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Abstract: Recent advancements in imaging technology have changed the landscape of transforaminal
lumbar interbody fusion (TLIF) with the objective of improving safety and efficacy for the patient and
surgical team. Spine surgery, and specifically TLIFs, involve challenging anatomy and command precise
surgical accuracy, creating an essential role for intraoperative imaging, navigation, and robotics. Traditionally,
surgeons have relied upon fluoroscopy for pedicle screw and interbody placement. More recently,
intraoperative 3-dimensional navigation (ION) has risen in popularity in TLIF surgery. This technology
utilizes intra-operative advanced imaging, such as computed tomography (CT) and 3D-fluroscopy, to
accurately track instruments and implants in relation to the patient’s anatomy. ION has demonstrated
improved accuracy of pedicle screw placement, decreased operating room times, and lower radiation
exposure to the surgeon and staff. However, conventional fluoroscopy, 3D fluoroscopy, intraoperative CT,
image-guided navigation, and robot-assisted surgery all have a role in TLIF surgery. Numerous studies have
been published regarding the benefits and pitfalls of these intraoperative tools in spine surgery, but there is a
relative lack of research regarding some of the newer technologies surrounding TLIF. As future studies are
published, and technology continues to evolve, surgeons must stay abreast of novel techniques to maximize
patient safety and outcomes. Over the coming decade, we can expect intraoperative navigation and robotics

to play a more significant role in spine surgery.
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Introduction 1998 to 2008, significantly outpacing the growth in total hip

and knee replacement during the same period (3).

In the past several decades, fusion for degenerative spine Tnterbody fusion techniques have gained popularity for

disorders has become one of the most commonly performed the treatment of various degenerative spine conditions

surgical procedures (1). After the introduction of interbody
cages and FDA approval of pedicle screws in the mid-
1990s, rates of spine fusion from 1990 to 2001 increased by
220% (2). More recent data have shown continued growth,
with a 137% increase in the rate of lumbar fusion from
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because of the asserted benefit of providing direct anterior
column support, circumferential fusion, indirect neural
foraminal decompression, and restoration of lumbar lordosis
(4,5). The utilization of interbody fusion for degenerative
spondylolisthesis increased significantly, from 13.6% in
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1999 to 32% in 2011 (4). Advances in surgical techniques
and novel imaging technologies have facilitated the
development of less morbid interbody fusion procedures,
such as transforaminal lumbar interbody fusion (TLIF).
Harms and Rolinger introduced TLIF in 1982. The
technique involved a unilateral approach to the disc space
through the ipsilateral facet joint, enabling placement of
an interbody spacer to achieve indirect decompression of
affected nerve roots (6). Further advances in TLIF over
the past several decades focused on reducing morbidity
through the development of minimally invasive techniques
(MIS-TLIF); intraoperative imaging modalities and
tubular retractor systems enabled these techniques (7).
MIS-TLIF results in less blood loss and shorter hospital
stay but requires increased reliance on intraoperative
imaging with longer X-ray exposure time compared with
open TLIF technique (8). In this review of intraoperative
image guidance for TLIF we will review the techniques,
benefits, and pitfalls of: (I) conventional fluoroscopy; (II)
3D fluoroscopy; (I1I) intraoperative CT; (IV) navigation; (V)
robotic spine surgery. We present the following article in
accordance with the Narrative Review reporting checklist

(available at http://dx.doi.org/10.21037/atm-20-1971).

Methods

This study identified literature including randomized
controlled trials (RCT), observational case-control studies,
prospective and retrospective cohort studies, technique
guides, and reviews reporting on intraoperative imaging in
TLIF intraoperative navigation during TLIF, and robot-
assisted TLIF. The National Institutes of Health PubMed
database was queried using a combination of free and
medical subject headings search parameters related to the
surgical intervention. Two authors independently conducted
a systematic PubMed search to identify studies published
between January 1, 1980 and December 31, 2019. This
search was performed using combinations of the following
search terms: “Iransforaminal lumbar interbody fusion”
“TLIF” “intraoperative imaging” “intraoperative navigation”
“navigated TLIF” “robotic TLIF”. All English language
studies on human subjects were included. The cited papers
in the identified articles were also systematically reviewed,
ensuring that all eligible items were identified and included.

