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The current state of navigation in robotic spine surgery
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Abstract: The advent and widespread adoption of pedicle screw instrumentation prompted the 
need for image guidance in spine surgery to improve accuracy and safety. Although the conventional 
method, fluoroscopy, is readily available and inexpensive, concerns regarding radiation exposure and 
the drive to provide better visual guidance spurred the development of computer-assisted navigation. 
Contemporaneously, a non-navigated robotic guidance platform was also introduced as a competing 
modality for pedicle screw placement. Although the robot could provide high precision trajectory guidance 
by restricting four of the six degrees of freedom (DOF), the lack of real-time depth control and high capital 
acquisition cost diminished its popularity, while computer-assisted navigation platforms became increasingly 
sophisticated and accepted. The recent integration of real-time 3D navigation with robotic platforms has 
resulted in a resurgence of interest in robotics in spine surgery with the recent introduction of numerous 
navigated robotic platforms. The currently available navigated robotic spine surgery platforms include the 
ROSA Spine Robot (Zimmer Biomet Robotics formerly Medtech SA, Montpellier, France), ExcelsiusGPS® 
(Globus Medical, Inc., Audubon, PA, USA), Mazor X spine robot (Medtronic Navigation Louisville, CO; 
Medtronic Spine, Memphis, TN; formerly Mazor Robotics, Caesarea, Israel) and TiRobot (TINAVI Medical 
Technologies, Beijing, China). Here we provide an overview of these navigated spine robotic platforms, 
existing applications, and potential future avenues of implementation.
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Introduction

Pedicle screw instrumentation has remained the gold 
standard technique for spinal fixation since its popularization 
by Roy Camille in the 1970s (1). Despite the benefit of 
pedicle screw instrumentation, misplaced pedicle screws 
can result in serious neurovascular injury. Consequently, 
modalities of image-guidance in spine surgery have evolved 
over the years (2-10). Although the precision of image-
guided screw placement is high (10-13), the constant pursuit 
to improve clinical outcomes has prompted the introduction 

of robotics into the field of spine surgery (14-18).
When util izing robots for surgical  procedures, 

surgeons can interface with robots in three ways (19). 
In the supervisory-control system, a surgeon plans the 
procedure and observes the execution of the plan by an 
autonomously acting robot. An example is the Cyberknife 
(Accuray, Sunnyvale, California, USA) radiosurgery robot 
employed by neurosurgeons for the treatment of tumors 
of the central nervous system (20). The DaVinci (Intuitive, 
Sunnyvale, California, USA) robot is an example of a tele-
surgical robot system. These systems are characterized by 
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the translation of direct real-time surgeon input to robot 
output (21). Finally, a shared-control system allows the 
robot to function in concert with the surgeon, who remains 
in primary control of the procedure. Currently, all FDA 
approved, commercially available spinal robotic systems 
are shared-control systems. These systems are theoretically 
capable of reducing human error through increased 
precision in execution, indefatigability, motion scaling, and 
tremor filtration via mechanical actuation (19).

The first shared-control robot designed for use in spine 
surgery, SpineAssist (Mazor Surgical Technologies, Caesarea, 
Israel), emerged in the early 2000s. The SpineAssist was 
developed contemporaneously with computer-assisted 
spinal navigation systems – both of which were promoted 
as a solution to the unsatisfactory screw malposition rate 
and increased radiation exposure associated with minimally 
invasive spinal instrumentation techniques (14,15,17,22,23). 
There are many reports of successful implementation of this 
robotic platform with evidence of increased screw accuracy 
and reduction in radiation exposure relative to traditional 
fluoroscopically-guided freehand technique (14,15,17,18). 
Irrespective of radiographic results, these studies showed 
that clinical outcomes were not significantly impacted with 

the use of a robot compared to the fluoroscopically-guided 
freehand technique. This clinical equipoise combined with 
the high capital acquisition cost of the system stagnated its 
widespread adoption (24).

