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ral foramen and hardly damages the normal
anatomical structure. Thus, the patient can
resume normal social activities soon after sur-
gery. However, this minimally invasive tech-
nique has a steep learning curve. Especially
for beginners, without good intraoperative
guidance, serious complications may occur,
such as dural sac tear and nerve injury.

2. Electromagnetic (EM) navigation is a frame-

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

3. EM-based navigation-guided TELD has the

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

12.1 Introduction

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

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

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

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

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

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

12.2 Components
of the Electromagnetic
Navigation System

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

Fig. 12.1 The EM navigation screen

¢ é,‘

Fig. 12.2 The EM navigation module and tracking pointer

12.3 Indications

and Contraindications
12.3.1 Indications

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

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

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

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

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

12.3.2 Contraindications

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

2. Cauda equina syndrome

3. Lumbar segmental instability and lumbar
spondylolisthesis

4. Lumbar infections, tumors, or deformities

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

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

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

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

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

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

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

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

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

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

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

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

12.5 Case Study

Male, 54 years old.

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

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

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

12.6 Discussion

The key prerequisite for a successful TELD is to
establish a working channel accurately and
safely. The Kambin’s triangle is small because of
the occlusion of the superior articular process of
the lumbar vertebrae, especially for patients with
long and narrow intervertebral foramen, which
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Fig. 12.8 Preoperative MRI showed LDH on the L4-5 left side
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Fig. 12.10 After the herniated disc is removed, the nerve root is completely decompressed
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greatly increases the difficulty of accurate inser-
tion of working cannulas during TELD. For
beginners with poor 3D sense and inexperience,
the difficulty of performing TELD will be magni-
fied, and the risk of nerve injury will increase as
well. In order to ensure operational safety, the
working cannulas are inserted under the monitor-
ing of C-arm X-ray fluoroscopy, which virtually
increases the radiation exposure of both patients
and doctors. Increasing studies have shown that
different doses of radiation exposure can induce
tumors, cataracts, cardiovascular diseases, etc.,
posing a serious threat to the health of patients
and medical staff [1].

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

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

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

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

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

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

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

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

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



156

B.-L.Chen et al.

12.7 Conclusions

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