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Abstract: Techniques and approaches of spinal fusion have considerably evolved since their first description in 

the early 1900s. The incorporation of pedicle screw constructs into lumbosacral spine surgery is among the most 

significant advances in the field, offering immediate stability and decreased rates of pseudarthrosis compared to 

previously described methods. However, early studies describing pedicle screw fixation and numerous studies 

thereafter have demonstrated clinically significant sequelae of inaccurate surgical fusion hardware placement. 

A number of image guidance systems have been developed to reduce morbidity from hardware malposition in 

increasingly complex spine surgeries. Advanced image guidance systems such as intraoperative stereotaxis improve 

the accuracy of pedicle screw placement using a variety of surgical approaches, however their clinical indications 

and clinical impact remain debated. Beginning with intraoperative fluoroscopy, this article describes the evolution 

of image guided lumbosacral spinal fusion, emphasizing two-dimensional (2D) and three-dimensional (3D) 

navigational methods.
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History of lumbosacral spine surgery and pedicle 
screw placement

Vertebral fusion for surgical correction of spinal disorders 
has been employed in the lumbar spine since 1911 when it 
was initially described, first by Hibbs, then independently by 
Albee later that year (1-3). Hibbs reported a case of surgical 
fusion for treatment of a patient with chronic tuberculin 
osteomyelitis (Pott’s disease) in which the lamina and facets 
were decorticated and fused with autologous morselized 
bone graft. He would later modify his technique for use in 
spinal deformity due to scoliosis. Albee described a separate 
method of spinal fusion, using tibial bone grafts to fuse the 
spinous processes and laminae, which he also described 
initially as a treatment for spinal deformity related to Pott’s 
disease (1). Unfortunately, in order for these procedures 
to be effective, patients often required months of bed rest 
or immobilization with braces or body casts for vertebral 
fusion to occur (4).

Efforts to reduce prolonged post-operative immobilization 
and associated morbidity prompted the development of 

internal fixation devices. The first such method using surgical 
hardware was reported by King in 1944 in which metallic 
screws were placed across the facet in parallel orientation to 
the lamina, often augmented by autologous bone graft (4,5). 
This surgical method provided early evidence that internal 
fixation could promote post-procedural biomechanical 
stability without the need for extended bed rest and external 
stabilization devices (4). However, this and other similar 
techniques presented considerable operative morbidity 
including reports of symptomatic nerve root irritation (4) 
and unacceptable rates of pseudoarthrosis, which exceeded 
50% in some studies (4,6).

Facet arthrodesis with short surgical screws remained 
the mainstay for rigid spine stabilization until 1959 when 
Boucher reported a method more closely resembling 
modern pedicle screw placement. This technique involved 
placement of a longer screw across the fact in an oblique 
fashion, in an orientation that allowed it to gain purchase 
in the face and posterior vertebral body (4,7). Boucher 
required up to 4 months of restricted activity post-
operatively, but reported high rates of clinical success and 
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lessened operative morbidity (7). Pedicle screw placement 
began to gain more widespread traction in 1969, when 
Harrington described placement of pedicle screws through 
the long axis of the pedicle for reduction of high-grade 
spondylolisthesis in a two patient series (8,9). Variations of 
transpedicular screw placement were refined in Europe over 
the ensuing decade and gained widespread acceptance in the 
United States, stimulated in part by a presentation by Roy-
Camille at the American Academy of Orthopedics meeting 
in 1979 (8,10).

By the mid 1980’s convincing evidence had emerged 
supporting the use of pedicle screws fixed to an interlocking 
plate (8), decreasing rates of hardware failure by introducing 
multiple level load-sharing (11). Two variations of the 
adjustable interlocking plate were popularized and 
separately described by Roy-Camille and Steffee (8,12-14). 
Roy-Camille is credited as the first operator to use this 
technique, which he implemented in 1963 (4). These devices 
became the foundation for modern pedicle screw and rod 
constructs, the design of which continues to evolve as a 
result of multidisciplinary research by surgeons, engineers, 
radiologists, and physicists (15).