Historically, robots required a certain level of trust from 
surgeons as the robotic systems did not provide any real-
time visual feedback for instrument localization and depth 
gauging. However, non-robotic 3D computer assisted 
navigation (CAN) in spine surgery (10-13,25,26) has led 
to the integration of computer-assisted navigation with 
modern spine robot platforms. This new combination of 
technologies appears to be driving the resurgence of spinal 
robotics. In this article we review the contemporary 3D 
navigation enabled robotic spine platforms and their current 
and future applications.

Current integrated navigation and robotics 
platforms

The ROSA Spine Robot (Zimmer Biomet Robotics 
formerly Medtech SA, Montpellier, France) was launched 
in 2011 in Europe and has been FDA approved for spine 
surgery in the USA since 2016 (Figure 1). It is a fully 

Figure 1 Rosa spine robot platform. Freely mobile floor-mounted base station with arm (left) and optical infrared tracking camera (right).



Annals of Translational Medicine, Vol 9, No 1 January 2021 Page 3 of 11

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(1):86 | http://dx.doi.org/10.21037/atm-2020-ioi-07

Figure 2 Globus Excelsius GPS platform. Freely mobile floor-mounted base station with arm (left) and Optical infrared tracking camera 
(right).

automated robotic arm with 6 degrees of freedom (DOF) 
deployed from a floor-mounted base station that also 
houses an integrated CAN interface. A separate optical 
camera is used for registration and real-time tracking. A 
removable fiducial array is attached to the robot arm for 
the registration process. A standard posterior superior iliac 
spine (PSIS) or spinous process mounted DRB is used for 
anatomic reference. Pre-operative or intra-operative images 
are acquired and registered to the patient and robot. The 
base station is anchored and the robotic arm is deployed. 
The end effector allows drilling and subsequent insertion of 
a guide wire. Pedicle tapping and subsequent placement of 
the screw can all be performed with optional CAN assistance 
using a tracker array that is affixed to the instrument (27-29).  
The ROSA spine robot is able to move with patient 

respiration and surgical manipulation as the optical camera 
constantly tracks the location of the patient DRB relative 
to a reference array mounted on the base station next to 
the arm. The ROSA platform received an FDA approved 
upgrade in March of 2019, and is now known as Rosa 
ONE. The upgrade includes a fully integrated navigation 
interface and Zimmer Biomet instrumentation package 
and is adaptable across cranial, spinal, and orthopedic knee 
arthroplasty procedures.

The ExcelsiusGPS® (Globus Medical, Inc., Audubon, 
PA, USA) launched in late 2017 and at the time was 
advertised as the first US-built robotic surgical spine 
and fully integrated navigation platform with real-time 
instrument tracking—allowing pedicle screw placement 
without K-wires (Figure 2). The system is anchored on a 
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floor-mounted base station that supports the CAN interface 
as well as the robotic arm itself. The robotic end effector 
employs small wirelessly powered LED markers rather than 
larger standard reflective ball markers, and the instruments 
that pass through and are held by the end effector also have 
their own specific tracking arrays (Figure 3). A standard 
DRB is also mounted to the patient’s PSIS or a spinous 
process. A separate surveillance DRB is bone mounted as 
well. An optical camera is used for registration and tracking. 
Intraoperative CT is the imaging modality of choice for 
registration for ease of work flow, although the robot is 
capable of fluoroscopic registration utilizing a pre-operative 
CT scan. The system can also be used for 3D CAN without 
the robotic arm, if desired (30).