Conventional fluoroscopy

During MIS TLIF, appropriate anatomic landmarks for
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freehand insertion of pedicle screws and interbody implants
are not exposed. Thus, the MIS approach comes with an
increased reliance on intraoperative imaging for confirming
anatomic levels, guiding pedicle screw placement, and
determining local spinal alignment. This image guidance
is most commonly performed with conventional C-arm
fluoroscopy, such as GE OEC Elite (GE Healthcare,
Chicago, IL) (9).

Technique

During MIS-TLIF using conventional fluoroscopy,
the patient is positioned prone on a radiolucent table.
Fluoroscopy is classically involved in 5 steps during MIS-
TLIF: preoperative incisional skin marking, retractor
positioning, placement of the interbody cage, insertion of
the percutaneous pedicle screws, and placement of the rods.
Initial anteroposterior (AP) images are obtained to verify
proper patient positioning with the spinous process midline
between the pedicles of each level. Based on surgeon
preference, initial AP images can be utilized to mark out the
location of the desired pedicles and disc spaces. The C-arm
is then moved into the lateral position and the correct levels
are verified.

After initial surgical exposure utilizing the Wiltse
approach, a tubular retractor can be placed under lateral
fluoroscopic guidance. The retractor is docked over the
ipsilateral facet joint of the selected level using a rigid arm
attached to the operating table, and successive dilators are
placed until a retractor of sufficient diameter is reached.
This allows for the facetectomy and discectomy to occur
under direct visualization with the assistance of loupes or
operating microscope.

After standard preparation of the disc space, interbody
spacer trials can be inserted to determine the proper implant
size. Lateral fluoroscopic views can be utilized to assess the
restoration of local lumbar lordosis, and AP views can be
used to determine the proper medial/lateral positioning of
the implant. Finally, the implant of choice can be placed
with lateral and AP fluoroscopic views utilized to verify the
positioning of the interbody cage implant.

The most critical role for fluoroscopy during MIS-TLIF
is for percutaneous pedicle screw placement. Minimally
invasive percutaneous pedicle screw placement was first
performed in the late 1970s during external fixation of
the spine in the setting of trauma (10,11). The early
success of pedicle based fixation led to the development
of internal fixation systems for segmental lumbar fusion
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using pedicle screws (7,12-15). In this technique, a small
paramedian incision is created over the selected pedicle,
and a transpedicular passage is created using the Jamshidi
needle under AP and lateral fluoroscopic guidance into
the upper outer quadrant of the pedicle. The needle is
advanced approximately 30 mm while verifying that it does
not cross the medial border of the pedicle. Guidewires
are subsequently inserted into the pedicles through the
needles. Insertion is confirmed on AP and lateral imaging.
Serial dilation then occurs over the guidewire. The pedicles
are tapped with a cannulated tap. Finally, the dilators are
removed and the cannulated screws are introduced over the
guide wires. All screws are confirmed with AP and lateral
fluoroscopy.

