved, and the lesion was set in green.
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Figure 7.

Nagvigation and operation of patients with 10—12 intramedullary vascular malformations of the spinal cord in the
chest. A and B show the location of intramedullary lesions under navigation; C and D show the extent of lesions
during surgery to verify the accuracy of navigation. The spine and lesion ave reconstructed in white and red,
respectively.

of the cervical spine. To reach the base of the skull, the left vertebral artery may be
seen passing through the neck’s transverse foramen 1-6. According to figures A and B,
the vertebral artery outside of the C5-6 vertebrae was shifted significantly from the
cervical vertebrae. Surgical navigation requirements can be met due to intraoperative
navigation, which also confirmed the high accuracy of navigation within the neck’s
fifth and sixth vertebrae. A navigation stick was used to assess the extent of the lesion
in a patient with intramedullary spinal vascular malformations at the T10-12 level
before exploring the spinal cord, and the position of the upper and lower poles of the
lesion was consistent with the position shown by the navigation stick (Figure 7).

4. Discussion

Intraoperative localization of spinal segments is a unique problem in spinal sur-
gery. Jillian E [11] et al., in a survey of 2338 members of the North American Spinal
Association, which included 173 physicians, showed that fluoroscopy was the most
commonly used method for thoracic and lumbar spine localization (89% and 86%,
respectively). This was followed by intraoperative plain radiographs (54% vs. 58%,
respectively), and fluoroscopy plus plain radiographs were used by 43.9% of physi-
cians, even though 68% of the physicians reported having misidentified the segment.
Currently, the chance of incorrect exposure and milling of incorrect segments is esti-
mated to be between 0.032 and 15% [3-7]. Although the probability is low, incorrect
localization can not only increase the trauma and cost of patients, but also prolong
their hospital stay, and sometimes even lead to legal disputes for doctors.
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The O-arm can collect intraoperative 3D CT images of the spine and then
transfers them to the neural navigation system to complete real-time spine naviga-
tion. It changes the traditional localization based on intraoperative plain X-rays and
fluoroscopy, with extremely high localization accuracy. In recent years, reports on
its clinical application in spinal cord surgery have been increasing year after year
[12-16]. Jang, Sang Hoon et al. [12] reported in 2015 that 31 patients undergoing
anterior cervical surgery used an O-arm image navigation system during surgery.
The statistical navigation errors showed that the horizontal deviation was 0.49+/—
0.71 mm, and the vertical deviation was 0.88+/— 0.93 mm. The sagittal plane
deviation Angle is 0.59+/—0.55°. Silbermann, J et al. [13] conducted a study of 187
screws inserted under an O-arm image-guided navigation in 37 patients, with an
accuracy of 99%. Hand insertion was performed in 30 patients in the control group,
with an accuracy of 94.1%, while 187 screws were inserted by hand in 37 patients,
with an accuracy of 94.1%. In conclusion, the O-arm image navigation system is
fully qualified for its requirements and provides accurate localization of spinal
segments, eliminating the risk of radiation [14], and reducing the long-term cost
of patients [15, 16]. However, it is challenging to display spinal cord lesions using
O-arm scanning.

The multi-modal image fusion technology is based on the information fusion
of images from two or more sources, which is helpful in obtaining a more accurate,
comprehensive, and reliable image description of the same scene [17-19]. With the
advancements in medical imaging and computer technology, neural navigation
systems have evolved from simple anatomical navigation to functional navigation.
Through multi-modal image fusion technology, functional brain images are com-
bined with anatomical images such as CT and MRI, 3D reconstruction is performed,
and space occupation, functional cortex, white matter conduction tract, and blood
vessels are visually recorded. Assisted in creating virtual surgical plans before surgery
and continued with localization and navigation during surgery. In the past 20 years,
studies on multi-modal image fusion technology and neural navigation systems have
mainly been seen in cases of craniocerebral lesions [20-27], with glioma being the
most common. Glioma is an invasive growth that lacks a clear boundary, especially in
middle and low-grade lesions. It is often difficult to distinguish the boundary between
glioma and normal brain tissue during surgery. Studies [25, 27-28] have shown that
this technique can significantly improve the lesion resection rate and reduce postop-
erative complications in patients.

In this study, the innovative Synergy Cranial software was used to integrate
intraoperative O-arm 3D CT images with patients’ preoperative high-definition CT
and MRI for image fusion and navigation surgery, reducing navigation errors caused
by spinal flexion and rotation and ensuring accurate localization of spinal segments
while completing spinal lesions development. All 28 patients successfully underwent
image fusion and underwent guided lesion resection. The intraoperative findings
were completely in line with those indicated by navigation. Navigation localization
was accurate, giving objective reliance on the operation, reducing unnecessary spinal
cord exploration, and improving the surgeon’s confidence. In the study, no patient
opened the lamina by mistake and no patient damaged important blood vessels. It is
worth mentioning that the results of the study on intramedullary spinal cord lesions
showed that the sagittal and navigational boundaries under the microscope were
completely consistent, which is of great significance for the accurate localization of
intramedullary spinal cord lesions, the improvement of resection rate, and the reduc-
tion of reducing nerve injury.
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The 3D lesion model, which is based on multi-modal image fusion reconstruction,
can adjust transparency to meet the needs of the operation, perform free cutting,
measure the distance between the lesion and any location, observe the direction
and branch of blood vessels throughout the entire process, and assist the surgeon
in creating a surgical plan and evaluating the degree of lesion resection. The digital
model can help junior doctors understand the 3D anatomy of lesions, overcome the
limitations of traditional anatomy teaching, and provide a good learning platform for
young doctors to grow.

In conclusion, this study conducted multi-modal image fusion and precision
navigation surgery on spinal cord lesions, which established the clinical operation
process of multi-modal image fusion technology in precision surgical treatment
and the modern surgical treatment concept of minimally invasive, individualized
treatment [29, 30].
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Chapter 16

The Multiple Trajectory Anchoring
Technique for Lumbar Sacral
Fusion: An Alternative Solution for
Spinal Fixation

Yuzeng Liu, Yong Hai, Hongtao Ding and Mingzheng Zhao

Abstract

Cortical bone trajectory (CBT) screw was firstly utilized by Santoni in 2009,
which had been proved to have stronger hold force, especially in the osteoporosis
vertebrae compared with the pedicle screw (PS). In this study, we developed a tech-
nique combining pedicle screw, cortical bone trajectory screw, and sacral alar screw,
which was named as multiple trajectory anchoring (MTA) technique for patients who
underwent lumbar-sacral fusion. The technique comes with the following improve-
ments and advantages. First, the satellite rods are fixed with the additional screws
which makes the tension more dispersed and avoids stress concentration. Second, the
interaction between the multi-trajectory screws anchoring on one vertebra makes the
screws stronger and reduce the risk of screw loosening. Third, the MTA screw can
provide better stability for the anterior column. Forth, the MTA fixation can not only
strengthen the construct, but also provide additional correction force. In this chapter,
we aimed to introduce an original lumbar-sacral strengthening technique, multiple
trajectory anchoring(MTA), for lumbar-sacral fusion. It is a safe and effective means
to strengthen lumbar-sacral internal fixation as well as provide additional correc-
tion force for patients with lumbar-sacral degeneration, deformity and tumor. More
importantly, it provides an alternative solution for pelvic fixation.