Over the past three decades, pedicle screw placement 
has become a common procedure for surgical correction of 
spinal trauma, deformity, and instability (4,8). The insertion 
of pedicle screws is a common but demanding technique 
and carries the risk of vascular, neurologic, and mechanical 
complication (16,17). The latter two of these complications 
are often attributable to inaccurate screw placement. In 
fact, the first transpedicular screw fixations reported by 
Boucher relied upon visual and palpable intraoperative 
landmarks, requiring a relatively large operative footprint 
and providing no mechanism to determine pedicle screw 
placement accuracy intraoperatively (7). It is not surprising 
that symptomatic nerve root irritation from malpositioned 
pedicle screws was noted in 2 of the 160 patients cohort (7).

Several in vitro studies have also demonstrated the 
biomechanical significance of malpositioned pedicle screws 
(16,18). Breaches of the medial and lateral pedicle cortex 
have been shown to reduce pullout strength by 8% and 21% 
respectively (18). It is generally assumed that a majority 
of a pedicle screw’s fixation strength derives from the 
segment contained within the pedicle (16,19). Purchase in 
the cancellous bone of the vertebral body and the anterior 
vertebral body cortex each add approximately 20% additional 
strength (16,19,20). These factors underscore the importance 
of accurate lumbosacral fusion hardware placement.

A number of methods have been devised to improve 

pedicle screw placement accuracy and reduce morbidity 
associated with their malposition. Irrigation of the 
drill path prior to pedicle screw insertion (21) and 
intraoperative visualization of the pedicle with a small 
flexible endoscope (22) have been used as adjuncts to 
visual and palpable aids. Intraoperative stimulus evoked 
electromyography (EMG) provides real-time physiologic 
feedback from nerve roots in the operative bed, giving 
immediate feedback if  nerve impingement occurs 
intraoperatively (23,24). While these methods may be 
useful, the integration of imaging and image guided surgery 
(IGS) systems into lumbosacral fusion has played a critical 
role in promoting accurate pedicle screw placement and 
improving procedural success rates (3,16,25-30).

Early methods of image guidance

Early pedicle screw placement utilized plain radiographs 
for both operative planning and post-operative evaluation 
(14,31-33). In order to evaluate hardware placement and 
need for early revision, an intraoperative lateral radiograph 
was adapted by many surgeons (31). Odgers examined 
this technique in a prospective study of 72 patients who 
underwent transpedicular screw placement using only an 
intraoperative lateral radiograph for image guidance and 
found a 10.0% per screw pedicle breach rate. Odgers’ 
breach rates were similar to those later reported using 
fluoroscopic-guidance (34), and only two patients in 
Odgers’ cohort were found to have symptomatic neurologic 
complications. However, the validity of this technique 
was called into question by several studies showing poor 
accuracy of radiographs in diagnosing pedicle screw 
malposition (32,35).

The incorporation of fluoroscopy into spine surgery 
represented an important advancement in image guidance. 
Fluoroscopy offers several benefits over radiographic 
guidance including prompt, multiplanar imaging when a 
C-arm is used. These factors, coupled with the common 
availability of fluoroscopy imaging units, have prompted 
its widespread adaptation. According to a worldwide 
survey published in 2013, fluoroscopic navigation was used 
routinely as the primary method of image guidance by 78% 
of spine surgeons (36).

