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Abstract

Aim: The purpose of this study was to assess the learning curve and the accuracy of robot-assisted pedicle screw
placement in the first 41 cases.

Methods: This retrospective study investigated the first 41 patients undergoing spinal fusion, whereby 250 pedicle
screws were inserted with robotic assistance in a private hospital by a single surgeon. The pedicle screw accuracy
was evaluated by computed tomography scan by an orthopedic surgeon according to the Gertzbein and Robbins
classification. Planning time and screw placement time were noted. In addition, data about any screw malposition,
a return to the operating theatre, and intraoperative repositioning were collected. The data were analyzed with
Microsoft Excel.

Results: The results show a high degree of accuracy (98%) of pedicle screw placement with a minimally invasive
robot-assisted spinal fusion with no screw malposition requiring a return to the operating theatre. The learning
curve improved with time, reaching a plateau at around 25 cases.
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Conclusion: This study shows a high degree of accuracy of pedicle screw placement with the robot and it shows a
surgeon's improved experience with the robot with time. Further comparative studies are needed to better assess
the robot's accuracy and its future in spine surgery.

Keywords: Minimally invasive surgical procedures, bone screws, vertebrae, robotics

INTRODUCTION

Pedicle screws remain the primary mode of fixation providing adequate stabilization for facilitating fusion
in spinal procedures. Freehand pedicle screw insertion remains a challenging procedure owing to the many
important structures near the pedicle, such as the spinal cord, nerve roots, and associated vessels.
Complications such as neurological deficits and vascular injuries secondary to misplaced pedicle screws are
prevalent with an incidence of 1%-54%".

Moreover, complex deformities such as scoliosis and morphologic conditions such as dysplastic vertebral
pedicles make screw placement challenging. The introduction of fluoroscopy has improved accuracy and
facilitated the emergence of minimally invasive surgery procedures, but it has also given rise to increasing
concerns of radiation exposure to the surgical team". Recent availability and acceptance of computer-
assisted navigation techniques have minimized the risk of radiation exposure to the surgical team and
improved the accuracy of screw placement, but this is largely dependent on the surgeon’s expertise and
knowledge of anatomy"'.

The navigation-assisted spinal robotic system (ExcelsiusGPS®, Globus Medical, Inc., Audubon, PA) used in
this study is a floor-mounted guidance arm system that allows for placement of pedicle screws along the
preplanned trajectory with real-time navigation guidance. Initial results show increasing accuracy of screw
placement in prone and lateral position surgeries, allowing for reduction in surgical time for anterior
interbody fusion with posterior instrumentation and overall radiation exposure to the surgical team'".
However, the learning curve of this new technique needs further evaluation.

We aimed to evaluate the learning curve and describe our experience of using the ExcelsiusGPS robot in the
setting of prone and lateral position surgeries, emphasizing the surgeon’s experience with planning,
accuracy of implant insertion, and radiation exposure incurred in our cases.

METHODS

Patient selection

The first 43 consecutive patients were evaluated, operated by a single surgeon experienced in the use of
stereotactic navigation, using the ExcelsiusGPS® (Globus Medical, Inc., Audubon, PA) at a single institution
from April 2019 to February 2020. All consenting patients more than 18 years of age were included
irrespective of any antecedent surgical procedures. Written informed consent was obtained from all
patients. All data were obtained in the outpatient clinic with follow up period of at least one year. Two cases
were removed from the study cohort due to technical malfunction in the robot. The robot was successfully
used in the other 41 cases. The patient demographic data (age, sex, and BMI) were recorded. Patient
position, image acquisition protocol, total time of robot use, planning time for each case, and radiation
exposure were noted immediately after the procedure. Two patients underwent scoliosis deformity
correction. The rest were one-, two-, or three-level interbody fusions.
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Biplanar fluoroscopy was used to check the position of the screws after placement and any unacceptable
screws were revised immediately and noted. Postoperatively erect radiographs were taken to check on the
construct. Follow up was planned using our standard protocol with X-ray radiographs at one, three, and
twelve months postoperatively and computed tomography (CT) cans at six months postoperatively of
instrumented levels for all patients.