Keywords: cortical bone trajectory, pedicle fixation, lumbar fusion, multiple trajectory
anchoring fixation, spinal fixation

1. Introduction

Pedicle screws (PS) are the most common method of sacral fixation. Spinal fusion
with traditional bilateral PS fixation has been described for a variety of surgical indica-
tions, such as spinal canal stenosis, spinal degenerative disc disease, spinal slip, spinal
tumor, spinal trauma, and malformations [1-5]. However, the main defects of the sacral
PS fixation are screw loosening and pseudarthrosis, especially in the long-segment sur-
gery and in fixation for osteoporotic patients. While a percutaneous pedicle screw (PPS)
technique is an alternative, it requires an additional method of decompression and bone
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Figure 1.
The schematic diagram of the multiple trajectory anchoring (MTA) technique. Pedicle screws are in yellow. CBT
and sacral alar screws are in blue.

grafting. In addition, the PPS technique relies on intraoperative multiplanar fluoros-
copy, which leads to high radiation exposure risk for surgeons and patients. In addition,
screw loosening is known to be a complication of PS fixation, especially in osteoporotic
patients. There are several methods to enhance the purchase of screws, such as modify-
ing screw design and strengthening the vertebrae with augmentation materials or the
combination of cortical pedicle screw techniques. However, they remain unavailable for
severe osteoporosis. Weaknesses of bone cement include its high exothermic polymeriz-
ing temperature, high monomer toxicity, and high risk of cement leakage into vertebrae.
Cortical bone trajectory (CBT) screw was first utilized by Santoni [6] in 2009, which
had been proved to have stronger hold force, especially in the osteoporosis vertebrae,
compared with the pedicle screw. In 2013, Masaki [7] put forward the double-trajectory
technique, cortical bone trajectory combined with traditional pedicle trajectory, ina
patient with degenerative lumbar scoliosis and osteoporosis. We developed a technique
combining pedicle screw, cortical bone trajectory screw, and sacral alar screw, which
was named as the multiple trajectory anchoring (MTA) technique, for patients who
underwent lumbar-sacral fusion (Figure1). It provided an alternative solution for pel-
vic fixation and kept the motion of sacroiliac joint in the lumbar-sacral fusion surgery.
With the MTA technique, CBT screws were selectively implanted in the lumbar spine
and sacral alar screws were inserted on the same side of the sacrum, after completing
the pedicle screw fixation and interbody fusion. And the screws were then connected
with titanium or cobalt rod(s), which increased the strength of the internal fixation and
provided additional strength for compression or distraction.

2. Anatomy and biomechanics of the MTA technique

As described by Masaki [7], the combined application of the CBT and PS in
the same vertebrae was safe and feasible. The entry point of CBT screw was the
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intersection point of the vertical line at the midpoint of the superior articular
process and a line 1 mm below the inferior edge of the transverse process. CBT
screws rely on 4-point purchase between the dorsal cortex at the site of insertion,
the medial and lateral cortex of the pedicle wall, and the curvature of the vertebral
body wall, to maximize the cortical bone contact to improve purchase strength.
The CBT screw followed a caudal-to-cephalad path in the sagittal plane and a
medial-to-lateral path in the transverse plane through the pedicle, which maxi-
mized the thread contact of the screws with the vertebral cortical bone and offered
stronger fixation strength. In the MTA technique, the sacral alar screw is inserted
additionally based on the PS fixation and connected with the cranial CBT screw to
enhance the fixation and reduce the incidence of pseudarthrosis. The entry point
of the sacral alar screw is in the lower edge of the L5-S1 articular process, which is
medial to the pedicle screw and can be well aligned with CBT screws. The outreach
angle is 35 to 45 degrees and the sagittal inclination angle is 30 to 35 degrees. The
length of the sacral alar screw can range from 35 to 45 mm. Breaking through the
ventral cortical bone can maximize the anti-pullout strength. With the MTA tech-
nique, CBT screws were selectively implanted in the lumbar spine and sacral alar
screws were inserted on the same side of the sacrum, after completing the pedicle
screw fixation and interbody fusion. And the screws were then connected with
titanium or cobalt rod(s), which increased the strength of the internal fixation and
provided additional strength for compression or distraction.

Santoni found that CBT screws and PS have comparable pullout strengths and
switching characteristics. Compared to PS, CBT screws showed a 30% increase in
uniaxial pullout strength. However, the traditional pedicle trajectory screws are
different from CBT. It is unclear whether screws and trajectory affect the uniaxial
pullout strength of a single axis. Ueno studied the relationship between thread
screw entry trajectory or thread characteristics and pullout strength in pig cadaver
experiments. The results showed that the cortical screw was able to improve fixa-
tion strength but not significantly improve pullout strength. This specific trajectory
appeared to have a major impact on pullout force. The biomechanical properties of
PS and CBT screws were investigated by Calvert in which each screw was used to
rescue the other in the setting of revision in 10 fresh-frozen human lumbar spines.
The results of this study showed that CBT rescue screws retained 60% of the original
pullout strength of PS, while traditional salvage screws retained 65% of the original
CBT screw pullout strength. Either CBT or PS use as a rescue choice in the setting of
a failed or compromised pedicle screw construct in the lumbar spine is supported by
it. Baluch found that the CBT screw had greater loosening resistance in the fatigue
tests when compared to the PS. According to Perez-Orribo, there was no significant
difference in the mean range of motion or area of laxity of the CBT screw and PS
during any mode of loading. Matsukawa [8] reported that CBT screws have 2.01
Nem (Newton centimeter units) higher insertion torque than PS in vivo. CBT screw’s
fixation strength is superior to those of the traditional pedicle screws, as loading
the flexing and stretching load resistance is higher, but its ability to fight the lateral
bending and axial rotation is poorer. The mechanical performance of the CBT screw
is attributed to such factors as the position of the screw specifications, placement,
and patient’s bone. One of the most critical factors is the size and length of the screw,
the factors in the subsequent have also been confirmed in the experiments of other
relevant bodies [9]. Compared with the traditional technique of pedicle screws, the
use of CBT of bigger size and length can enhance biomechanical properties of the
screw. Xiao-yu wu et al. [10] established a finite element model through a case of
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osteoporosis, simulated traditional pedicle screw and CBT screw in a two-way fixed
effect. The results suggested that the stability of CBT group under flexion extension
and rotation was greater than that of conventional pedicle screw group; extension
and rotation was greater than that of conventional pedicle screw group; The CT
values of the CBT group nail way around the bone are greater than conventional
pedicle screws. The CBT screw technology is one of the preferred methods for lumbar
internal fixation in patients with osteoporosis. CBTS internal fixation technology
provides biomechanically stronger pullout forces and yield loads, and has similar
flexion and extension resistance to PS. The screwing torque is about 1.7 times that of
traditional PS internal fixation technology, but it has poor effect on lateral bending
and axial rotation resistance. The results of biomechanical experiments and finite
element analysis showed that the biomechanical properties of multi-trajectory
screw internal fixation were significantly better than those of traditional PS internal
fixation. Under the condition of simulating real human movement, multi-trajectory
screw internal fixation technique can increase the strength of internal fixation,
thereby improving the stability of lumbar fusion segment, reducing the risk of
loosening of internal fixation and the incidence of pseudarthrosis, and improving
the success rate and satisfaction of surgery. CBTS internal fixation technique can
fully protect the posterior paravertebral muscles and facet joints of the spine to avoid
postoperative paravertebral atrophy and facet joint degeneration. In addition, the
combined application of CBTS internal fixation technique, SAS internal fixation
technique, and PS internal fixation technique in lumbar fusion surgery can further
increase the mechanical strength of the surgical segment, while obtaining a similar
intervertebral stress environment, and effectively increase the mechanical stability of
the surgical segment.