The factors contributing to hardware malposition when 
using fluoroscopic guidance are complex and include 
operator experience, vertebral level of the operation, and 
alterations to conventional spinal anatomy to name a 
few (9). In the best case scenario in which the operators 
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are experienced and a majority of patients receive surgery 
for correction of degenerative disease, breach rates below 
3% have been reported (37,38). A single center, multiple 
operator study by Parker et al showed an overall pedicle 
breach rate of 1.7% using fluoroscopic guidance to place 
6,816 pedicle screws in both the lumbar and thoracic 
spine (38). However, other studies have reported breach 
rates exceeding 30% for fluoroscopically-guided pedicle 
screw placement (27,39). These relatively high rates are 
attributable to the limitations of two-dimensional (2D) 
image guidance in the evaluation of an anatomically 
complex, three-dimensional (3D) structure such as the 
vertebral body, relying on operator spatial awareness for 
accurate hardware placement. Although these examples 
represent two opposing extremes, pedicle screw malposition 
rates are generally assumed to be 10-15% using fluoroscopy, 
as four separate meta-analyses have shown breach rates of 
13.1% (30), 15% (9), 14.5% (27), and 9.7% (34).

Preoperative CT-based stereotactic navigation

The term “stereotaxis” in the surgical literature initially 
referred to methods of localizing targets for surgery using 
a fixed external reference frame attached to or adjacent to 
the patient (40). The evolution of computer technology 
in the early 1990’s allowed for development of frameless 

systems, which gained first use in operative localization of 
brain tumors (41). Early frameless stereotaxis employed 
preoperative CT datasets loaded into an image post-
processing workstation. These datasets were later 
registered with the patient’s spinal anatomy using a sonic 
probe (42). As the probe was maneuvered intraoperatively, 
the corresponding 3D imaging anatomy could be 
manipulated in multiple imaging planes at a variety of 
depths, and the probe was used to guide pedicle screw 
placement (42). This method showed early promise, with 
initial studies demonstrating a pedicle screw malposition 
rate of approximately 1% after placement of 150 total 
screws (42).

A number of variations on the frameless stereotactic 
system were developed over the ensuing decade, which 
consisted of an image workstation to compute either 2D or 
3D images (Figure 1), a system to track surgical instruments, 
and a reference device (15,43). The sonic probe used 
by Kalfas in 1995 was largely supplanted by external 
systems that track surgical instruments using infrared light 
(Optotrac®) or light emitting diodes (LED) (Polaris®) (43). 
LED-based systems have either LEDs (active arrays) or 
reflective spheres (passive arrays) attached to the surgical 
instruments and the reference array so that they can be 
tracked by an external camera (44). The referencing device, 
or dynamic reference array (DRA) is secured to a bony 
landmark outside of the immediate operative field (Figure 2).  
A camera tracks the position of surgical hardware and 
instruments in the operative field with respect to the DRA 
and relays this information to the workstation (15,43,44). 
The workstation then displays the relative position of the 
surgical equipment. Additional non-optical systems using 
electromagnetic tracking systems have also been developed, 
which operate on the same basic principle (45).

Systems based on preoperative imaging required a CT 
scan of the operative field, typically at least 150 1-mm slices 
for a single level fusion (43). This CT dataset would then 
be transferred into the navigation system and the window 
settings manually adjusted to the desired levels. There 
are several aspects of this process that potentially hinder 
technical success and accurate pedicle screw placement. 
Failure to adjust the imaging parameters to properly exclude 
non-osseous structures is one such example that can lead to 
hardware malposition (43,45).

Another important source of potential error is the 
process of registration, whereby the spinal anatomy in the 
operative field is linked to the preoperative CT. Several 
methods have been used in registration, including CT-

Figure 1 Intraoperative view of the Stealth Station© 3D 
intraoperative CT guidance system (Medtronic Sofamor Danek, 
Memphis, TN, USA).
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fluoroscopy and paired point matching (15,43). In paired-
point matching, important landmarks are marked on the 
imaging system and their corresponding location in the 
spinal anatomy is denoted and registered in the system. 
CT-fluoroscopy matching uses multiple 2D fluoroscopy 
images at varying planes to match with the pre-operative 
CT dataset (15). The third method referred to as surface 
mapping matches a number of surface points presented to 
the system with a computer-generated 3D reconstruction 
of the spine surface (15). While the combination of surface 
mapping and paired point matching has been shown 
to increase registration accuracy, the effect is likely not 
clinically significant (46). For these reasons, a number of 
operators using this navigation method prefer the paired-
point matching technique (46).

