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Current state of navigation in spine surgery
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Abstract: The use of navigation has become more prevalent in spine surgery. The multitude of available
platforms, as well as increased availability of navigation systems, have led to increased use worldwide. Specific
subsets of spine surgeons have incorporated this new technology in their practices, including minimally
invasive spine (MIS) spine surgeons, neurosurgeons, and high-volume surgeons. Improved accuracy with the
use of navigation has been demonstrated and its use has proven to be a safe alternative to fluoroscopic guided
procedures. Navigation use allows the limitation of radiation exposure to the surgeon during common spine
procedures, which over the course of a surgeon’s lifetime may offer significant health benefits. Navigation
has also been beneficial in tumor resection and MIS surgery, where traditional anatomic landmarks are
missing or in the case of MIS not visible. As cost effectiveness improves, the use of navigation is likely to
continue to expand. Navigation will also continue to expand with further innovation such as coupling the use

of navigation with robotics and improving tools to enhance the end user experience.
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Introduction

Technological advances in spine surgery have been
immense, with changes in: operative technique, approaches,
biologics, implants, and imaging. With the complexity
of the three-dimensional anatomy of the spine and the
sensitive nature of the neurovascular structures involved,
innovation has optimized safety and efficiency during
spine surgery. One change within surgical treatment of
the spine was the onset of widespread use of Computer
Assisted Navigation (CAN), or colloquially referred to as
navigation, in an effort to maximize efficiency and limit
complications associated with surgical trauma. To combat
the relative inaccuracy of traditional methods of pedicle
screw placement and the high stakes of screw misplacement,
CAN was introduced as a means to improve accuracy (1).
As minimally invasive spine (MIS) surgery became more
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prevalent, CAN was used to limit radiation exposure to
both the surgeon and patient (2). The current demands of
spine surgery make the use of navigation something that
must be considered given the potential to improve accuracy.
Current advances in imaging technology and accuracy have
made the use of navigation more prevalent. The purpose of
this manuscript is to provide the background behind the use
of computer assisted navigation, the proposed benefits and
limitations, and the future of its use within spine surgery.

History/examples of computer assisted
navigation

The first case report discussing the successful use of
computer assisted imaging systems was in 1995, showing
successful integration of real time information with three-
dimensional anatomy for successful placement of open
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Figure 1 Airo mobile intraoperative CT/Brainlab.

lumbar pedicle screws (1). After the first case reports of
successful navigation use within spine surgery, further
research began regarding its accuracy, cost effectiveness, and
safety (3,4). Multiple medical technology companies began
to address each of those problems individually, leading to
development of multiple concurrent systems of navigation
currently in use within spine surgery.

There are many systems currently available for CAN.
In 2017, Overley et 4l. summarized many of the current
platforms, including: Airo Mobile Intraoperative computer
tomography (CT)-based Spinal Navigation (Brainlab®,
Feldkirchen, Germany), Stryker Spinal Navigation with
SpineMask® Tracker and SpineMap Software (Stryker®,
Kalamazoo, Michigan), Stealth Station Spine Surgery
Imaging and Surgical Navigation with O-arm (Medtronic®,
Minneapolis, Minnesota), and Ziehm Vision FD Vario 3-D
with NaviPort integration (Ziehm Imaging®, Orlando,
Florida) (5).

The Airo Mobile Intraoperative CT-based CAN
platform was one of the early pioneers of the navigation
platforms. This system was mobile with a large diameter
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circular scanner which is attached to the operating table
and allows for full 360-degree scanning (Figure I1). The
instruments used in this system have 3 attached reference
points that are recognized by the system’s scanning
stereotactic camera, calibrated prior to intra-operative
scanning, and then coupled with an anatomic reference
clamp attached to a spinous process (after exposure) or to
the iliac crest via pins in percutaneous cases. OR staff may
exit the room during scanning to reduce radiation exposure.
The obtained image is automatically registered to the
attached software, generating a real-time three-dimensional
map for instrumentation guidance (5).

The Stealth Station with O-arm (Medtronic) and the
ZiehmVision FD Vario 3-D are two very similar systems in
terms of technology. The O-arm is a 360-degree scanner,
but opens at 90 degrees for mobilization around the patient.
The Ziehm Vision FD Vario 3-D (Figure 2) is a C-arm-based
technology which obtains images via 190-degree rotation
around the patient prior to reformatting the data into a
3D anatomic map. Similar to the Airo Mobile system, after
instrument registration via scanning camera, the reference
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Figure 2 Zichm Vision FD Vario 3D.