Analysis

The accuracy of pedicle screw placement was determined as grades (Grade A, 0 mm; Grade B, 0-2 mm;
Grade C, 2-4 mm; Grade D, 4-6 mm; and Grade E, > 6 mm) based on the 2 mm incremental system
according to CT scans at six months developed by Gertzbein and Robbins". The number of screw breaches
was recorded for each group. All revised screws were considered as inaccurate. All other screws were
considered for analysis irrespective of intraoperative change of trajectory or freehand placement of screws
using the ExcelsiusGPS navigation system. The number of acceptable screws divided by the number of total
screws placed with robotic navigation resulted in an accuracy percentage for this study.

Surgical technique

Patients were positioned prone or lateral. The position was determined based on the surgeon’s preference
and the surgical procedure planned. The patients who underwent posterior only instrumentation was
positioned prone on the Jackson table. The surgical field was prepped and draped in the usual sterile fashion
allowing access to bilateral posterior superior iliac spine (PSIS) in all cases. The ExcelsiusGPS® fiducial
marker [called the dynamic reference base (DRB)] was placed in the right PSIS via a small stab incision
during prone position and in the left PSIS in the single lateral position. In cases where an open incision was
utilized, the DRB was mounted on the spinous process clamp attached to the lower most spinous process
not considered in the construct. The intraoperative CT fixture (ICT) was attached to the fiducial marker, in
a plane parallel to the floor and just above the patient’s skin over the area of interest.

Patients undergoing OLIF procedure in conjunction with posterior instrumentation were positioned in the
left lateral decubitus position over a flat top table and taped in the usual fashion to allow tilting of the table
without allowing any patient movement intraoperatively. The surgical field was prepped and draped widely
allowing access to the left Iliac crest and PSIS. The DRB was placed on the left PSIS, while the surveillance
marker was placed a few inches anterior to the DRB along the crest. The DRB post was tilted caudally to
avoid any interference between the camera and the reference frame. The intraoperative CT fixture (ICT
frame) was attached on the DRB post and placed flat over the area of interest on the patient’s skin.

Imaging protocol
The ExcelsiusGPS robotic navigation platform supports three imaging protocols: preoperative CT scan,
intraoperative CT scan, and intraoperative fluoroscopy.

Preoperative CT scan

The preoperative CT scan was utilized in patients undergoing instrumentation for more than five levels.
The CT scan was carried out using a special protocol involving a scan in supine position with 1 mm image
cuts for integration with the robotic navigation platform. In patients with preoperative CT scan, validation
of landmarks was done using serial orthogonal radiographs for each level to be instrumented. The
radiographs were then transferred to the robot navigation system for screw trajectory planning. The
validation and verification system of the ExcelsiusGPS robot system provided alternate ghosting images of
the radiographs and the CT scan during the planning phase.
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Intraoperative CT protocol

Patients undergoing less than four-level instrumentation or lateral position surgery were subjected to the
intraoperative CT protocol. The O-arm-2 (Medtronic Sofamore Danek Inc, Memphis, TN) was used to
acquire the three-dimensional (3D) CT scan. The surgical table was raised to a height of 110 cm from the
floor for easy maneuvering of the O-arm doughnut without major adjustments needed for the CT spin. The
surgical field was draped circumferentially in order to maintain sterility [Figure 1]. The scan was then
transferred to the ExcelsiusGPS navigation system for pedicle screw trajectory planning, which included
entry point, trajectory, screw length, and screw width.

During the planning phase, axial, sagittal, coronal, and 3D reconstruction views were available for the
surgeon on the navigation screen for planning of the screw trajectories. Care was taken to use the widest
and longest screws possible for each pedicle [Figure 2A].

The trajectories were matched to allow as small an incision as possible. The plan was also adjusted by the
surgeon for the best possible way to allow easy rod insertion and reduction of deformity based on the
surgeon’s experience [Figure 2B].