Registration accuracy is affected by a number of 
additional factors, including the intrinsic capabilities of 
each system. Intraprocedural movement of the reference 
frame is a potential cause of misregistration and associated 
pedicle screw malposition. For paired point matching, the 
reference points must be selected on un-injured vertebrae, 
so as to reduce the possibility of intraoperative shifting 
(43,45). Another significant factor affecting the accuracy of 
navigation systems, particularly those based on pre-operative 
CT imaging, derives from differences in patient positioning 
(15,43,44). Patients typically undergo preoperative imaging 
in the supine position, whereas lumbosacral fusion is 
conventionally performed in the prone position. These 
positional differences can alter intersegmental relationships 
by several millimeters, but are unaccounted for by the 
navigation system (15). Efforts to mitigate the effects of 
misregistration and intersegmental shift include registration 
of bony landmarks at multiple levels in the lumbosacral 

spine and on multiple serial occasions (47). This method 
results in considerably increased operative times, potentially 
without clinical benefit, as a study by Papadopoulos 
concluded that single-time multisegmental registration 
provided sufficient accuracy to avoid symptomatic pedicle 
breach (47).

IGS based on preoperative CT imaging have improved 
the accuracy of pedicle screw placement, with breach rates 
of approximately 2% in the lumbosacral spine (48-50). 
Improved accuracy over conventional methods were 
also corroborated in the cervical spine (25,29,51,52) and 
thoracic spine (29,49,50,53). However, pre-operative CT-
based systems also have limitations and potential drawbacks. 
First, each patient must undergo pre-operative CT imaging 
which adds a level of cost, inconvenience, and radiation 
exposure that the patient would not otherwise experience 
(44,45). Further, the registration process is cumbersome 
and time consuming. Increased operative times caused 
by registration are undesirable and potentially increase 
rates of infection (38). The accuracy of registration is also 
operator-dependent and susceptible to error, largely due to 
differences in patient positioning (45).

Fluoroscopy-based navigation

As of 2013, a majority of surgeons routinely use fluoroscopic 
guidance for pedicle screw placement (36) (Figure 3). 
Therefore computer-aided image guidance based on 
conventional C-arm imaging is attractive to many surgeons. 
2D fluoroscopy-based navigation, often referred to as 
“virtual fluoroscopy”, uses intraoperative fluoroscopy to 
guide hardware placement. Like pre-operative CT-based 
systems, virtual fluoroscopy includes an image workstation, 

Figure 2 (A) Dynamic reference array (DRA) frameless stereotactic device; (B) Tracking system for three-dimensional (3D) stereotaxis can 
be comprised of an electro-optical or electromagnetic system. Both provide real-time localization of surgical instruments in the operative 
field relative to the DRA.

A B
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a stationary DRA, and customized surgical instruments 
capable of being tracked in the surgical field (44). Instead of 
a pre-operative CT scan, multiple fluoroscopic projections 
are acquired intra-operatively to construct a computer-
generated model of the operative level (43). This imaging 
step is performed while the operating room staff is at 
a sufficient distance from the image intensifier (II) to 
mitigate significant radiation exposure (44). Modeling is an 
automated process, eliminating the often lengthy registrations 
required by pre-operative CT-based systems (15). An electro-
optic camera then tracks the position of surgical instruments 
and relays this information to the computer system, 
which incorporates C-arm angle into the model images to 
triangulate hardware position and trajectory (43,44).