Figure 3 Stryker SpineMask.

clamps may not be touched, as any movement of the
registered data points will lead to inaccurate mapping. If the
registration loses accuracy, repeat scanning will be necessary
to provide reliable stereotactic imaging (5).

In an effort to bypass some of the limitations of other
systems as described above, the Stryker SpineMask Tracker
offered a different form of referencing. The reference
trackers in this system are applied directly onto the patient’s
skin to prevent obstacles, such as obstruction of camera by
hand positioning, caused by reference trackers or movement
of reference points after referencing (Figure 3). However
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in order for accurate real-time mapping the camera must
have full view of 5 of the 31 LEDs that are actively tracking,
which are placed surrounding the surgical field. Also, the
operative field cannot exceed the predefined size parameters
of the reference points. Deep retraction or undue skin
tension can alter the reference point locations and the
accuracy will be negatively impacted and thus this method of
navigation is not typically utilized for large open surgery (5).
The SpineMask is typically used for MIS surgery. If used
for open surgery the SpineMask may be placed at an
area distal or proximal to the surgical wound to prevent
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retraction of the reference points. With multiple accurate
options available for navigation available many surgeons
incorporated CAN into their practices.

Operating room preparation/set up

Operating room set-up is variable for the use of navigation
based on surgeon preference, as well as navigation platform
used. Some systems, such as the Airo Mobile, have the
navigation system attached to the operating bed. Other
systems utilize monitors at bedside and reference trackers
attached to patient anatomic landmarks. Many articles
discuss operating room setup, with common preferences
that include a large operative suite with navigation and
image intensifiers placed as per surgeon preference, and
reference cameras at either the head or foot of the bed of
the patient depending on location of the procedure (4,5).
For a typical MIS lumbar procedure, our surgeons will use
the SpineMask laid over the thoracic spine (to decrease
potential retraction/disruption the SpineMask), while both
the monitor and the camera are placed at the foot of the bed
for optimum viewing.

Navigation effects on efficiency/safety

A primary reason for the growth of navigation in spine
surgery was the proposed increased safety and efficiency
of pedicle screw placement as compared to freehand or
fluoroscopy-guided procedures. Many studies discuss and
affirm early findings regarding the improved safety with
the use of computer assisted navigation (6-16). Amiot et al.
demonstrated the difference in safety between free hand
technique and CAN. The error rate was 15.3% for 544
screws from T'5 to S1 when placed with freehand technique,
while only 5.4% for the 294 screws inserted utilizing
CAN (4).

Yu et al. evaluated the accuracy of 2,062 thoracic and
lumbar pedicle screws utilizing intraoperative computer
assisted navigation (17). Their results showed 4.6% of
screws breached the pedicles >2 mm when navigated
placement was utilized, versus a 16% misplacement rate
when using freehand technique (P<0.001). They also
showed a significant lower mean time of pedicle screw
implantation and operating time in the CAN group. This
finding has been repeated in multiple other studies with
Luther et al. finding 88% percent of navigated pedicle
screws found to have no breach versus 82% of cases with
lateral fluoroscopy (P<0.001), showing the superiority of
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the accuracy using navigation (18). A systematic review with
7,000 total pedicle screw placed by Shin er 4/. confirmed
the earlier results, with overall incidence of pedicle screw
perforation using CAN techniques to be 6% as compared
to 15% for freehand technique (19). While pedicle screw
perforation was significantly different, there was no
significant difference in neurologic complications in the
two groups. These findings echoed similar findings from
an earlier meta-analysis by Verma ez a/. which showed
no significant difference in neurological injury between
navigated and non-navigated pedicle screw placement
(P=0.07) (20). These studies affirmed the notion that
navigated pedicle screw placement is more accurate than
placement using freehand or fluoroscopy, however, the
clinical significance has largely been deemed equivocal
based on current studies. Other considerations for use of
CAN is to determine the effect it has on screw diameter,
screw/pedicle diameter ratio, and need for revision surgery.
Luther et a/. showed screws placed with CAN were
significantly larger, with a significantly larger screw/pedicle
diameter ratio, and significantly fewer revision procedures
were performed (18). This evidence helps support the use of
CAN for spine surgery.