Pitfalls

Although MIS-TLIF is advantageous for patients with
lumbar degenerative diseases, minimally invasive procedures
performed under fluoroscopy have a few disadvantages
that have led to the development of enhanced imaging
and navigation technologies. Fluoroscopic techniques
have resulted in pedicle screw malposition rates reported
between 1.5% and 13% (16). The 2-dimensional nature
of traditional C-arm fluoroscopy makes the accurate
placement of pedicle screws challenging for inexperienced
providers. Another common disadvantage often cited is that
reliance on fluoroscopy has increased radiation exposure
to surgeons and operating room staff (9). Several studies
have demonstrated that conventional C-arm fluoroscopy
results in higher radiation doses for surgeons and operating
room staff (17,18). In 2012, Tabaraee ez a/. reported that the
average exposure to a surgeon’s thyroid during MIS spine
surgery utilizing conventional fluoroscopy was 0.1 mSv.
The International Commission on Radiological Protection
(ICRP) recommends a dose limit of 20mSv averaged over
five years with no single year having more than 50 mSv
exposure. Based on the ICRP recommended yearly limit of
20 mSv per year, surgeons would only be able to complete
200 procedures per year safely (19). A recent meta-analysis
revealed that MIS-TLIF resulted in double the radiation
exposure for the patient and operating room staff compared
to open TLIF (20).

3D fluoroscopy

First introduced in 2001, 3D fluoroscopy utilizes a series
of 2D images to reconstruct a 3D intraoperative image.
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The Siremobil Iso-C 3D (Siemens, Munich, Germany)
was the first mobile C-arm to provide an intraoperative
3D image (21). 3D fluoroscopy uses an automatic orbital
rotation around the patient to obtain a series of successive
2D fluoroscopic images. Using a computer algorithm,
the images are used to generate a 3D reconstruction that
is displayed as axial, sagittal, and coronal planes. The
resulting images are similar to what is typically obtained
with a CT scan.

Over the last decade, the growth of 3D-fluoroscopy
has resulted in a significant reduction in the misplacement
rate of pedicle screws (22,23). The principal advantage
provided by modern C-arm devices is the capability of
providing conventional two-dimensional (2D) fluoroscopic
images, as well as 3D images for intraoperative navigation.
During TLIF procedures, 3D C-arms can interface with
intraoperative navigation systems to guide pedicle screw
and interbody placement. The utility of intraoperative
navigation will be discussed in detail in a later section.

Intraoperative CT

In May 2005, the O-arm imaging system (Medtronic,
Minneapolis, MN) was approved by the Food and Drug
Administration for intraoperative use based on equivalency
to 3D fluoroscopy systems (24). 2D image guidance
systems only offer navigation in coronal and sagittal planes;
however, clinically significant pedicle violations are most
often detected on axial imaging. Similar to 3D fluoroscopy,
the principal advantage of intraoperative CT comes from
the ability to interface with navigation systems. However,
the scanned volume is three times larger than that obtained
from the 3D C-arm (17). Thus, the O-arm system scan can
capture multiple levels in one scan, reducing the need for
changing the field of interest and allowing the surgeon to
execute cases where large areas need to be visualized.

During TLIFs, the patient is positioned supine on a
radiolucent table. After the patient is prepped and draped
in a sterile fashion, a static reference frame is placed
percutaneously into the posterior superior iliac spine. The
navigation system uses this array to determine the location
of instruments in space relative to the static anatomy. The
intraoperative CT scanner is sterilely draped then brought
in and a scan of the operative levels is obtained. This scan
is then used by the intraoperative navigation system to
provide real-time axial, coronal, and sagittal images.

One key advantage of intraoperative CT is the decrease
in the surgeon and staff radiation exposure (25-29). During
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the initial scan, the surgeon and operating room staff can
exit the room, thereby limiting their exposure. Although the
dose of radiation delivered to the patient intraoperatively
may be nearly double with CT compared to fluoroscopy,
average total radiation exposure to the patient is still around
5.6 mSv, a value less than a single routine lumbar CT scan
(7.5 mSv) (27).

Navigation

With both 3D fluoroscopy and intraoperative CT, the
fundamental advantage stems from the use of navigation.
Intraoperative image-based navigation was initially adapted
from intracranial neurosurgery in the early 1990s, where
frameless stereotaxy was utilized for navigation within the
delicate intracranial anatomy (30). The initial application for
cranial surgery used skin surface markers for registration,
thereby allowing the computer to match the patient
anatomy to the preoperative imaging. Unfortunately, these
skin markers were not useful in spine surgery due to relative
movement between the skin surface and the underlying
bony anatomy (31).