Fluoroscopic navigation improves pedicle screw 
placement accuracy when compared to conventional 
fluoroscopy (54). In a meta-analysis published in 2014, 
Mason noted overall breach rates of 31.9% and 15.7% using 
2D fluoroscopy and virtual fluoroscopy respectively (54). 
However, virtual fluoroscopy is associated with a number 
of important drawbacks compared with 3-D navigation 
techniques. Primarily, fluoroscopic navigation does not 
impart the three-dimensional spatial feedback provided 
by 3D guidance systems and thus results in higher rates of 
pedicle screw malposition (54). Image quality is also highly 
dependent on the imaging system used, and can be degraded 
by increasing patient size or bone demineralization (44). 
Finally, virtual fluoroscopy has been shown to reduce 
fluoroscopic radiation exposure (55) although it requires 
some degree of radiation exposure to the operative staff (44).

Intraoperative CT-based Navigation

Stereotaxis utilizing intraoperative CT (IoCT) represents 

the latest generation of advanced image guidance systems 
(IGS) to gain use in spinal fusion. IoCT systems utilize 
similar imaging technology to preoperative CT-based 
navigation, incorporating imaging guidance computer 
software, a stationary DRA, electro-optic camera, and 
specialized surgical hardware for stereotaxis (44). Because 
of these similarities, IoCT and preoperative CT-based 
navigations systems are easily confused in the literature 
The principle advancement in IoCT is the application 
of portable fluoroscopy units to obtain CT-like datasets 
within the operative field (15). Under general endotracheal 
anesthesia, patients are imaged while in the operative 
position. Two commonly used systems are the Iso-C 
(Siemens Healthcare USA, Malvern, PA, USA) and the 
O-arm (Medtronic Inc., Minneapolis, MN, USA) shown in 
Figure 4. The scan generally requires less than 2 minutes (44) 
and consists of either a 180° C-arm or 360° O-arm rotation. 
The image quality of CT images acquired in this fashion 
are acceptable for navigational purposes due to the intrinsic 
contrast differences between the dense osseous structures of 
the lumbosacral spine and the relatively low attenuation of 
surrounding regional soft tissues (56).

IoCT eliminates positional variances that degrade the 
accuracy of preoperative CT systems by imaging patients 
in the operative position. The electro-optic camera tracks 
and triangulates the DRA position during the initial 
CT scan, eliminating the time-consuming registration 
process. Images are automatically loaded into the image 
guidance computer system in a process that typically takes 
less than one minute (44). This technology provides a 
mechanism for repeated CT-imaging if the DRA or patient 
is moved significantly during the procedure (15,44), and 
2D fluoroscopy remains available for use in intraoperative 
troubleshooting when necessary. These factors contribute 
to the increased accuracy of pedicle screw placement using 
IoCT when compared to other methods of image guidance. 
In a comparative study, Wood noted a 6.4% pedicle breach 
rate using preoperative CT-based 3D stereotaxis compared 
with a breach rate of 1.6% using IoCT stereotactic 
navigation (57). IoCT has also demonstrated improved 
rates of pedicle breach when compared directly to the 
conventional (Roy-Camille) method (58), 2-D fluoroscopic 
navigation (54,59) and virtual fluoroscopy (54).

Although IoCT navigation provides a number of unique 
advantages, it is not without drawbacks. This modality 
presents a learning curve for inexperienced operators and those 
less familiar with 3D anatomical representations (15). It should 
be noted, however, that a meta-analysis by Shin concluded 

Figure 3 Lateral and oblique two-dimensional (2D) fluoroscopic 
views of the lumbar spine during pedicle screw placement.
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that average operative times were similar among navigated 
and non-navigated groups (9). A primary concern with 
IoCT navigation is that of cost. The cost of an O-arm can 
significantly exceed that of a conventional fluoroscopy unit, 
even when not accounting for the necessary accompanying 
software and surgical instruments. Cost is likely a 
significant contributor to why IoCT stereotactic systems 
are predominantly located at tertiary referral centers, with 
relatively limited availability in Latin America and the 
Middle East (36). Further, accuracy of the stereotactic array 
diminishes with increasing distance, potentially requiring 
repositioning of the DRA and repeated CT imaging in 
multilevel procedures (15). Any movement of the reference 
array after the CT scan could result in misregistration and 
hardware malposition. This is underscored by Bourgeois et 
al, who reported pedicle breach rates below 1% in a large 
cohort of IoCT navigated patients. However, one patient 
in this series had bilateral pedicle breach presumably 
attributable to intraoperative movement of the reference 
array, with resulting nerve irritation requiring early 
reoperation (30).