Radiation effects of navigation

The widespread use of navigation in spine surgery was
also propelled by the significant radiation exposure of
both patient and surgeon using pre-navigation techniques.
Theocharopoulos er 4. showed that radiation exposure
for a spine surgeon was 50 times the lifetime radiation
dose of a hip surgeon, highlighting the need to limit
radiation exposure (21). Multiple studies have shown
decreased radiation exposure with the use of CAN as
compared to fluoroscopy guided spine procedures (22-24).
Specifically, Gebhard er 4/. found radiation doses were
reduced from a median of 1,091 mGy using fluoroscopy
(average fluoroscopy time of 40 seconds) for thoracolumbar
instrumentation versus 432 mGy in CT-based navigation
techniques (25).

In 2000, Rampersaud er al. evaluated the surgeon
radiation exposure during a traditional open posterior
lumbar fusion in cadavers and showed that even if
fluoroscopy time was limited to 2 min per case, the annual
threshold for radiation exposure (measured in mrem)
was surpassed after just 300 cases (26). Bindal et 4. found
that the radiation exposure to an MIS surgeon during
a transforaminal lumbar interbody fusion surpassed the
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occupational exposure limit after just 194 cases (27). These
studies furthered the notion that the amount of surgeon
and patient radiation exposure necessitated new imaging
technology for safe practice.

One of the main benefits of CAN was reducing radiation
exposure to the surgeon. Kim et al. performed one of the
initial studies evaluating the role of navigation as a means
to reduce radiation exposure and showed that navigation
significantly reduced fluoroscopy time by 90 seconds per
case, and completely negated the radiation exposure to the
surgeon, who could leave the room during fluoroscopy (28).
In addition to reduced radiation exposure to the surgeon,
Kraus er al. showed that navigation also decreased patient
exposure during open spine surgery. In their cohort of
40 patients undergoing posterior lumbar fusion, their study
found an average effective dose of 0.4 mGy in the computer
assisted navigation group as compared to 5.03 mGy
experienced in the fluoroscopy group (24). These studies
showed the superiority of CAN in regards to radiation
exposure for both the patient and surgeon.

Navigation for MIS

The use of computer assisted navigation has allowed for
the field of MIS surgery to expand considerably. One
initial problem was concern for increased patient radiation
exposure as compared to fluoroscopic guided procedures,
however, the use of CAN was found to reduce radiation
exposure by more than 90% compared to traditional
fluoroscopic guided percutaneous surgical techniques (29).
As the surgeon leaves the room or stands behind a lead
shield during the scanning component, the radiation risks
are mitigated during navigated procedures. The accuracy of
registration has improved as the technology has improved,
allowing for reliable, real-time feedback regarding relative
positions of instruments within the three-dimensional map
provided by intra-operative imaging (5). This accuracy and
reliability of computer generated anatomy is important
when exposure is limited in MIS surgery.

Virk et al. discussed the benefits of navigation usage in
MIS, particularly with the complex anatomy associated
with placing C1-C2 instrumentation (30). The ability
for the navigation systems to provide accurate real-time
feedback is reliant on reference markers which vary from
system to system. These markers are generally attached
to anatomical structures within or close to surgical field.
Care must be taken to prevent any movement of attached
trackers after scanning is complete to maintain reliable
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navigation feedback, but this can be difficult in certain
procedures secondary to limited space and relatively bulky
reference markers (29). One skin based marking system
used for MIS, TLIF was discussed by Vaishnav et 4. as a
means to prevent surgical field overcrowding. Their study
demonstrated the efficacy of a less bulky registration system
that could be used for cases involving smaller incisions.
Their navigation cohort resulted in significantly shorter
operative times (median 92 vs. 108 minutes, P<0.0001) and
less blood loss (median 25 vs. 50 mL, P=0.007), as compared
to the fluoroscopy group (31). And while their navigation
group required additional time for image acquisition, the
total time (image acquisition + surgical procedure) was only
slightly greater than that of procedures using fluoroscopy
alone (median 113 vs. 108 mins). The median set up time
using the skin tracking system was 23 minutes, with over
70% of cases being set-up in <25 minutes, demonstrating
that the preoperative set up was not laborious. Similar to
studies above, they observed a 29% reduction in the median
radiation dose to the patient as compared to fluoroscopic
procedures (31).