The Mazor X spine robot (Medtronic Navigation 
Louisville, CO, USA; Medtronic Spine, Memphis, TN, 
USA; formerly Mazor Robotics, Caesarea, Israel) initially 
launched commercially in October 2016 (Figure 4). The X 
represented an iterative improvement over the Renaissance 
(Mazor Robotics, Caesarea, Israel) as the robotic arm was 
upgraded to be fully automated and no longer requires a 
patient mounted track for deployment. Instead, the X mounts 
to both the surgical bed frame with rail adaptor attachments, 
and to the patient with a bone connection bridge from the 
robotic arm to a pin placed in the PSIS or spinous process. 
The X has 3 cameras on the arm itself, which first detect 
and volumetrically defines the operative field in order to 
prevent collision with the patient. A fiducial marker is then 
temporarily attached to the arm and registered either to the 

pre-operative CT scan with AP and oblique fluoroscopic 
images, or by intra-operative O-arm cone beam CT 
scan. The robot is then able to guide pedicle cannulation 
and K-wire insertion. The pedicle is tapped and screw 
is placed manually with fluoroscopy for depth guidance. 
Following the acquisition by Medtronic in December of 
2018, the co-adaptation of Stealth Navigation and the X 
Platform was announced and upgrades were launched in 
early 2019. The O-arm acquisition dataset is reformatted 
separately by both the X Robotic guidance processing 
unit and the integrated Stealth Navigation software. This 
allows parallel integration of fully navigated Medtronic 
instruments for real-time instrument position feedback. 
The integrated technical hardware adds a new optical 
tracking camera as well as a new navigation-specific DRB 
that is mounted to the base of the robotic arm (Figure 5).  
The X Stealth Edition otherwise performs identically to the 
non-navigated version.

The TiRobot (TINAVI Medical Technologies, Beijing, 
China) is the first multi-disciplinary orthopedic robot 
created entirely in China and received China FDA approval 
in 2016 (Figure 6). It is the most popular surgical robot in 
China. It has a robotic arm with 6 DOF and registration is 
completed by cross-referencing a patient mounted (PSIS 
or spinous process clamp) DRB as well as a DRB on the 
robotic end effector after 3D iso-centric fluoroscopic 
image acquisition. An optical camera station tracks the 
relative positions of the patient and robotic arm. A third 
and separate CAN station houses the interface for screw 
planning and visual feedback. The end effector holds a 
guide tube for pedicle cannulation and implantation of a 
guidewire. An optical navigation pointer can be used to 
check trajectories and anatomical landmarks in real time. 
Pedicle screws can then be placed over this guidewire and 
implanted with standard techniques (31). This robot can be 
used for other orthopedic applications as well (32,33).

Analysis of platform nuances and features

These current navigated robotic platforms all implement 
optical registration and tracking with 3D imaging for 
pedicle screw trajectory planning and real-time visual 
feedback. Although the original ROSA spine robot and 
the TiRobot are capable of real-time 3D navigation with 
optical pointer tracking, their systems are not capable of full 
k-wireless 3D image-guided navigation of instrumentation. 
Both robotic arms have end effector guide tubes that 
facilitate non-navigated drilling and subsequent placement 

Figure 3 Globus Excelsius GPS end effector with navigated 
instrument.
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of a guidewire. Pedicle tapping and screw implantation 
can then be performed with navigated instruments using 
attachable tracker arrays. The upgraded ROSA One should 
be capable of integrated k-wireless 3D guided robotic screw 
placement, but there is no published literature or media 
about it at the time of publication. The Mazor X Stealth 
Edition and Globus Excelsius both have fully independent 
navigation capabilities, which are unified with their own 
manufacturer specific instrumentation and allow for 

K-wireless screw placement.
Unlike the other platforms, which utilize optical tracking 

for both robot/patient co-localization and 3D navigation 
registration, the Mazor X Stealth Edition interfaces with 
the patient directly. As previously described, the robot is 
mounted to both the patient and the bed. Additionally, 
the fiducial marker for the robot arm is removed after 
registration. Together, this allows the robot to move 
with the patient and bed during respiration and surgical 
manipulation while still maintaining the target trajectory. 
This process is not dependent on optical tracking arrays that 
are susceptible to line-of-sight obscurations or inadvertent 
DRB movement.