Minimally invasive spine surgery and 3-D 
stereotaxis

Traditional management of lumbar stenosis entails open 
decompression via bilateral laminectomy, with or without 
facetectomy. While this methodology is effective in 
removing the inciting anatomic cause of spinal stenosis, 

removal of the posterior osseous and ligamentous structures 
can cause instability and result in prolonged back pain 
(60-62). Furthermore, open surgical decompression 
requiring a wide operative field requires incision though 
and retraction of a large volume of paraspinal musculature, 
potentially inducing muscle atrophy and further propagating 
instability. Minimally invasive spine surgery (MISS) refers to 
collective operative techniques aimed at reducing operative 
morbidity by decreasing the operative footprint. MISS 
surgical techniques include use of tubular access retractors 
introduced through small paramidline incisions, with or 
without endoscopic assistance, as well as limited decompression 
via partial facetectomy and microdiscectomy (63). While 
functional outcomes have been shown to be similar among 
conventional and minimally invasive techniques, MISS 
approaches are associated with reduced operative blood loss, 
reduced operative times, decreased rates of durotomy and 
fewer postoperative infections (60,64,65). These techniques also 
reduce postoperative hospitalization (60), and permit same-day 
discharge in some cases (66). Minimally invasive techniques 
are not limited to treatment of degenerative pathology 
and have been applied for treatment of spodylolysis (67), 
traumatic fractures (68,69), and malignancy (70).

The small access approaches used in MISS require 
much less surgical exposure of the lumbar spine, relative 
to traditional open techniques (Figure 5). Instead of 
placing pedicle screws via large open incisions, minimally 
invasive spine surgeons generally use a percutaneous 
approach. Percutaneous pedicle screw placement (PPSP) 

Figure 4 (A) O-arm portable fluoroscopic unit (Medtronic Inc., Minneapolis, MN, USA); (B) Iso-C portable fluoroscopic unit (Siemans 
Healthcare USA, Malvern, PA, USA).
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is challenging in that it removes bony palpable and visual 
landmarks that are typically used by the surgeon to guide 
hardware placement (30). This increases reliance on 3D 
navigation to visualize the bony anatomy of the pedicle 
and vertebral body to guide pedicle screw placement. 
Furthermore, MISS generally prohibits use of paired-
point matching registration for preoperative CT-based 
stereotaxis, as the bony landmarks required for registration 
are not conventionally exposed. This requires use of another 
matching method if preoperative CT-based stereotactic 
navigation is to be used. These factors have contributed to 
a shift towards the use of the newest generation of advanced 
IGS, included those based on intraoperative CT with 3D 
stereotaxis. The need for advanced image guidance likely 
contributes to the limited availability of MISS.

According to a recent global survey in 2013, only 
15% of spine surgeons reported routine use of minimally 
invasive techniques for interbody fusion (15). This is 
at least in part attributable to the challenges of MISS, 
associated reliance on advanced IGS, and availability 
(or lack thereof) of navigation systems. However, recent 
data have validated the accuracy of PPSP using advanced 
image guidance. A recent study of 2,132 lumbosacral 
pedicle screws placed percutaneously under IoCT based 
3D navigation in conjunction with MISS showed a breach 
rate of 0.33% (30). These data were compared to a cohort 
of 4,248 fluoroscopically-navigated pedicle screws which 
demonstrated a breach rate of 13.1% (71-80). The authors 
concluded that treatment of only 6 patients with IoCT 

navigational guidance would be required to prevent one 
pedicle breach. These data are among the lowest ever 
reported in a large patient series.

