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Introduction. Posterior stabilization of the spine is a standard procedure in spinal surgery. In addition to the standard techniques,
several new techniques have been developed. The objective of this cadaveric study was to examine the accuracy of a new
electromagnetic navigation system for instrumentation of pedicle screws in the spine. Material and Method. Forty-eight pedicle
screws were inserted in the thoracic spine of human cadavers using EMF navigation and instruments developed especially for
electromagnetic navigation.The screw position was assessed postoperatively by a CT scan. Results.The screws were classified into 3
groups: grade 1 = ideal position; grade 2 = cortical penetration <2mm; grade 3 = cortical penetration ≥2mm.The initial evaluation
of the system showed satisfied positioning for the thoracic spine; 37 of 48 screws (77.1%, 95% confidence interval [62.7%, 88%])
were classified as group 1 or 2. Discussion. The screw placement was satisfactory. The initial results show that there is room for
improvement with some changes needed.The ease of use and short setup times should be pointed out. Instrumentation is achieved
without restricting the operator’s mobility during navigation. Conclusion. The results indicate a good placement technique for
pedicle screws. Big advantages are the easy handling of the system.

1. Introduction

Stabilization of the spine using posterior pedicle screw
instrumentation is a standard procedure in spine surgery [1–
3]. The technique is used routinely for treating degenerative
disorders, instability, deformities, fractures, and tumors. The
correct positioning of the screws is one of themost important
factors, as it ensures good pullout strength in the bone
and good rotation and repositioning of the instrumented

vertebral body [4]. Malposition of the pedicle screws can lead
to serious complications such as injury to neural structures,
blood vessels, and thoracic and intra-abdominal structures
[5–7]. Radiculopathies, neuropathies, and hematomas typi-
cally occur as a result of malposition.The precise positioning
of the screws is therefore essential. There are reports in
literature of malpositions in 10–40% of cases and resulting
revision rates of up to 6.6% [8, 9]. In addition to the exact
selection of the entry point, the correct angle of trajectory,
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and consideration of anatomical variability in the different
segments of the spine, preoperative imaging is recommended
[10–12].

One of the standard techniques used today is pedicle
screw insertion using fluoroscopic guidance in a lateral,
anterior-posterior, or oblique ventrodorsal projection. These
techniques are based on anatomical landmarks. In addition,
intraoperative 3D imaging techniques (O-arm, 3D fluo-
roscopy, etc.) are also available today. The goal of all of these
new developments is to increase the precision of screw place-
ment [8, 13, 14]. Problems of existing techniques are increased
intraoperative exposure to radiation using an intraoperative
tomographic imaging technique (O-arm, 3D fluoroscopy)
and increased malposition (free-hand placement) [15–17].

The navigation systems already available on the market
should reduce malpositioning as well as reduce exposure of
the operator, staff, and patients to radiation. The currently
available navigation systems that are used in spine surgery
can be classified as active or passive systems [18, 19]. There
are also 3D-based techniques, in which navigation is based
on a preoperative 3D data set. We differentiate between
optoelectronic and electromagnetic navigation methods [20,
21]. Some of the problems with optoelectronic systems are
that dynamic reference bases are required, to which active
LEDs are attached that must have a continuous line of sight
to the passive signal emitters (reflective spheres). This line
of sight may never be interrupted, as this would impair
navigation [22].Thismay restrict the operator’s normal range
of movement and thus limit the intuitive handling of the
instruments. The trackers needed for optical systems with
active and passive reflectors are attached to the instruments
and to the operation areas to be referenced and have
anatomical and ergonomic disadvantages. For one thing,
the instruments used are significantly larger and heavier,
resulting in poorer ergonomics and handling for the operator.
The trackers also protrude from the operation site so that
they can be detected by the navigation camera. Onlyminimal
changes in position due to unintentional contact to the
reference base can lead to malpositions.

Unlike optoelectronic systems, electromagnetic naviga-
tion works with electromagnetic fields that penetrate the
body through which navigation is controlled [23, 24]. This
avoids the masking problems of conventional optical systems
[25, 26].Moreover, the reference bodies do not protrude from
the body and their dimensions are minimized so that there
is hardly any interference with the operator’s normal work-
flow. The instruments are equipped with internal reference
electrodes. Unlike other systems, they do not interfere with
ergonomic movement, which has clear benefits with respect
to the normal workflow.

The objective of this experimental cadaver study was to
examine the precision of pedicle screw placement using a new
electromagnetic navigation system (EMF navigation) on the
human thoracic spine.