The MTA technique we are reporting on has the following biomechanical char-
acteristics. First, compared with the existing multi-rod construct technique, the
satellite rods in MTA are fixed on the additional screws that make the stress to be
more dispersed and avoid stress concentration. Second, the interaction between the
multi-trajectory screws anchoring on one vertebra makes the screws stronger and
reduces the risk of screw loosening. Third, the MTA screw can provide more stabil-
ity to the anterior column and help in interbody bone healing. Fourth, in the lumbar
sacral deformity cases, MTA fixation could not only strengthen the construct, but also
provide additional correction force to restore both coronal and sagittal balance. Fifth,
the MTA technique is based on the usage of CBT screws and sacral alar screws, which
provides an alternative for pelvic fixation and preserves the movement of sacroiliac
joints. As we know, pelvic fixation may cause dysfunction and even seriously affect
the patients’ quality of life. With the application of the MTA technique, pelvic fixa-
tion can be reduced and the sacroiliac joint can be preserved. The MTA technique
provides additional orthopedic strength and makes the lumbosacral internal fixation
more solid. Meanwhile, CBT screw and sacral wing screw insertion through a medial
entry point demands no additional exposure of the wound. When inserting the CBT
screw, it may cross with pedicle screw, so there are three points to be noted. First, the
insertion point of the pedicle screw should be lateral and close to the lower part of the
pedicle, so as to leave enough space for the CBT screw. Second, CBT screws should be
thinner and shorter than pedicle screws, generally 4.5 mm in diameter and 3.0 mm in
length. Before CBT screws are inserted, probe detection can be applied to ensure that
the inner wall of the vertebral pedicle is not breached. Third, if the pedicle is too thin
to hold two screws, do not proceed with the insertion by force, and the alternative
vertebrae can be selected as the upper hook point.
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3. Clinical application of the MTA technique