Radiation exposure from spinal surgery

All of the navigational systems discussed thus far require the 
use of some form of ionizing radiation. Radiation exposure 
can be a concern for the patient undergoing a procedure. 
Additionally, prolonged exposure to the operative staff can 
result in the accumulation of large absorbed doses over the 
course of a career. This has been the subject of a number of 
preclinical and in vivo studies. A phantom study published 
in 1999 showed increased phantom dose associated 
with the use of CT-based navigation systems, although 
the dose could be decreased 40% using an optimized  
protocol (81). However, subsequent cadaveric studies have 
shown decreased dose to the surgeon without differences in 
operative time among the fluoroscopy and navigated groups, 
although slightly increased patient radiation exposure was 
reported with CT-based navigation in one study (82). A 
2008 study by Smith showed that navigation reduced mean 
dose to the surgeons’ torso when compared to conventional 
fluoroscopy, from 433±266 to 33±82 mGy (83). An in vivo 
examination of patient dose with and without computer-
aided navigation corroborated the dose saving associated 
with navigation (84). In this study, Gebhard reported 
median absorbed dose of 1,091 mGy using conventional 
C-arm guidance, versus 664 mGy with virtual fluoroscopy 

Figure 5 Surgical instruments for minimally invasive spinal surgery (MISS): (A) Percutaneous pedicle screw (Sextant, Medtronic Inc.); (B) 
Minimal Exposure Tubular Retractor (MetRX, Medtronic Inc.).
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and 432 mGy with CT-based fluoroscopic navigation (84). 
IoCT based guidance imparted the lowest radiation, with 
median dose of 152 mGy (84). It has also been shown 
that radiation exposure to the operative staff during the 
intraoperative CT is negligible when the staff members 
are at least 10 feet from the fluoroscopy unit (85). These 
studies demonstrate an overall dose reduction with advanced 
image guidance particularly IoCT based 3D stereotactic 
systems. MISS approaches alone have been shown to impart 
reduced radiation dose to the operator when compared 
to conventional approaches, although this likely reflects 
increasing use of advance image guidance systems with 
MISS (82,86).

Future horizons: robotic-assisted surgery

Robotic assisted surgery has considerably expanded since 
its earliest description in 1992 (87). The first surgical robot 
to gain FDA approval, the da Vinci, was originally designed 
for cardiac surgeries. It has since gained widespread use 
in a number of applications including prostatectomy, 
hysterectomy, and nephrectomy (88). Robotic surgery has 
further expanded in scope in recent years, having been 
applied to thyroidectomy (89), head and neck and lung 
cancer resection (90), colorectal surgeries (91), organ 
transplant (92), and endovascular procedures (93). Over 
the past decade, at least 18 robotic systems have also been 
used for surgical and percutaneous spine intervention (87). 
Robotic surgery in the lumbosacral spine has been primarily 
performed by three systems: the da Vinci surgical system 
(Intuitive Surgical Inc., Sunnyvale, CA, USA), SpineAssist 
(Mazor Robotics Ltd., Caesarea, Israel) and the Renaissance 
system (Mazor Robotics Ltd., Caesarea, Israel). The 
Renaissance system is currently the most widely used for 

spine intervention (88) (Figure 6).
The da Vinci consists of a robotic platform that has 