2. Material and Method

2.1. Ethics Statement. This study was conducted in compli-
ance with the strict ethical guidelines for human cadaver

studies. All body donors were fully legally competent and
had a will in which they agreed to the use of their body or
body parts for research, study, or teaching purposes (Section
for Clinical Anatomy, HeinrichHeine University, Düsseldorf,
Germany). The ethics committee of the Medical Association
of Westfalen-Lippe gave its approval for this study (214-037-
f-S).

2.2. Bodies Used. The study was conducted on human bodies
with intact spines that were preserved using theThiel method
(Section for Clinical Anatomy, Heinrich Heine University,
Düsseldorf, Germany). All bodies were examined in advance
by a thin-sliceCT scan to check for previous operations on the
spine, pathological changes, tumors, and severe anomalies. A
total of 48 pedicle screws were inserted in the thoracic spine
using EMF navigation.

2.3. EMF Navigation System. A new EMF navigation system
with clinical approval for ENT and neurosurgery (Fiagon
GmbH, Hennigsdorf, Germany) and adapted for spine
surgery was tested. Special instruments were developed
(“CenterPointer”, “AwlPointer”, “SpinePointer,” and a naviga-
ble screwdriver) to make navigation in the EM field possible.
The technique of this new electromagnetic navigation system
is based on continuous tracking of the instruments and the
patient’s anatomical structures in three-dimensional space
during the entire surgical procedure. The system provides
the operator with additional information without changing
or affecting the normal standard procedure. The system can
correct static errors using special calibration and correction
methods. It takes errors into account that are attributable
to the position and alignment of the navigating instrument.
This leads to improved position precision in the working
area adapted for the application. Navigation is carried out
virtually, in real time, in a 3D data set. An exact intraoperative
assessment is therefore possible in all planes.

2.4. Tracking System and Instruments Developed. For nav-
igation an electromagnetic field is generated that allows
the instruments in the area to be detected. A special field
generator (Figure 1) is used for this. In this study the field
generator was placed under the Patient. The frame enclosed
the entire surgical field. In the final version the field generator
will be integrated to the operating table.The instruments used
are equipped with specially produced signal coils positioned
inside the instruments. For matching the anatomical struc-
tures, image data are used that were generated preoperatively
in a thin-slice CT scan. For the tracker, a so-called patient
tracker (Figure 3) was attached to the spinous process of
the vertebral body to be instrumented. This tracker can be
detected in the magnetic field.

Specially developed instruments were used that are
adapted to standard instruments used today.The instruments
have special hollow spaces that can hold the necessary navi-
gation coils. These navigation coils are firmly anchored with
the instruments, so standard sterilization can be carried out.

For navigation, a CenterPointer, AwlPointer, Spine-
Pointer, and a special navigable screwdriver were used



BioMed Research International 3

Figure 1: Field generator.

C

A B

(a)

C
A

B

(b)

Figure 2: Surgical instrumentswith integrated electromagnetic field
sensor, (a) CenterPointer, (b) AwlPointer; A: navigation of the tool
tip, B: cable, and C: handle.

(Figure 2). All instruments used are comparable with the
standard instruments for spine surgery. The CenterPointer
was used for the required surface matching and to open
the pedicle. The AwlPointer was used to open the vertebral
body in the corresponding trajectory and to determine the
screw length needed. The SpinePointer was used to probe
the pedicle in order to detect and visualize malpositions and
injuries to the surrounding cortical bone.

All instruments are connected with the navigation system
by a wire.

All pedicle screws used were polyaxial screws with a
diameter of 4.5–6mm, depending on the pedicle width
measured in the vertebral body to be navigated (S4-System,
Braun Melsungen, Germany).

2.5. Preoperative Planning. A CT scan with a 1mm slice
thickness was made of all specimens required and a 3D
reconstruction was generated (Institute for Diagnostic and
Interventional Radiology, Düsseldorf University Hospital,
Germany). The data set was used to plan the navigation; for
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Figure 3: Cadaver with patient tracker (A), fixation clamp (B), and
inserted screws (C).

this the diameter of the respective pedicle was calculated
and trajectory was determined. For further intraoperative
processing and navigation, the data set was imported to the
navigation system in DICOM format. From this data set,
a high-resolution three-dimensional VRT (volume-rendered
tomography) model was calculated by the navigation system
that was used for navigation. The system simultaneously
calculated another 3D data set for navigation in all planes.