Time taken for planning each screw was noted. The planning time also included sterile draping of the robot
arm by the assistant done simultaneously. On validation of landmarks on the DRB with those seen on the
navigation screen, the reference frame ICT was then removed from the field taking care not to disturb the
DRB. The robot was then wheeled into the surgical field. The robot was docked securely to the floor once all
trajectories could be reached by the end effector arm. The navigated instruments, including a position
tracker, drill, and navigated screw guide, were registered in the system previously by the scrub nurse. The
surgeon utilized a foot pedal to bring the robotic arm to the planned screw trajectory. With the end effector
in position, a stab incision was made, and a power drill was first used to cannulate the pedicle, and the screw
was then placed through the stable, rigid end effector. Real-time visualization of the screw trajectory and
indicators of excessive skiving force were available to the surgeon through the process of screw insertion.
Once all screws were placed, the robot was undocked and removed from the surgical field and screw
placement was checked on orthogonal radiographs. Any unacceptable screws were revised immediately
before advancing to the next step. Rods were inserted and the construct completed. The time taken for rod
insertion was excluded from the calculation. Final A-P and lateral radiographs were taken to check the
construct.

Radiation exposure: The dose imparted at each scan was calculated from the dose report generated by the
O-arm and converted to mSv using a uniform tissue factor of 0.015 for uniformity in calculations. Similarly,
all fluoroscopy exposures were measured in milliseconds based on the readings from the C-arm.

RESULTS

The ExcelsiusGPS Spine robot guidance system was successfully used in 41 of 43 consecutive cases between
April 2019 and February 2020. Two cases were abandoned due to technical reasons where the robot could
not connect with the intraoperative image acquisition system. Those cases were excluded from the study.
Statistical analysis was done using Microsoft Excel (Microsoft Corporation, Redmond, Washington, United
States). Fixation was done across 86 motion segments over the course of the study period. The mean age of
patients was 70.9 + 10.5 years. Thirty (60%) patients were female and 20 (40%) were male [Table 1]. The
mean BMI was 29.2. Of the 41 patients, 17 patients were operated in the single lateral position; 8 patients
were operated in the lateral position and then repositioned in prone position for posterior fixation; and 16
patients were operated in prone position only. Out of the 41 lumbar fusion patients, 33 had interbody fusion
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Table 1. Demographics

Age (years) 709+95
M/F 15/26
Total cases (n) 41

BMI 292+56
Total screws for assessment 250

Total number of instrumented levels 86

BMI: Body mass index.

Figure 1. Draping of the patient when O-arm is used with DRB and ICT shown clearly. DRB: Dynamic reference base; ICT: intraoperative
computed tomography.

Figure 2. (A) Intraoperative planning prior to draping. (B) Intraoperative planning change with the screen draped during screw insertion.

and reconstruction. The intraoperative CT scan protocol was utilized in 38 cases. The preoperative CT scan
with intraoperative fluoroscopy integration was used in three patients.

Learning curve
The patients were classified into five groups. Group A, Cases 1-9; Group B, Cases 10-18; Group C, Cases 19-
26; Group D, Cases 27-32; and Group E, Cases 33-41 [Table 2]. The surgeon’s learning curve was reached at
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Table 2. Group characteristics of the study

Variable Group A (9) Group B (9) Group C (8) Group D (6) Group E (9)
Screws inserted 56 60 46 38 50

Screws revised 0 1 1 0 3
Intraoperative trajectory revision 0 1 2 1 1
Unreachable trajectory 6 2 0 0 0