Maintaining accuracy of registration is of utmost 
importance in 3D navigated spine surgery (30,34). The 
current navigated robotic platforms all have features to 
maintain navigation accuracy. The Rosa and TIRobot 
systems optically track and facilitate real-time end effector 
compensation for patient movement during respiration and 
surgical manipulation (27-29,31,35). The Excelsius GPS 
also employs additional unique features to ensure navigation 
integrity (30,36). To address unintentional DRB shift, which 
can go unnoticed and result in screw mal-positioning, an 

Figure 4 Mazor X stealth edition platform. Navigation tracking camera (left), base station (middle), bed (and patient) mounted robotic arm 
with end effector (right).

Figure 5 Mazor X stealth edition navigation DRB (Black 6 marker 
array) and navigated instrument (Blue 4 marker array).
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additional optical array with just one reflective marker ball 
is placed into the contralateral PSIS. Continuously updated 
in real-time, this surveillance marker serves to detect an 
offset greater than 1.0 mm from the DRB, which triggers an 
alert automatically. Additionally, the Excelsius GPS robotic 
arm is engineered to be rigid, capable of maintaining less 
than 1.0 mm of deflection under a lateral force of 200 N (30). 
For unintended shift of the DRB, The Mazor X Stealth 
Edition features a rapid navigation re-registration feature 
without the need for additional O-arm image acquisition 
by referencing the original robotic guidance registration. 
In addition, the navigation DRB is placed on the base of 
the robot arm and is physically far from the operative field, 
reducing the chances of accidental displacement.

Skiving, resulting in lateral pedicle breach, is a well 
described phenomenon in robotic spine surgery. This occurs 

when the instrument-bone interface loses orthogonality due 
to a medial entry point with a lateral trajectory (6,16,22,24). 
To address this issue, the Globus Excelsius end effector was 
developed with a unique sensor that detects excessive lateral 
forces generated by instrument skive (30). Visualization of 
instrument deflection by real time navigation can also help 
mitigate skive.

It is important to note that the ROSA One and TINAVI 
TiRobot are both unified platforms designed for use in 
multiple neurosurgery and orthopedic subspecialties. This 
ensures efficient resource utilization considering the high 
capital acquisition cost of these machines.

Potential future adjunctive navigation modalities

As digital optics continue to improve, high resolution 

Figure 6 TINAVI TiRobot platform. Base station (left), optical tracking camera (middle), and floor-mounted robotic arm (right).
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images of the surgical field may be used to register robotic 
platforms to pre-operative imaging rather than intra-
operative fluoroscopy. 7D Surgical (Toronto, ON, Canada) 
implements digital stereoscopic topographical referencing 
of exposed bony elements for point-paired surface matching 
with a pre-operative CT. This allows for rapid registration, 
elimination of intraoperative radiation exposure, and ease of 
re-registration. One of the most significant disadvantages of 
this technology is the technical inability, at the current time, 
to utilize this method for MIS cases where minimal bony 
anatomy is exposed.

Augmented reality (AR) has generated significant 
interest within spine surgery (37). Augmedics Xvision 
System (Chicago, IL, USA), is a recently FDA approved 
AR platform that allows a 3D en face “tip of the spear” 
view of the bony anatomy to be projected to a user-worn 
translucent heads-up display. This platform allows the 
surgeon to maintain line-of-sight to the surgical field and 
all instruments while receiving 3D navigation feedback in 
real time. This study, which specifically evaluated radiation 
exposure with the use of this technology for pedicle screw 
placement showed that the use of AR surgical navigation 
resulted in minimal radiation exposure to operating room 
and staff, whereas the radiation exposure to the patient 
was equivalent to that reported in prior studies using 
intra-operative CT-based navigation platforms. Other 
outcomes including operative time, intra- or post-operative 
complications, accuracy of screw placement, etc. were not 
reported in this study.