Implementation of navigation

As the current medical care system gravitates towards
the most cost-effective possible system, the upfront cost
of navigation was originally seen as prohibitive in some
cases. More recent data has shown a reduced number of
re-operations with use of navigation, however, leading
to the widespread adoption of its use (5). Zausinger et al.
showed an average cost savings of $27,813.18 by avoiding a
revision procedure (32). Al-Khouja et all performed a cost-
effectiveness analysis and showed the cost of intra-operative
imaging to range from $8820.51 to $9188.87 and a cost
range of revision surgery to be $17,650 to $39,643, further
illustrating the cost savings of avoiding revision surgery
despite a higher upfront cost for CAN (33). As efficacy,
safety, and cost effectiveness have seemingly been proven at
this juncture, it is likely that the use of navigation will only
continue to increase.

Navigation for tumors

The initial discussion regarding the use of stereotactics for
tumor removal was seen in the neurosurgical skull-based
literature in the 1980s (34). Arand ez a/. used this technology
to resect a small group of thoracic tumors in a 2002 study,
showing the safety and efficacy of the use of navigation for

Ann Transl Med 2021;9(1):85 | http://dx.doi.org/10.21037/atm-20-1335



Page 6 of 8

tumor resection (35). Van Royen et 4l. demonstrated similar
findings in a study reporting resection of osteoid osteomas
of the thoracic and lumbar spine in 5 patients (36). They
showed that computer assisted 3D navigation can be a safe
means of guided excision with a high-speed burr, though
no comparative data was given in regards to tumor excision
with previous imaging modalities. All of the patients in their
study showed complete eradication of their lesions without
intra-operative complications and without recurrence up to
3 years follow-up.

Smitherman ez a/. discussed the use of stereotaxy for
hemicorpectomy resection of a large tumor, describing
a new use for computer assisted navigation (37). This
study showed a safe means of resecting a thoracic tumor
with clear margins using real time navigation. Ando er 4.
provided evidence of effective navigation application in
primary bone tumor resection (38). In total, 18 primary
bone tumors were resected and showed no intraoperative
complications related to the navigation procedure or
equipment, no screw misplacement, mechanical implant
failure, or local recurrence in any patients. While further
studies are required to elucidate the benefit of navigation vs.
current standard of care in spine tumor resection, current
available literature supports its safety and accuracy, and may
lead to an expansion in its use.

Future directions of navigation

With the growth of navigation, innovation is paramount
to improve safety and efficiency. Improved monitors for
visualization, optimized operating suites for navigation,
smaller registration trackers are all areas that are receiving
current attention. One attempted solution was the Airo
Mobile Brainlab® which allowed for a custom OR table with
360 degrees of rotation, though future outcomes studies are
required to see if these innovations provide tangible benefit
in outcomes. It is likely that platforms will continue to
arise in a similar manner to optimize the use of navigation.
Another innovation that will continue to be implemented
is the use of augmented reality headsets with navigation
in real time and directly overlaid on the patient, instead
of a screen. Once this technology becomes more end user
friendly its implementation will increase significantly in our
opinion.

Continuing to make these platforms more cost-effective
is another future direction. As the platform becomes more
affordable, computer assisted navigation utilization will
likely increase. Studies show decreased operative time with
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pedicle screw placement using navigation as compared to
fluoroscopy though surgeon familiarity with navigation may
be a contributing factor (16,33). Expanding applications of
the same technology will grow navigation-based technology
and use. CT-MRI co-registration is another feature that
can enhance CAN application in patients presenting with
soft tissue masses without bony involvement. Preoperative
MRI and CT could be used for registration allowing for
decreased intra-operative radiation and likely less set up
time. Robotic assisted surgery is another current expansion
opportunity for navigation, though its cost may be
prohibitive in some situations.

Conclusions

The growth of navigation technology in spine surgery is
due to the improved safety and efficacy of this platform.
As more literature becomes available showing its benefits,
the role of navigation will likely expand in spine surgery
applications. Further innovation is necessary to improve
performance and show cost-effectiveness compared to
alternative technologies. The use of computer assisted
navigation has become more prevalent in spine surgery, and
its impact is likely to continue to increase over time.
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