Recent years have seen an increase in the incidence of lumbar degenerative disc
disease (DDD) in older adults. There are significant changes in spinal anatomy
and curvature with age. Hegazy [11] confirmed changes in the shape and size of
lumbar kyphosis in older adults and recommended that more attention be paid to
anatomy and curvature during surgery. Furthermore, osteoporosis is fairly com-
mon in older people. For this reason, another key treatment strategy for lumbar
DDD in older adults is osteoporosis management. In the elderly, osteoporosis may
cause loosening of internal fixation. One study reported a pedicle screw loosening
rate of 12.8-25% in osteoporotic patients. Furthermore, the risks of both proximal
and distal junctional kyphosis also rise as a result. Thus, internal fixation stability
in patients with osteoporosis should be improved intraoperatively by employ-
ing expansive pedicle screws, bone cement screws, or cortical bone path screws.
Expansive pedicle screws can increase the intensity of internal fixation, but there
are obvious shortcomings such as complicated placement, high rate of screw
breakage, and limited clinical applicability. Compared to the traditional technique,
CBT increases the area of contact between the screws and the cortical bone, and all
of the screws used in the CBT technique are encircled by cortical bone. Thus, this
technique is best suited to the treatment of lumbar DDD patients with osteoporo-
sis. In addition, in 2014, Mizuno proposed the combination of this technique with
posterior lumbar midline fixation and fusion in lumbar midline fusion surgery
(MIDLF). The CBT technique in MIDLF surgery has been used extensively in cases
of lumbar DDD, adjacent spinal disease, and postoperative revision because of
its poor invasiveness and high-safety advantages. Recently, with the widespread
application of internal fixation of the spine, the incidence of failed back surgery
syndrome and autism spectrum disorder (ASD) has increased, resulting in a high
proportion of lumbar revision surgeries [12]. The risk of nerve structure and blood
vessel exposure is significantly increased in revision surgery due to hypertrophic
scar tissue and imprecise spinal anatomy. Minimizing exposure risk in revision
surgery is another benefit of the MTA technique. During revision surgery, when
the adjacent segment is decompressed and fixed, the internal fixation of the origi-
nal operation usually needs to be replaced. However, internal fixation replacement
may not only increase operative time and surgical risk, but also lead to more blood
loss. As a result, decompression, fixation, and fusion on adjacent segments without
removal of internal fixation from the original surgical procedure has become a key
technique in the treatment of ASD. The CBT technique, which has a single-entry
site and trajectory, allows for decompression, complete screw placement, and
fusion of adjacent segments through a small incision while preserving the original
internal fixation, thus avoiding significant dissection and reducing operative time
and surgical risk. For example, the MTA technique can be used to place two groups
of screws within the same vertebral body [13]. In a study by Takata et al. [14], it
was shown that the CBT technique combined with MIDLF in lumbar revision sur-
gery has the benefits of less soft tissue damage, less postoperative complications,
and improved internal fixation stability compared to traditional revision surgery.
Lumbosacral spinal fusion is a common surgical procedure for the treatment of
spinal pathologies including degenerative disc disease, lumbar spinal stenosis,
malformations, trauma, and neoplasms. Fixation in lumbar fusion requires screws
to be inserted into the vertebrae. Traditionally, these procedures have been per-
formed via pedicle screw augmentation of the posterior lumbosacral spine in the
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manner first described by Boucher in 1959. However, advances in spine surgery and
a broader trend toward less invasive procedures have resulted in the development
of novel and innovative techniques, which are intended to achieve spinal fixation
while causing less damage to the surrounding tissues. The traditional PS approach
to lumbosacral spine surgery, which is the current standard of care, requires exten-
sive lateral vertebral dissection for screw placement. In contrast, the CBT proce-
dure requires less soft tissue exposure as screws are placed medially to laterally
with a starting point at the junction between the lateral pars interarticularis and
superior articular process (1 mm inferior to the inferior border of the transverse
process, which was projected at the 5 oclock orientation in the left pedicle and at
the 7 oclock orientation in the right pedicle). Recent trends have demonstrated
a shift toward minimally invasive surgical approaches as opposed to traditional
invasive approaches. Since CBT involves less spinal dissection and smaller incisions
than PS, of the two approaches, it is considered to be the least invasive. Multi-rod
technique has been tried in many centers so as to achieve a more rigid construct
[15-18]. Robert [17] performed a retrospective review for consecutive adult spinal
deformity patients who underwent long fusion to the pelvis. He concluded that
patients treated with multi-rod constructs had a statistically lower incidence of
lumbosacral pseudarthrosis and implant failure than those treated with dual-rod
constructs. Seung-Jae et al. [16] compared the radiographic outcomes after the use
of a standard 2-rod construct versus similar outcomes after the use of a multiple-
rod construct, and they thought that using a multiple-rod construct is an effective
method to enhance the stability across 3-column osteotomy site, and further to
significantly prevent implant failure and symptomatic pseudarthrosis. Yu et al.
[18] retrospectively analyzed a consecutive case of patients with adult spinal defor-
mity who underwent 3-column osteotomy with pelvic fixation. He concluded that
additional rods covering the osteotomy site and lumbosacral junction can reduce
the incidence of rod fracture following 3-column surgery with pelvic fixation.
Meanwhile, biomechanical studies have also proved that accessory rods improved
the stability and reduced the motion and rod strain at the osteotomy site [19-21].
However, according to a systematic review of treatment strategies for the preven-
tion of junctional complications after long-segment fusions in the osteoporotic
spine conducted by Murray [22], there is less or insufficient evidence to recom-
mend the use of multi-rod constructs. Moreover, there were also some shortcom-
ings in the multi-rod constructs that need to be modified. First, the accessory rods
were linked by side-by-side connectors with the primary rods, which might con-
centrate more stress on the junction of screws and rods. Furthermore, the applica-
tion of the connector would increase the possibility of mechanical failure, such as
the disengagement of the rod from the connector [23, 24]. Second, the multi-rod
constructs mainly increased the rigidness of the posterior column, but the rein-
forcement for anterior column was not achieved. Andrea [25] considered that the
high loads acting on the rods with respect to the physiologic condition could slow
down the bone healing at the osteotomy site. Furthermore, according to the study
of Tomobhiro, the use of multi-rod constructs led to a higher incidence of junctional
iliac screw loosening than the use of conventional a two-rod construct, especially
for patients with osteoporosis, following the adult spinal deformity surgery.
Degenerative diseases of the spine are a common condition affecting the quality
of life of middle-aged and elderly people, affecting about 32-68% of people over
65 years of age [26]. Degenerative scoliosis is among the more complex issues,
often with vertebral canal and nerve root canal stenosis, vertebral rotation,
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intervertebral joint subluxation, and sagittal balance loss due to pathological
changes. Among them, the incidence of female is higher than that of male. Due to
the degeneration of thoracolumbar segment, it can lead to asymmetric joint space
stenosis, small joint hyperplasia, osteophyte formation, yellow ligament hyper-
trophy and spinal canal stenosis, and even vertebral rotation and intervertebral
joint subluxation. The clinical and imaging manifestations are often complicated.
The treatment is mainly intended to alleviate symptoms, to improve the function
of the spine status, to bring about reconstruction of spinal stability, to restore the
spinal sagittal balance, and to handle the individual situation of treatment accord-
ing to different choices of different surgical strategies. Currently, pedicle screw
internal fixation is the preferred surgical method to reconstruct spinal stability
and restore spinal sequence, but the patients on the receding side are often com-
plicated with osteoporosis. Simple pedicle screw fixation often results in internal
fixation loosening and pseudarthrosis formation. The long-term complication

rate of 5-year follow-up has been reported to be about 59%. Adult patients with
degenerative scoliosis tend to be aging, more often combined with osteoporosis,

at the time of long-segment fixation fusion, there is the possibility of internal
fixation loosening, pseudojoint, and other complications. A study by Stanley et al.
[27] reviewed internal fixation-related complications in patients over 65 years of
age who underwent multi-level spinal fusion surgery for bone weakness. A total
of 38 patients were included in the study, all of whom underwent more than five
levels of surgery. Follow-up time was greater than 5 years, and the incidence of
short-term postoperative complications (less than 3 months, vertebral fracture,
pedicle fracture) was about 13%, and the incidence of long-term complications
(longer than 3 months) was about 59%, including the failure of pseudarthrosis
combined with internal fixation 11%, internal fixation loosening 7%, and pelvic
internal fixation prolapse 11%. In a large sample of more than 140,000 people, Lee
et al. [28] found that osteoporosis significantly lengthens hospital stay for spinal
surgery, increases readmission rates, and increases healthcare costs. Therefore,
how to reduce the complications related to internal fixation after spinal surgery in
the elderly and improve the intensity of fixation should be paid clinical attention
and solved. The common ways to improve the strength of the internal fixation in
clinic include increasing screw size, using specially designed expansion screws,
and vertebral body bone cement reinforcement, which not only improves the fixed
strength, but also increases the probability of complications. In 2009, Santoni

et al. proposed the surgical method of fixation with cortical bone trajectory screws
to reduce the dependence of screws on bone density [6]. Biomechanical studies
have confirmed that cortical bone trajectory screws can significantly improve

the fixation strength and stability of internal fixation in osteoporosis samples,
and a large number of clinical applications have achieved satisfactory results [8,