Despite the initial difficulties with navigation, the issue of
registration was alleviated by utilizing a dynamic reference
array that is fixed to the patient’s bony anatomy before
obtaining the CT scan (32). A typical modern navigation
system is composed of a dynamic reference array, an optical
camera array, and customized surgical instruments (awls,
probes, etc.) that contain reflective spheres. These reflective
spheres, attached to the reference array and surgical
instruments, are tracked by the optical camera array. A
computer workstation running proprietary software measures
the three-dimensional location of the arrays in the operating
room. The spatial location of the instruments is displayed
in relation to the intraoperative imaging on the computer
monitor. There are numerous commercially available
navigation systems FDA approved for use during TLIF,
including Stealth (Medtronic), Brainlab, and Navi3i (Stryker).

The advantages of intraoperative navigation have been
extensively reported (8,19,24,26,27,32-35). The main
advantages of intraoperative navigation in spine surgery are:
increased accuracy of pedicle screw placement vs. freehand
techniques, improved ability to use minimally invasive
techniques, and decreased radiation exposure to the surgeon
and operating room staff. The most studied advantage
of navigation utilization during TLIF is the increased
accuracy of pedicle screw placement (24,36). Utilizing the
real-time feedback provided by navigation, accurate start
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points and trajectories can be identified without exposing
the vertebral anatomy. Furthermore, the actual position of
the screw can be monitored in real-time to avoid critical
structures, including neural elements. Numerous meta-
analyses have identified the breach rate for non-navigated
pedicle screws in the thoracolumbar spine to be anywhere
between 15-20% (24,36). In a separate meta-analysis of
pedicle screw accuracy using traditional fluoroscopy, the
breach rate improved to 13% (8). Individual cases series
of non-navigated and traditional fluoroscopic techniques
have pedicle screw breach rates as low as 2-6%, suggesting
significant variability between individual surgeons (37,38).

Large multicenter meta-analyses have demonstrated
the pedicle screw misplacement rate for intraoperative
navigation to be between 2-6% (23,36). Smaller case series
have reported these rates as low as 1-2% with the use of
advanced intraoperative navigation (39,40). Although most
studies have included pedicle screws placed in various
types of posterior spinal fusions, a recent 2018 study by
Dusad er al. analyzed the use of navigation in MIS-TLIF.
They reported 96.29% (104/108) of pedicle screws in the
navigation group were accurately placed compared with
91.67% (220/240) in the non-navigation group; however,
the difference was not statistically significant (41).

Another purposed benefit of navigation is the ability
to optimize pedicle screw biomechanics. It has been
demonstrated that pedicle screw medialization, greater
screw outer diameter, and greater cortical engagement
contribute to improved screw pullout strength.
Furthermore, increased screw inner diameter improves
fatigue strength (42). Image-guided navigation allows the
surgeon to perfect screw placement and maximize these
variables intraoperatively.

As previously discussed, intraoperative CT has the added
benefit of lower radiation exposure for the surgeon and
operating room staff. This benefit stems from the ability
to assess screw and cage placement without additional
intraoperative imaging. Thus, the reduction in radiation
exposure carries over to all navigation-based imaging
techniques (43,44). Scheufler e al. reported on 30 patients
with adult degenerative scoliosis treated by minimally
invasive decompression and unilateral TLIF at the
convexity of the deformity using biplanar fluoroscopy or
intraoperative CT-based navigation (45). Single-level TLIFs
utilizing fluoroscopic guidance resulted in surgeon radiation
exposure of 0.025 mSv. In contrast, radiation exposure was
0 mSv with intraoperative CT navigated instrumentation.
Notably, navigation provided a significantly faster time
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to complete pedicle screw insertion than guidance with
biplanar fluoroscopy.