Pedicle screw accuracy in current platforms

The literature regarding pedicle screw accuracy with these 
navigated platforms is relatively sparse at the current time. 
No literature exists yet on the pedicle screw accuracy with 
either the Stealth Edition of Mazor X or the Rosa One 
Spine platform, but one can infer that the rates will be 
similar to existing studies that report 100% Ravi Grades A 
or B (6,7,38).

The original Rosa Spine robot has achieved Gertzbein-
Robbin (GR) grades A or B combined accuracy rates 
of 96.3%, 97.3%, and 98.3% in three different studies  
(27-29,39).

The Excelsius GPS has been the subject of two large 
retrospective reviews. Jain et al. reported no screw related 
complications or returns to the operating room with 
643 screws placed. Of the 66 screws that were reviewed 
with post-operative CT scanning, 100% of those were 

categorized as GR A or B (40). In their series of 600 screws 
all reviewed with post-operative CT, Wallace et al. reported 
a GR A or B grade for 98.2% of the screws. Grade C and 
D designations were given to 1.5% and 0.3% of screws. 
These were all laterally breached, and were repositioned 
successfully by utilizing a more lateral entry point and 
medial trajectory. The offset from the plan to the final 
position of the tips and tails of the screws were 1.7±1.3 and 
1.8±1.2 mm, respectively. Deviation from planned angle was 
2.0±1.6 degrees (36). Elswick et al. also reported 97.6% GR 
grades A and B for their study involving 125 screws (41).

The TiRobot has been compared to fluoro-guided 
free hand (FFH) screw placement in a large randomized 
prospective trial by Han et al. (31). A total of 1,116 screws 
were placed between the two groups, 532 in the robot 
guided (RG) cohort and 584 in the FFH group. The 
TiRobot demonstrated superior results across the board. 
Gertzbein-Robbin accuracy was 95.3% grade A and 98.7% 
combined grades A and B for the RG group versus 86.1% 
grade A and 93.5% grades A and B for the FFH group. 
Radiation exposure and blood loss were significantly lower 
in the robot guided group. There were no proximal facet 
violations in the RG group compared to 2.1% violation 
in the FFH group. Surgical times between the two groups 
were not statistically different.

Although no accuracy studies exist for robot navigated 
pedicle screws placed in the lateral position for single position 
circumferential thoracolumbar surgery, these data are 
undoubtedly coming (42). Navigated robotic placement of 
cortical trajectory lumbar screws has also been reported (43).

Radiation exposure in navigated spine robots

Although non-navigated robotic systems are not commonly 
utilized, previous studies have shown a significant decrease 
in radiation exposure compared to fluoroscopic-assisted 
pedicle screw implantation techniques (15,17,18,44). 
In a prospective randomized trial of FFH versus 3D 
navigation versus RG pedicle screw placement, Roser et al. 
reported half the radiation dose in the RG group vs. FFH. 
Interestingly, there was even less ionizing radiation emitted 
in the 3D navigation group, with 35% decreased exposure 
compared to the RG (44). This could be explained by the 
obviation of fluoroscopic guidance for depth control with 
real-time navigation. Still, conflicting evidence exists with 
Khan et al. reporting higher radiation exposure in the 3D 
navigation group compared to the non-navigated RG (7). 
Future studies comparing navigated robotic cohorts to 
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non-navigated robotic cohorts, as well as those comparing 
navigated robotic cohorts to non-robotic CAN will help 
further define this potential advantage.