9, 29, 30]. Different from thoracolumbar short-segment fixation, the treatment

of degenerative scoliosis often requires rotation, compression, and distraction.
Finite element analysis found that the anti-rotation ability of cortical bone trajec-
tory screw fixed only in the middle and posterior column could not fully meet the
needs of surgery. However, the special screw path of cortical bone trajectory screw
allows it to be used as a supplement to the pedicle screw in the same vertebral
pedicle. Dual-trajectory internal fixation can significantly improve the strength
and stability of fixation [29]. As early as in 2013, Japanese scholar Professor Masaki
Ueno et al. [31] reported the case of dual-track internal fixation for the treatment
of degenerative scoliosis complicated with osteoporosis. Considering that the
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patient had severe osteoporosis (T = -4.0), the surgeon adopted L1-S1 dual locus
fixation, and the balance of coronal and sagittal plane was restored after surgery.
The team of Professor Hu Huiqiang [32], a Chinese scholar, conducted an attempt
to correct degenerative scoliosis using a cortical screw satellite rod combined with
pedicle screw internal fixation. The team followed 11 patients with degenerative
scoliosis who underwent satellite stick surgery with cortical screws for an average
of 33 months. There was no significant difference in coronal and sagittal balance at
the last follow-up compared with immediately after surgery. It has been confirmed
that cortical screw fixation combined with pedicle screw fixation combined with
satellite rod orthopedic distal fixation to S1 long-segment lumbosacral fusion can
enhance the strength of spinal pelvis fixation and achieve better clinical efficacy in
the treatment of degenerative scoliosis. The use of MTA technique in the treatment
of degenerative scoliosis with osteoporosis has clear safety and efficacy. Compared
with Professor Masaki Ueno’s fixed segmental double-trajectory internal fixation,
MTA technique selectively inserts cortical bone screws or sacral wing screws on the
basis of pedicle screw fixation, which not only ensures the reliability of internal
fixation, but also saves the number of internal fixations and reduces the cost of
surgical fixation consumables, thereby reducing in the difficulty of surgery and
the occurrence of potential surgical complications. Pedicle screws in combination
with cortical or sacral wing screws can provide a variety of options for increasing
the strength of fixation in the clinic, and provide an effective fixation method

for both the surgeon and the patient in spinal deformity correction surgery with
osteoporosis, spinal tumor resection and reconstruction surgery, and long-segment
fixation for lumbosacral deformity. In conclusion, multi-trajectory and multi-
anchor fixation technique can effectively improve the strength of pedicle screw
fixation, and can be safely and effectively applied in the surgical treatment of adult
degenerative spinal deformities with osteoporosis.

The main indications of the MTA technique are lumbosacral 3-column osteotomy,
multi-level lumbosacral fusion for osteoporotic elderly patients, spondylolisthesis,
and lumbosacral coronal imbalance. Based on past experience, distal fixation to
the pelvic was recommended in the situation above to get stronger internal fixation
and greater orthodontic strength. As we know, pelvic fixation may cause dysfunc-
tion and even seriously affect the patients’ quality of life. With the application of
the MTA technique, pelvic fixation can be reduced and the sacroiliac joint can be
preserved. The MTA technique provides additional orthopedic strength and makes
the lumbosacral internal fixation more solid. Meanwhile, CBT screw and sacral wing
screw insertion through a medial entry point demands no additional exposure of the
wound.

In general, sacropelvic fixation should be considered in any patient with a long
construct ending in the sacrum, or patients with associated risk factors for distal
fixation loosening or high risk of pseudarthrosis at L5-S1, or those undergoing
3-column osteotomies or vertebral body resections in the low lumbar spine, and
those with severe spondylolisthesis or trunk imbalance [33, 34]. High biomechanical
load makes the lumbosacral junction difficult to stabilize during fusion and leads to
pseudarthrosis and internal fixation failure which are the prevalent complications,
and it most commonly occurs at the 3-column osteotomy site or the lumbosacral
junction [35, 36]. This reminds us of the need for a more solid instrument to sta-
bilize the L5-S1 junction. The construction of iliac screw and S2AI screw has been
the major advancement in spinopelvic fixation, and it demonstrates the excellent
biomechanics. However, the drawbacks in the spinopelvic fixation, including iliac
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screw-associated screw site prominence, wound complication [37, 38], implant
loosening [39], and S2Al-associated sacral iliac joints’ violation [40], should be
carefully considered. Thus, we are trying to put forward an alternative solution for
the pelvic fixation in the lumbar sacral surgery to avoid the complications men-
tioned above. On the other hand, the MTA technique has its limitations and contra-
indications. Such as, it is not suitable for patients with severe coronal or sagittal
trunk imbalance, which demands sacroiliac screws to provide greater corrective
force, and it is difficult to implant both PS and CBT screws for patients with lumbar
pedicle dysplasia.

4, Conclusion

The MTA technique is a lumbosacral augmentation fixation technique that
combines cortical bone trajectory (CBT) screw with sacral alar screw fixation based
on the traditional pedicle screw fixation construct. CBT screws were selectively
implanted in the lumbar spine and sacral alar screws were inserted on the same side
of the sacrum after completing the pedicle screw fixation and interbody fusion.

And the screws were then connected with rod(s), which increased the strength of

the internal fixation. The technique comes with the following improvements and
advantages. First, the satellite rods are fixed with the additional screws, which make
the tension to be more dispersed and avoid stress concentration. Second, the interac-
tion between the multi-trajectory screws anchoring on one vertebra makes the screws
stronger and reduces the risk of screw loosening. Third, the MTA screw can provide
better stability for the anterior column. Fourth, the MTA fixation can not only
strengthen the construct, but also provide additional correction force. Fifth, the MTA
technique provides an alternative for pelvic fixation, which preserves the motion of
sacroiliac joints.

In conclusion, the MTA technique is a safe and effective means to strengthen
lumbosacral internal fixation as well as to provide additional correction for patients
with lumbar sacral degenerative, deformity, and tumor. This technique can also be
taken as a remedial measure if the pedicle screws loosen intraoperatively. And it still
needs long-term observation and follow-up to conclude whether the incidence of rod
fracture and pseudarthrosis can be reduced.

5. Case presentation
5.1 Case one

It was a 69-year-old female who complained of low back pain for 7 months,
aggravated with weakness and pain in the right leg for 1 month. She was diagnosed
with T12 and L5 multiple myeloma. Preoperative examinations showed L5 vertebral
destruction and the spinal canal compression (white arrow). The L5 vertebrae were
resected trans-right-pedicle and T12 was augmented with cement. The lumbar spine
was fixed from L3 to S1. The multiple trajectory anchoring (MTA) technique was
applied bilaterally to strengthen the internal fixation, which made it possible to avoid
fixing the pelvis and made the surgery less invasive. Postoperative computed tomog-
raphy (CT) scan showed the trajectory of pedicle screw (PS), cortical bone trajectory
(CBT) screws, and sacral alar screws (Figure 2).
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Figure 2.
The application of multiple trajectory anchoring (MTA) technique in the L5 vertebrae resection case.