2.6. Navigation. All cadavers were placed in prone position
on a special, nonmetallic carbon operating table (MAQUET
Holding GmbH & Co. KG, Rastatt, Germany) to prevent
interference from metallic objects. Surgery was performed
via a standard approach with a midline incision and stan-
dard preparation. Following this, the patient tracker was
attached to the spinous process to form the reference to
the navigation unit in the coordination system. The tracker
was attached to the spinous process of each vertebral body
to be instrumented. Then surface matching of the vertebral
body was carried out using the CenterPointer for a total
of 20 freely selected points. This is done to match the data
set with the electromagnetic coordinate system. After per-
forming an error calculation in the system and releasing it
for navigation, the operator made an optical check using
anatomical landmarks. Navigation took place only after the
optical check for errors.The system offers a direct interaction
with preoperative DICOM images in all spatial planes.

The AwlPointer is used to determine the insertion point,
drill a pilot hole, and open the pedicle. Particular attention
was paid to the precise position of the trajectory to the
pedicle. A software tool was used to virtually calculate the
length and diameter of the pedicle screws. In addition, the
CenterPointer was used for a tactile probe of the pedicle
and vertebral body (5 corticalices) followed by the controlled
navigated insertion of the screw under pure navigation
without fluoroscopy guidance. The procedure is visualized
in real time in the navigation system and the operator has
the option of checking the position in all spatial planes.
Visualization can be adapted as needed.

2.7. Follow-Up. After the study, the cadavers were again
examined by CT scan and evaluated.

Grade 1: ideal screw position in the center of the pedicle
with no injury to cortical bone, grade 2: acceptable screw
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position, cortical bone injury with maximum penetration of
2mm, and grade 3: cortical bone injury with penetration
>2mm.

A statistical analysis was made using an analysis of
confidence intervals.

3. Results and Discussion

A total of 48 pedicle screws were evaluated. The minimum
width of thoracic pedicles was 4.8mm (TH3); the maximum
width was 8mm (Th12). The median pedicle width was
5.9mm with a standard deviation of 0.76 (Table 1). The
diameter of the pedicle screws usedwas adapted to the pedicle
width. All screws were polyaxial screws.

20 screws had a grade 1 position, 17 screws had an accept-
able screw position (grade 2), and 11 screws a malposition
(grade 3). The initial evaluation of the system showed a
satisfied positioning for the thoracic spine. There was thus
a maximum pedicle perforation of no more than 2mm in
77% of all pedicle screws placed.The 95% confidence interval
for the success rate of the screws in the thoracic spine was
62.7% (88.0%). These were the screws classified as grade 1 or
2. Malposition occurred in most cases (9 screws) in pedicles
with the highest ratio (Th 3, Th 2, Th 9).

Posterior instrumentation using pedicle screws is a stan-
dard technique in spine surgery [27]. In addition to free-
hand positioning and fluoroscopy-guided techniques, several
different tomographic imaging techniques (3D fluoroscopy,
cone beam CT, intraoperative CT scan) have contributed to
greater intraoperative precision in positioning pedicle screws
[28–30]. Additionally, several different navigation systems are
used.The aim of all these techniques is to achieve the greatest
precision in inserting the pedicle screws.

The objective of this study was the preclinical evaluation
of a new EMF navigation system for positioning pedicle
screws in the thoracic spine [31–33]. The navigation of the
pedicle screws was conducted using an EMF navigation
systemmodified for the thoracic spine. Navigation was based
on a CT data set that had been calculated prior to the
intervention.

The method of EMF navigation of pedicle screws based
on a preoperative CT data set has not yet been described in
literature.

One advantage of thismethod is the intraoperative virtual
visualization in real time that is a clear advantage over the
2D visualization using a fluoroscopy data set. The system is
also easy to handle and uses standard instruments that are
nearly unmodified. Unlike optical navigation systems, there
are no optical reference spheres outside the site or on the
instruments that can interfere with the operator’s normal
workflow or lead to miscalculations in the system if they are
accidentally contacted.

There is nearly no intraoperative exposure to radiation
when navigation is carried out only using this new EMF
technique. However, a preoperative thin-slice CT data set
is necessary, which may result in an increase of the total
radiation dose for the patient.The evaluation of the radiation

Table 1: Relation screw diameter to pedicle diameter.

Pedicle diameter [mm] Screw diameter [mm] Ratio %
Mean Stand.-dev.