Robotics

Robot-assisted spine surgery has blossomed over the past
decade as a practical tool to advance the field of minimally
invasive spine surgery. The first-ever spine robot, the
SpineAssist (Mazor Robotics Ltd., Caesarea, Israel), gained
FDA approval as a tool for pedicle screw placement in 2004.
Since then, newer robotic devices including the Mazor X
(Medtronic and Mazor Robotics, Memphis, TN, USA),
ExcelsiusGPS (Globus Medical, Inc., Audubon, PA, USA),
and ROSA (Medtech Surgical, Inc., New York, NY, USA)
have been developed, and FDA cleared for use in spine
surgery.

All of the FDA approved robots are capable of providing
real-time intraoperative navigation and rigid stereotaxy for
inserting pedicle screws. They are shared-control systems
that allow for the surgeon and robot to directly control
the surgical instruments simultaneously (46). They utilize
a similar workflow to navigated freehand pedicle screw
insertion. Utilizing intraoperative imaging, surgeons can
plan stereotactic trajectories, which are, in turn, produced
by an automated robotic arm (47).

Compared to convention fluoroscopic guided surgery,
robotic-assisted surgery has demonstrated increased
accuracy while decreasing radiation exposure, complication
rates, operative time, and recovery time (48,49). While there
is a lack of evidence comparing robot-assisted to surgery to
intraoperative navigation alone, the robot does offer several
other benefits, including collision avoidance, eliminating
hand tremors, reducing surgeon fatigue, decreasing incision
size, and providing more degrees of freedom than the
human extremity (50). Lastly, Kim ez /. recently reported
that robot-assisted pedicle screw placement is less likely to
damage adjacent facet joints, likely leading to lower rates
of adjacent segment disease (51). This is theorized to be
due to more optimized entry points away from the adjacent
facet and the lack of accidental penetration of the adjacent
facet capsule when attempting to find the correct start point
using the freehand technique.

There is an overall paucity of literature on outcomes of
robotic-assisted TLIF. During TLIF surgery, the primary
role of robot assistance is percutancous pedicle screw
placement. Decompression, preparation of the disc space,
and insertion of the interbody device are all performed using
standard technique under image navigation guidance (52).
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Chenin er al. published a report of their technical
integration and surgical experiences utilizing ROSA
(Medtech Surgical, Inc., New York, NY, USA) spine robot
and intraoperative O-arm CT navigation for minimally
invasive TLIFs (53).

In 2017, Du er al. published the results of 96 robot-
assisted minimally invasive TLIFs for degenerative scoliosis.
The primary goal of their study was to analyze the impact
of placing a gelatin-coated sponge soaked with a mixture
of steroid, anesthetic, and vitamin B12. They used the
MAZOR robot to place 922 pedicle screws in 96 patients
and reported a >1 mm breach rate of 1.3% with no resulting
neurologic complications (54).

Overall, the massive growth of robot-assisted spine
surgery over the past decade has been mainly focused on
pedicle screw instrumentation. The current literature
indicates that robot-assisted pedicle screw placement during
TLIF is a safe and effective technique that likely results in
improved accuracy with reduced radiation exposure for the
surgical team. Future directions for robotics likely include
robot-assisted decompression and facetectomies.

Conclusions

Advancements in intraoperative imaging technology
and MIS spine surgery have resulted in the evolution
of TLIF surgery. Traditional fluoroscopic guidance for
TLIF procedures is slowly being replaced by advanced
image-guided navigation utilizing 3D fluoroscopy and
intraoperative CT. The majority of current literature
supports increased accuracy during pedicle screw
instrumentation, decreased procedure time, and decreased
radiation exposure to the surgeon and operating room staff
with image-guided navigation. New frontiers in TLIF
surgery include continued development of robotic assisted
surgery for both implant and pedicle screw placement.
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