5.2 Case two

It was a 51-year-old male patient who had severe back pain and radiating right
leg pain for 30 years and was diagnosed with congenital scoliosis and lumbar spinal
stenosis at L4/5. The scoliosis was generated by the L5 hemivertebrae on the right
side (white arrow). L5 hemivertebrae resection and L2 to S1 fusion was performed
posteriorly. The multiple trajectory anchoring (MTA) technique was applied to
enhance the distraction force on the concave side and strengthen the internal fixation

Figure 3.
The application of multiple trajectory anchoring (MTA) technique in the L5 hemivertebrae resection case.
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(Green arrow shows the CBT screw and yellow arrow shows the sacral alar screw).
The postoperative images showed that the deformity was corrected well with a short-
segment operation without fixing down to the pelvis (Figure 3).

5.3 Case three

It was a 69-year-old male patient with multi-level lumbar spinal stenosis from
L3 to S1. Posterior lumbar decompression and interbody fusion from L3 to S1 was
performed. During the surgery, the left pedicle of L5 was fractured due to excessive
spinal decompression. In such case, the multiple trajectory anchoring (MTA) tech-
nique could be applied by inserting the L4 cortical bone trajectory (CBT) screw and
sacral alar screw to enhance the pedicle screw (PS) internal fixation (Green arrow
shows the CBT screw and yellow arrow shows the sacral alar screw) (Figure 4).

5.4 Case four

It was a 70-year-old male who had severe back pain and left leg pain for 4 months.
He was diagnosed with L4 burst fracture and osteoporosis (T score of the bone mineral
density was —5.0 in lumbar spine). Posterior L4 corpectomy and L2 to S1 fixation with
bone cement augmentation was performed. To prevent internal fixation from loosen-
ing, additional fixation was performed using the MTA technique, in which left CBT
screw and sacral alar screw were inserted and linked with the rod and connector (Green
arrow shows the CBT screw and yellow arrow shows the sacral alar screw) (Figure5).

A

T

e

L

3
%

Figure 4.
The application of multiple trajectory anchoring (MTA) technique to reinforce the pedicle screw construction.
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Figures.
The application of multiple trajectory anchoring (MTA) technique in the L4 vertebrae resection and severe
osteoporotic case.
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Chapter 17

Rehabilitation in Lumbar Spinal
Surgery

Pragya Kumar and Jasmine Kaur Chawla

Abstract

The chapter has elaborated the role of Physical therapy rehabilitation in assessment
and management of patients undergoing Lumbar Spinal Surgery pre- and
post - operatively. Further need of pre-habilitation in patients undergoing surgery
was emphasized to obtain optimal results after surgery. Outcome measures used
widely for assessment of patient before spinal surgery and after surgery was discussed
to have an overview of recovery process. Phase-wise goals, precautions and rehabilita-
tion protocols were discussed starting from immediate post-operative phase till return
to activity/sports. Special emphasis was laid on the importance of home exercise regi-
men. Recent advances in management of Lumbar spinal surgery post operative cases
like Virtual Reality was discussed in the end for upgrading information on achieving
better patient outcomes.

Keywords: low back pain, lumbar spinal surgery, assessment, rehabilitation, patient
education

1. Introduction

Low back pain (LBP) is one of the leading musculoskeletal problems common in
most age groups. The lifetime prevalence of low back pain is reported to be 84% [1].
The most common cause of LBP is nonspecific in nature, that is, either origin of pain
in from the structures around lumbar region (muscles, ligaments, intervertebral disc,
facets, etc.) or it is centrally mediated (imbalance in sensory processing and descend-
ing pain mechanisms) [2]. Guidelines published globally recommend early screening
of risk factors leading to LBP including psychosocial components. Based on cause
identified administration of multicomponent approach (including rest, hot/cold
application, electrotherapy modalities, exercises), prevention strategies (posture and
ergonomic modifications) along with behavior modifications were suggested inter-
ventions for LBP [1]. In certain LBP pathologies categorized as degenerative lumbar
spine disorders (lumbar disc herniation, spondylolisthesis, spinal canal stenosis)
efficacy of non-surgical versus surgical intervention is still not clear. The criteria for
indicating patient for surgery are — failed conservative treatment, unmanageable
pain, worsening of neurological compromise (sensory & motor loss), Cauda equina
syndrome. This chapter will give rehabilitation overview pre- and post — operatively
for patients with degenerative lumbar spine disorders.
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2. Pre - operative phase

“Pre-habilitation” aims to augment functional outcomes by enhancing physical
function and perception of pain during & after surgery by education including
activity modifications in patients awaiting lumbar surgery. Studies have highlighted
the role of pre-habilitation not only improve surgical outcome, but also reduces
hospital stay and financial burden as compared to classic post-operative rehabilita-
tion given alone [3].

Patient referred for pre- operative rehabilitation, should undergo thorough evalu-
ation to understand lesion behavior [4]. This includes:

Posture — to identify postural compensations due to pain.

Range of motion (ROM) — Assessment of Lumbar ROM along with hip mobility.

Movements (static and repeated) — Pain response and discomfort felt by patient with
LBP on static holding of position as well as on repeated motions.

Strength — Endurance of major muscle groups around lumbar region (Abdominals
& Back Extensors) along with myotome assessment (L1 — S1) Recruitment of
Transverse Abdominis.

Sensations and reflexes — Alterations in sensation (pin prick, touch, temperature) in
dermatomes (L1 - S5) and spinal reflexes (Knee jerk, Ankle jerk, Plantar reflex).

Therapists will identify provocative postures, movements and thus determine
directional preference which reduces pain. Irrespective of method of assessment or
treatment used, avoid positions that increases intradiscal pressure leading to pain
peripheralization.

2.1 Outcome measures

Patient rated outcome measures are commonly used to assess following
parameters:

Patient reported function and activity limitation — Oswestry Disability Index
(ODI) is 10 item questionnaires about the level of difficulty faced during function
and activity with six options in each item. Higher scores indicate more disability [5].

The Roland Morris Disability Questionnaire (RMDQ ) — Self rated disability as a
result of LBP can be measured by the patient [6].

Pain - Visual analogue scale (VAS) — VAS is a simple tool consisting of 10 cm
horizontal line to assess pain intensity [7].

Health related quality of life — SF-36 — It is self-reported measurement of health by
patient, comprising of 36 questions under 8 domains [8].

Anxiety and depression — Hospital Anxiety and Depression Scale (HADS) is
used to assess nonphysical symptoms of depression (7 questions) and anxiety
(7 questions) in LBP patients. Cut off score > 8 indicates the presence of anxiety and
depression [9].

Fear Avoidance — Fear Avoidance Belief Questionnaire (FABQ )- It is a 16-item
questionnaire with 2 sub-sections - Work subscale and Physical Activity subscale
[10]. This scale is widely used in patients with LBP to understand work, ADLs &
levels of physical activity are affected due to fear of increasing pain.