either 3 or 4 robotic arms that operate different endoscopic 
trocar systems (88). Each arm is controlled from the 
surgeon’s console, typically located in the same room as 
the patient. The da Vinci allows the operator to work from 
a seated position and offers excellent 3D visualization of 
the operative field. The da Vinci has also been applied to 
anterior lumbar interbody fusion (ALIF) in the lumbosacral 
spine. ALIF is generally performed in clinical settings in 
which rigid biomechanical stability is desired, either in the 
case of revision for pseudoarthrosis, spinal deformity, or 
instability (94). Anterior interbody fusion provides increased 
anterior and middle vertebral column stabilization although 
access to the central canal for decompression is limited. 
This surgical method requires a transperitoneal approach 
which places the patient at risk for significant morbidity, 
including neurovascular and ureteral injury (88,95). Lee 
reported two cases in which patients underwent ALIF 
at L5-S1 for correction of degenerative disease in which 
the da Vinci was used to avoid the presacral nerve plexus, 
achieving technical and clinical success (95). While these 
results show promise, current literature evaluating the da 
Vinci is limited to small patient series given its infrequent 
use in spine surgery (95).

The SpineAssist is the first robotic system dedicated 
solely to spine intervention. It was originally referred to as 
the MARS, or MinAture Robot for Surgical procedures (87). 
It was approved for use in 2004 under the commercial 
name SpineAssist. The newest generation of SpineAssist is 
known as the Renaissance Robotic System, offering better 
ergonomics, a smaller profile, and an enhanced software 
platform (88). Both of these systems are considerably 
smaller than the da Vinci, approximating a soda can in 
size and weight (5 cm base diameter and 8 cm height with 
weight of 250 g) (87). Via a dedicated computer workstation, 
the SpineAssist or Renaissance aids positioning of surgical 
hardware and instruments according to predetermined 
trajectories (15). Operative planning occurs in a similar 
fashion to that of preoperative CT-based stereotaxis, 
requiring a dedicated preoperative CT scan. The robot is 
mounted to either a bony landmark on the patient or to the 
operative table. Matching to the pre-operative CT dataset 
occurs using a fluoroscopy matching algorithm with a 
conventional C-arm.

SpineAssist and Rennaissance have been implemented 
worldwide in over 2,500 procedures (87) in more than 25 
medical centers (88). Their use has been the subject of 

Figure 6 Robot-assisted spinal fusion using the Renaissance® 
Guidance System. Image courtesy of Mazor Robotics Inc.
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at least one large, multicenter analysis using PPSP. This 
report of 840 cases showed a total pedicle breach rate of 
10.7% using the SpineAssist, although only 1.7% breached 
the pedicle cortex by more than 2 mm (96). Neurologic 
complications were found in only 4 of the 840 patient series, 
and the deficits were transient in each instance. These 
data illustrate the potential benefits of robotic systems 
over conventional methods. However, it should be noted 
that these rates of pedicle screw placement are inferior 
to previously discussed studies evaluating PPSP accuracy 
using IoCT stereotaxis (30). This phenomenon could 
result from slight inaccuracies in the registration process, 
a phenomenon well-described in stereotactic navigation 
based on preoperative CT (87). Regardless, spinal robotics 
remains in the early stages of development. The future may 
hold a role for widespread use of robotic navigation systems, 
as well as implementation of robotics in laminectomy and 
percutaneous spine intervention.

Conclusions

Spine surgery is a rapidly evolving field, which has 
changed significantly over the past century with recent 
major advances in operative technique and image 
guidance systems designed to increase the accuracy and 
decrease the morbidity of hardware placement. The 
pedicle screw construct has served as the primary means 
of rigid internal stabilization for promoting spinal fusion 
since the 1970’s. Accurate placement of pedicle screws 
increases biomechanical stability and reduces operative and 
postoperative complications.

A number of imaging methods and image guidance 
systems have been used to aid transpedicular screw 
placement. Of these, stereotactic navigation based on 
intraoperative CT is a promising modality offering the 
benefits of highly accurate pedicle screw placement, reduced 
operative radiation exposure, and seamless integration into 
minimally invasive spine surgery. Robotic-assistance systems 
represent an emerging modality that may also facilitate high 
accuracy of hardware placement.
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