Th1 6,9 0,2 5 72,5
Th2 5,5 0,7 5 90,1
Th3 4,8 0,1 4,5 94,8
Th4 5 0,2 4,5 90
Th5 5,3 0,7 4,5 84,9
Th6 5,9 0,5 5 85,8
Th7 5,8 0,3 5 56,2
Th8 5,7 0,1 5 87,7
Th9 6,2 0,3 5 80,6
Th10 6,4 1 5 78,1
Th11 6,3 0,4 5 89,4
Th12 7,4 0,6 6 81,1

exposure must therefore be investigated in further clinical
studies.

The reference coils used in the instruments are not
yet located right at the tip of the instrument, so torsion
forces from deflection can lead to the malpositions that were
measured in this study. This particularly affects small pedicle
diameters that have only a low margin of error.

In addition, the analysis and theCTmeasurement showed
a relative mobility of the polyaxial screws (shaft/head) of
about 7∘, and the higher margin of error can also be caused
by this.

4. Conclusion

The analysis of the pedicle screw positions in the thoracic
spine showed satisfied precision but was not yet clearly
superior to other systems. In comparison with the lumbar
spine that has larger pedicle sizes compared to pedicle screw
diameter, the thoracic spine has a lower margin of error.

In summary, the results indicate a good placement tech-
nique for pedicle screws in the thoracic spine, althoughmod-
ifications of instruments and the screwdriver-screw interface
must be improved to reduce deviation tolerances. Additional
studies with larger populations and smaller pedicle diam-
eters, for example, dysplastic pedicles like neuromuscular
scoliosis, should be conducted. Big advantages are the easy
handling of the system, the intraoperative matching, and
the nearly unchanged surgical procedure for the operator.
The reduction of intraoperative exposure to radiation for the
operator and the entire surgical team is another advantage
over existing systems.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.



BioMed Research International 5

References

[1] P. R. Harrington and H. S. Tullos, “Reduction of severe spondy-
lolisthesis in children,” Southern Medical Journal, vol. 62, no. 1,
pp. 1–7, 1969.

[2] R. Roy-Camille, G. Saillant, and C. Mazel, “Internal fixation
of the lumbar spine with pedicle screw plating,” Clinical
Orthopaedics and Related Research, no. 203, pp. 7–17, 1986.

[3] R. Roy-Camille, G. Saillant, and C. Mazel, “Plating of thoracic,
thoracolumbar, and lumbar injuries with pedicle screw plates,”
Orthopedic Clinics of North America, vol. 17, no. 1, pp. 147–159,
1986.

[4] J. W. Barber, S. D. Boden, T. Ganey, and W. C. Hutton, “Biome-
chanical study of lumbar pedicle screws: does convergence
affect axial pullout strength?” Journal of Spinal Disorders, vol.
11, no. 3, pp. 215–220, 1998.

[5] A. H. Fayyazi, R. R. Hugate, J. Pennypacker, D. E. Gelb, and
S. C. Ludwig, “Accuracy of computed tomography in assessing
thoracic pedicle screw malposition,” Journal of Spinal Disorders
& Techniques, vol. 17, no. 5, pp. 367–371, 2004.

[6] C. G. Fisher, V. Sahajpal, O. Keynan et al., “Accuracy and safety
of pedicle screw fixation in thoracic spine trauma,” Journal of
Neurosurgery: Spine, vol. 5, no. 6, pp. 520–526, 2006.

[7] P. Katonis, J. Christoforakis, A. C. Aligizakis, C. Papadopoulos,
G. Sapkas, and A. Hadjipavlou, “Complications and prob-
lems related to pedicle screw fixation of the spine,” Clinical
Orthopaedics and Related Research, no. 411, pp. 86–94, 2003.

[8] C. J. Schulze, E. Munzinger, and U. Weber, “Clinical rele-
vance of accuracy of pedicle screw placement. A computed
tomographic-supported analysis,” Spine, vol. 23, no. 20, pp.
2215–2220, 1998.

[9] J. E. Lonstein, F. Denis, J. H. Perra,M. R. Pinto,M.D. Smith, and
R. B. Winter, “Complications associated with pedicle screws,”
The Journal of Bone & Joint Surgery—American Volume, vol. 81,
no. 11, pp. 1519–1528, 1999.

[10] G. Cinotti, S. Gumina, M. Ripani, and F. Postacchini, “Pedicle
instrumentation in the thoracic spine: a morphometric and
cadaveric study for placement of screws,” Spine, vol. 24, no. 2,
pp. 114–119, 1999.

[11] N. A. Ebraheim, G. Jabaly, R. Xu, and R. A. Yeasting, “Anatomic
relations of the thoracic pedicle to the adjacent neural struc-
tures,” Spine, vol. 22, no. 14, pp. 1553–1557, 1997.