Patient reported treatment effects — Patient Enablement Instrument (PEI) — The
scale is a patient rated outcome measure to assess containing 6 questions allowing
patient to rate enablement to cope with problem after consultation with doctor/reha-
bilitation specialist [11].
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Goals
 Patient education
 Description of patho-biomechanics of lumbar spine & disc

* Education about surgical procedure, expected outcomes, milestones of progression, precautions &
contraindications after surgery.

* Awareness of body position and mechanics while performing ADLs
* Decrease/centralize/abolish pain.

* Patient shall demonstrate and practice Transverse Abdominis (TrA) contraction maintaining spine in
neutral position in different postures.

* Independence in home exercise program (HEP)

Precautions
* Avoid prolonged sitting/driving for more than 20 minutes.
* Avoid lifting or carrying activities.

* Avoid activities requiring repetitive loading of spine (e.g., jogging, running etc)

Rehabilitation protocol
¢ Relative rest
* Modalities for pain relief (US, TENS, Ice)

* Lumbar stabilization (Tummy Tuck -in) initiated in unloaded position (crook lying) and advanced to
loaded position (sitting, standing etc)

* Active ROM of lumbar spine (direction determined in examination) to reduce, centralize or abolish pain.

* Repetitions/sets/hold time/rest time — as tolerated by patient.

(Recreated from Gage T. Lumbar Microdiscectomy. In: Mosca JC, Cahill JB, Tucker CY, editors. Postsurgical Rehabilitation
Guidelines for the Orthopedic Clinician. Elsevier; 2006. p, 328.)

Table 1.
Pre-operative rehabilitation protocol for patients undergoing Lumbar surgery.

2.2 Pre-operative rehabilitation protocol

Patient education is an integral part of therapy in surgical cases. Most of the time
this aspect has been overlooked resulting in increased apprehensions and confusions
regarding surgery, intended outcome and recovery time in patient’s as well as caregiv-
ers’ mind also. Detailed description of patient’s problem and possible surgical solu-
tions with help of educational booklet, models or videos should be explained. Proper
guidance regarding recovery time, precautions, and exercises to be followed before
and after surgery should be discussed [12]. Description of exercises to be performed
day-wise/week wise should be given as mentioned in Table 1.

3. Overview of surgical procedures

Commonest surgical procedures used in patients with intractable back pian are
Lumbar Microdiscectomy (LMD), Instrumented lumbar fusion surgery. LMD is
performed in reverse Trendelenburg’s position and midline incision (3 to 6 cm) is
done over the affected segment. Paraspinal muscles are stripped and retracted to
open interspace. Interspinous ligaments are spared, however ligamentum flavum is
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resected to perform foraminotomy. The nerve root is retracted medially, posterior
longitudinal ligament and nucleus present lateral to nerve root are cut to perform
nucleotomy. Damage to ligamentum flavum and paraspinal muscles is not repaired,
but lumbar fascia is repaired using absorbable sutures [12].

Posterior lumbar interbody fusion (PLIF) was aimed to provide rigid spinal stabi-
lization along with decompression of surrounding neural structures and correction
in vertebral alignment. It is a 4-step procedure including Exposure & decompression;
Spinal instrumentation & fixation using titanium/steel rods, plates, screws, and/or
wires; Anterior column reconstruction & interbody fusion and Internal stabilization
and closure of the area. In stage 3 procedures to restore disc height were performed by
distraction without increasing tension in neural structures. Complete discectomy was
done, and vertebral end plates are scraped till fresh bleeding. Bone graft is prepared
by chipped bone from iliac crest or allograft material and placed over vertebral bone
without soft tissue interposition [12].

4. Post-operative rehabilitation protocol

Communication with operating surgeons is critical for understanding early pre-
cautions and activity restrictions. However, a therapist based on clinical judgment
can initiate early rehabilitation after lumbar spinal surgery. Recent evidence has
suggested early mobilization encourages patient’s positive self-belief and ultimately
enhance their ability to return to work and functional independence [4]. Research
has shown conflicting findings regarding initiation of rehabilitation immediately
after lumbar surgery but none of the studies has reported any adverse effect. Rather
supported the fact that early lifting of post operative limitation results in lesser
number of problems [13].

Figure 1.
Sciatic nerve mobilization (with spine supported).
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However, initiation of spinal stabilization exercises before and after surgery is
key to success in surgical interventions. Studies have suggested that recruitment of
lumbar Transversus Abdominis (TA) and Multifidus (MF) muscles is not balanced in
patients with long standing LBP as these muscles fine tune the motion at segmental
level, thus affecting lumbar stability. Further presence of chronic pain in back in
surgical cases along with fear & anxiety in minds of patients undergoing surgery
will further inhibit their activation. Thus, activation of these muscles is very much
essential to “switch on” stabilization role played by these muscles before as well as
after surgery. This can be achieved initially in unloaded position with help of verbal,
visual or tactile feedback and gradually progressing to loaded positions to improve
motor control [4].

Focus on improving/maintaining range of motion and flexibility of joints adja-
cent to lumbar spine is important postoperatively. This enables healing at surgical
site and simultaneously overall range can be improved. Most of the exercises should
be done in supine position after disc surgery to offload the spine. Double Knee to
chest exercise helps to stretch thoracolumbar fascia; single knee to chest improve
hip mobility & stretch proximal sciatic nerve (Figure 1); lower trunk rotation
improves blood flow & reduce disc pressure. Repetitions and sets should be decided
as per patient’s tolerance [4].

Initiation on walking program in immediate post operative phase is widely recom-
mended by surgeons as well as rehabilitation experts [4]. Following lumbar surgery, it
has multifaceted role such as:

* Improving overall blood flow — Prevent deep vein thrombosis.
* Promotes cardiovascular fitness.

* Provides nutrition to Intervertebral disc — rhythmic loading & off-loading
improves imbibition, nutrition and promotes healing.

* Gentle stretching of sciatic nerve — prevents adhesion formation around nerve
and improves blood flow.

The role of neural mobilization in post-surgical cases to prevent risk of nerve
root adhesions is crucial. However, the lumbar spine should be maintained in neutral

PHASE I: Postoperative (Day 1-6)

Goals
* Protection of surgical site
¢ Pain control
* Initiate walking as tolerated.

* Independence in performing bed mobility, sit-to-stand and toileting by Day 2

Precautions
* Avoid prolonged sitting/driving for more than 20 minutes.
* Avoid bending, lifting, and carrying activities (>10 pounds).
* Avoid Valsalva maneuver.

* Avoid all sporting activities.
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Rehabilitation Protocol
* Initiate and practice Log rolling transfers while sitting from supine lying (Figures 2 & 3).