Learning curve

Studies have shown little difference between novice and 
experienced surgeons with respect to procedural efficiency 
in placing robotically guided pedicle screws; despite this, a 
trend towards increasing efficiency after the performance 
of a certain number of cases or placement of a certain 
number of screws placed has been reported (45,46). The 
only study in a full navigation enabled robotic platform that 
comments on learning curve showed no difference between 
the attending and the first participating fellow. They both 
needed to place 30 screws before a noticeable improvement 
in efficiency was quantified. Notably, the subsequent fellow 
in that study, now learning from the attending surgeon 
with newly acquired robotic experience, demonstrated 
immediate and sustained superior performance compared 
to the attending, suggesting that the learning curve is easily 
transferable through observation (47). The visual feedback 
from real-time navigation could be responsible for this 
observation. However, further investigation is required to 
fully understand the learning process of adoption of robotic 
surgery in practice and how the surgeons’ prior experience 
with other image guidance and CAN modalities impact this.

Other applications of navigated robotic guidance

Navigated cervical spine applications including successful 
placement of odontoid screw (48) and C1-2 trans-articular 
screws (49) have been reported of the TiRobot platform 
only, but not any of the other robots currently in use. 
In both the above reports, the DRB was placed on the 
Mayfield head fixation clamp.

Navigated robot-assisted laminectomy/osteotomy with 
full decompression will inevitably be a part of the future, 
with biomechanical studies having been conducted for this 
application (50,51). These preliminary studies demonstrate 
that the use of a robot for this purpose has the potential to 
provide stable and steady bony decompression, with the 
ability to program the robot to discontinue further drilling 
when the pre-planned thickness of remaining bone has 
been achieved in order to prevent complete penetration of 
the lamina. We envision that this could be implemented 
by using supervisory-control for bony drilling with 
automatic disengagement a few millimeters proximal to a 

predefined 3D area of interest such as the boundaries of the 
spinal canal. The surgeon could then resume control and 
complete the remainder of the decompression manually 
with navigated robotic assistance to avoid critical neural 
elements. Similarly, robot-guided osteotomies for en-bloc 
resection of primary spinal column tumors have already 
been reported for non-navigated spine robots. While these 
initial studies are promising, the evidence is currently 
limited due to the small number of cases reported. The 
integration of navigation with robotics will likely promote 
an increase in their utilization in this arena given the ability 
to determine depth with real-time navigation (52,53). This 
should theoretically improve procedural efficiency and 
safety.

The strenuous physical demands of surgery also pose 
a significant occupational risk to surgeons (54). A robotic 
system with 3D navigation and real-time feedback with 
potential to perform automated sub-periosteal spine 
exposure may relieve manual hand strain. Automated 
pedicle screw trajectory planning (55) and automated 
insertion could be pre-programmed for execution by the 
robotic system. The platforms might also integrate tele-
robotic control, allowing the surgeon to perform the 
operation by remote control in an ergonomically optimized 
command station. Although the use of the DaVinci robot 
for posterior spine approaches in a porcine model for  
non-instrumented spinal surgery was reported over a 
decade ago (56), this platform did not gain traction for 
spinal surgery likely related to limitations with hardware 
and software. However, given the recent advances in and 
increased adoption of other robotic systems for spine 
surgery, a platform similar to the DaVinci robot, which 
allows direct translation of real-time surgeon input to robot 
output may be revisited.

Conclusions

Although spine surgery robots were introduced nearly  
20 years ago, their adoption was limited due to a number 
of factors. Meanwhile, the popularity of 3D navigation in 
spine surgery has grown considerably. The combination 
of robotics with real-time 3D navigation has led to a 
resurgence in the interest of these new robotic platforms 
and their potential future applications beyond pedicle 
screw insertion. Initial studies have shown that the use 
of technology is feasible, safe and effective. It has the 
potential to decrease occupational radiation exposure, 
improve accuracy of instrumentation, allow for more 
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efficient surgery, and alleviate some of the physical and 
mental demands of surgery for the surgeon. Additionally, 
while a majority of current studies report on the use of this 
technology for pedicle screw instrumentation, numerous 
other applications are being explored. This will further 
add to the utility, versatility and cost-effectiveness of these 
platforms, and allow for more widespread use. Further 
studies are necessary to determine the efficacy, efficiency, 
safety and value of these new combined robotic navigation 
systems.
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