[12] D. S. Husted, A. H. Haims, T. A. Fairchild, T. S. Kershaw, and
J. J. Yue, “Morphometric comparison of the pedicle rib unit to
pedicles in the thoracic spine,” Spine, vol. 29, no. 2, pp. 139–146,
2004.

[13] J. Tang, Z. Zhu, T. Sui, D. Kong, and X. Cao, “Position and
complications of pedicle screw insertionwith or without image-
navigation techniques in the thoracolumbar spine: a meta-
analysis of comparative studies,” Journal of Biomedical Research,
vol. 28, no. 3, pp. 228–239, 2014.

[14] Y. Hojo, M. Ito, K. Suda, I. Oda, H. Yoshimoto, and K. Abumi,
“Amulticenter study on accuracy and complications of freehand
placement of cervical pedicle screws under lateral fluoroscopy
in different pathological conditions: CT-based evaluation of
more than 1,000 screws,” European Spine Journal, vol. 23, no. 10,
pp. 2166–2174, 2014.

[15] F. Costa, A. Cardia, A. Ortolina, G. Fabio, A. Zerbi, and
M. Fornari, “Spinal navigation: standard preoperative versus
intraoperative computed tomography data set acquisition for
computer-guidance system: radiological and clinical study in

100 consecutive patients,” Spine, vol. 36, no. 24, pp. 2094–2098,
2011.

[16] F. T. Gebhard, M. D. Kraus, E. Schneider, U. C. Liener, L. Kinzl,
and M. Arand, “Does computer-assisted spine surgery reduce
intraoperative radiation doses?” Spine, vol. 31, no. 17, pp. 2024–
2027, 2006.

[17] F. Gebhard, M. Kraus, E. Schneider et al., “Radiation dosage in
orthopedics—a comparison of computer-assisted procedures,”
Unfallchirurg, vol. 106, no. 6, pp. 492–497, 2003.

[18] F. Ringel, J. Villard, Y.-M. Ryang, and B. Meyer, “Navigation,
robotics, and intraoperative imaging in spinal surgery,” in
Advances and Technical Standards in Neurosurgery, vol. 41, pp.
3–22, Springer International Publishing, 2014.

[19] F. Roser, M. Tatagiba, and G. Maier, “Spinal robotics: current
applications and future perspectives,” Neurosurgery, vol. 72, no.
1, pp. A12–A18, 2013.

[20] N.-F. Tian, Q.-S. Huang, P. Zhou et al., “Pedicle screw insertion
accuracy with different assisted methods: a systematic review
and meta-analysis of comparative studies,” European Spine
Journal, vol. 20, no. 6, pp. 846–859, 2011.

[21] W. Tian, X. Han, B. Liu et al., “A robot-assisted surgical system
using a force-image controlmethod for pedicle screw insertion,”
PLoS ONE, vol. 9, no. 1, Article ID e86346, 2014.

[22] G. Rahmathulla, E.W.Nottmeier, S.M. Pirris, H. GordonDeen,
and M. A. Pichelmann, “Intraoperative image-guided spinal
navigation: technical pitfalls and their avoidance,”Neurosurgical
Focus, vol. 36, no. 3, 2014.

[23] H. C. Sagi, R. Manos, R. Benz, N. R. Ordway, and P. J. Connolly,
“Electromagnetic field-based image-guided spine surgery part
one: results of a cadaveric study evaluating lumbar pedicle screw
placement,” Spine, vol. 28, no. 17, pp. 2013–2018, 2003.

[24] H. C. Sagi, R. Manos, S.-C. Park, R. von Jako, N. R. Ordway, and
P. J. Connolly, “Electromagnetic field-based image-guided spine
surgery part two: results of a cadaveric study evaluating thoracic
pedicle screw placement,” Spine, vol. 28, no. 17, pp. E351–E354,
2003.

[25] P. Bruners, T. Penzkofer, M. Nagel et al., “Electromagnetic
tracking for CT-guided spine interventions: phantom, ex-vivo
and in-vivo results,” European Radiology, vol. 19, no. 4, pp. 990–
994, 2009.

[26] C. Hayhurst, P. Byrne, P. R. Eldridge, and C. L. Mallucci,
“Application of electromagnetic technology to neuronavigation:
a revolution in image-guided neurosurgery,” Journal of Neuro-
surgery, vol. 111, no. 6, pp. 1179–1184, 2009.

[27] F. Gebhard, A.Weidner, U. C. Liener, U. Stöckle, andM. Arand,
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