* Basic exercises — abdominal drawing in, gluteal squeezes, ankle foot pumps. Same exercises are sug-
gested for home exercise program after discharge.

* Lumbar stabilization in crook lying (Figure 4).

» Walking session to be initiated with or without support for 5-10 minutes on level surface (1-3 sessions/
day as tolerated).

Patients are discharged 1-2 days post -operatively.

Criteria for Discharge:
* Demonstration of supine to sit transfers by patient.
* Gained proper understanding of body mechanics during ADLs (i.e., avoid lumbar flexion.
* Independent walking with or without assistive devices.

* Demonstrate independence in donning & doffing of lumbar corset

(Recreated from Nigrini CM and Camarillo RM. Lumbar spine Microdiscectomy surgical vehabilitation. In: Brotzman
SB and Manske RC editors. Clinical Orthopedic Rehabilitation- An evidence-based approach. 3rd ed. Elsevier Mosby;
2011, p. 326-337)

Table 2.
Immediate Post-operative vehabilitation protocol for patients undergone Lumbar surgery.

position and nerve should be elongated carefully (not more than 6-8% of its length).
Dosage depends upon the patient’s response. Excessive lengthening of nerve may
reduce blood flow resulting in ischemic pain [4, 12]. The rehabilitation in immediate
post operative phase is mentioned in Table 2.

Table 3 depicts rehabilitation protocol in after immediate post- operative phase [4, 12].

Figure 2.
Log rolling (starting position).
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Figure 3.
Log rolling to left side.

Figure 4.
Lumbar stabilization in crook lying (Transversus abdominis contraction,).

PHASE II: PROTECTED MOBILIZATION (Postoperative Week 1-3)

Goals:
¢ Protection of surgical site
¢ Pain control

* Improve walking tolerance to 30 minutes.

Precautions
* Avoid prolonged sitting/driving for more than 20 minutes.
¢ Avoid bending, lifting, and carrying activities (>10 pounds).
* Avoid Valsalva maneuver.

* Avoid sports activities
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Rehabilitation protocol
* Relative rest — walking, unloaded cycling.
* Soft tissue mobilization
* Intervention for pain relief (US, TENS, Cryotherapy)

* Lumbar stabilization initiated in supine/prone lying.

Criteria for Progression
Patient can demonstrate:

* Proper sitting postures and body mechanics while transfers

* Lumbar stabilization in unloaded position

PHASE III: NEUTRAL STABILIZATION (Postoperative Week 3-8)

Goals
* Restore Lumbar ROM
* Improve muscle imbalance.
* Improve tolerance to loaded positions.
* Independence in walking without support on level surface
* Return to work (light to moderate) and Activities of Daily living (ADLs).

* Adherence to precautions while during work and ADLs.

Precautions
* Avoid prolonged flexed postures (sitting/driving)

* Avoid activities involving repeated spinal loading (jogging)

Rehabilitation protocol
* Transverse Abdominal exercises in different positions (Figures 5 & 6)
* Progression of bridging exercises (for gluteus maximus)
* Progression of strength training of Hip Abductor (Figure 7)

* Initiate active Lumbar ROM - Quadruped rocking (with lumbar flexion & neutral spine) (Figure 8),
Seated Knee extensions (Figure 9) and progress to lumbar active ROM in standing. (Figure 10)

* Non-impact lower limb cardiovascular exercises — stationary bicycling, treadmill etc.

e Strength training of upper and lower limb muscles maintaining spine in neutral.

Criteria for Progression
* Full active Lumbar ROM
* Demonstrate proper mechanics while squatting.
* Lower limb muscle strength — 4 out of 5

* Ability to demonstrate neutral spine in loaded positions.

PHASE IV: DYNAMIC STABILIZATION (Postoperative Week 8-14)

Goals

* Demonstrate 5/5 lower limb strength.

* Perform dynamic stabilization without discomfort.

* Able to perform repetitive lumbar spinal motion in all planes.

* Ability to return to actual working situations and perform recreational activities.
For athletes:

* Ability to return to play.

Precautions
Avoid aggravation of symptoms
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Rehabilitation protocol
* Progression of core stabilization strengthening
* Progression of cardiovascular training - initiation of jogging
* Progression in strength training
* Repetitive motions in directions that centralize pain.

* Progress aerobic conditioning

Criteria for Progression
¢ Full pain free active ROM of Lumbar spine
* No lower limb neural tension signs
* Demonstrates B/L normal flexibility.
* Lower extremity strength 5/5.

* Good body mechanics in dynamic activities.

Table 3.
Post-operative rehabilitation protocol after discharge for patients undergone Lumbar surgery.

Figures.
Transverse abdominis contraction with single leg lift.

Figure 6.
Transverse abdominis contraction with double leg lift.
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Figure 7.
Hip abductor strengthening (side lying).

Figure 8.
Quadruped rocking — Starting position (with spine in neutval) ¢ end position.

Figure 9.
Seated knee extension (with ankle dorsiflexion).
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Figure 10.
Standing Lumbar flexion — Starting position (with spine in neutral) ¢ end position.

5. Home exercise program

Limited evidence is available regarding the efficacy of home exercise regimen
following lumbar surgery. Experimental study showed that supervised exercises are
more effective in reducing pain and disability following lumbar surgery as compared
to home-based intervention or no exercises [14]. But sample size of the study was
small and adherence rate while exercising at home was not checked. Therefore,
emphasis should be laid on improving patient’s motivation and involvement of patient
in designing home exercise program as per their preferences [13]. Fears in doing exer-
cises at home without supervision should also be dealt with proper patient education
as well as opting alternate modes to monitor progress such as telerehabilitation.

6. Recent advances in rehabilitation following Lumbar surgery

The role of virtual reality-based interventions in managing patients after spinal
cord injury has been researched well [15] but its application in rehabilitation after spi-
nal surgery is limited. Because of its unique features such as simulation of real-world
environment along with ability to capture body’s movement, velocity and give visual/
auditory/tactile feedbacks makes it a promising rehabilitation tool for management of
medical conditions. Recent systematic review has identified promising use of virtual
reality in assessment and training following cervical spine surgeries to enhance
patient recovery [16] but lacks any experimental fingings. Applicability of virtual
reality in management of LBP has been recently discussed [17] but its direct role after
lumbar spinal surgery needs to be extensively studied and documented.

7. Conclusions

The chapter has summarized the role of rehabilitation in lumbar surgery. Health
care professionals should lay emphasis on pre- operative rehabilitation to ensure
early recovery in post operative phase. Proper education and engagement of patients
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in deciding treatment options is important. Immediate post operative rehabilitation
leads to faster reduction in pain and disability. Suitable assessments in phasic man-
ner, following precautions and exercises as recommended will bring better surgical
outcomes.
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