Grade A + B Screws 54 58 42 29 43

Grade C screws 2 2 4

Grade D, E screws 0 0 0 0 0

around Group C. In Group A, the robot could not reach all the planned screw trajectories requiring it to be
repositioned in four cases. The reason was a steep sacral slope in three of these patients which was not
accounted for while planning the trajectory of the screw, causing the robot arm to press on the rib cage,
which obstructed achieving the final trajectory. In one other patient, the robot arm was obstructed by the
operating table frame in the lateral position surgery. The unachieved trajectories were cannulated by hand
using the navigation function of the robot system. No repositioning was needed in the following case groups
as understanding and experience improved the trajectory planning. The surgeon showed a serial decrease in
time taken to plan at each level, with an average of 4.1 min of planning per level. As this was part of the
learning curve of the surgeon with this new technology, all planning and screw placement were done by the
surgeon. Cases in Group E reported a longer planning time of 5.08 min per level due to educating and
teaching of visiting surgeons. The two outlier cases where teaching occurred were omitted, and the
scatterplot obtained showed a decrease in planning time [Figure 3].

In total, 250 screws were inserted using the robotic arm guidance to fix 86 motion segments. Fourteen
screws were inserted without the use of the robot arm. The robot failed to reach its trajectory in eight
screws, and they were inserted using the navigation system of the ExcelsiusGPS robot. Five screws required
an intraoperative adjustment of trajectory. Five screws had to be revised. The revised screws were reported
as one in Group B, on in Group C, and three in Group E. No conclusion could be derived from the
increasing frequency of revised screws in the last group. However, the average insertion time of screws
using the robot showed a decreasing trend [Figure 4].

The mean radiation characteristics of our experience are summarized in Table 3. The mean fluoroscopy
dose in seconds per case was around 16.32 + 13.22 s with the mean effective dose of 8.2 + 3.74 mSv during
the 3D CT scan. One patient needed a repeat scan as the CT scan was inverted and could not be validated
by the robot. Fluoroscopy exposure was high in cases that required manual insertion, causing multiple shots
to evaluate screw positioning. Moreover, a high radiation dose was recorded in the three cases where the
preoperative CT protocol was used due to difficulty of fluoroscopy integration to match the CT images to
the patient’s anatomy.

Accuracy

In total, 250 screws were analyzed for accuracy on CT scan. S2 alar iliac screws as part of lumbosacral
construct were deemed acceptable if they did not breach the sacral foramen or breach the pelvic wall. The
overall accuracy in this study was 98%. Overall, 245 screws were deemed acceptable with 226/250 (90.4%)
being Grade A + B and 24/250 (9.6%) being Grade C [Figure 5].

Five screws were revised immediately after confirming on fluoroscopy and before rod placements. Those
were considered inaccurate. The inability of the robot to reach screw trajectory was high in Group A cases
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Table 3. Radiation exposure recorded from the study

Mean effective dose from O-arm spin 8.2+3.74 mSv
Mean fluoroscopy dose 16.32+13.22s
Mean fluoro time in preoperative CT protocol (for integration) 54s

CT: Computed tomography.
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Figure 3. Scatterplot of planning time per level learning curve. The x-axis shows the case number as a function of planning time per level
(results are based on 39 patients with the two outliers due to teaching purposes eliminated).
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Figure 4. Scatterplot of average screw insertion time with robot as a function of cases.

(6/56) and declined in the subsequent cases. However, the last group had a rise in screw misplacements
which were revised intraoperatively (3/50). This was probably due to skipping a step of validation of ICT in
one instance, movement of the surveillance marker in the second instance, and error in planning in the
third instance. None of the patients returned to the theatre to revise a screw.
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Figure 5. Axial CT scan showing: (A) Grade A on the left pedicle screw; and (B) Grade B on the right pedicle screw. CT: Computed
tomography.

DISCUSSION

Robotics in spinal surgery has been developing rapidly over the last decade, designed to augment and
enhance the surgeon’s abilities. Freehand placement of pedicle screws requires detailed knowledge of
anatomical landmarks and surgeon experience. The use of imaging technology such as fluoroscopy and
intraoperative navigation has improved the safety and accuracy of pedicle screw placement over freehand
techniques™. The meta-analysis of 30 studies analyzing 9000 pedicle screws by Mason et al.'” concluded that
traditional fluoroscopy reached an accuracy of 63.1%, two-dimensional navigation had 84.3% accuracy, and
3D navigation was most accurate at 95.5%". Many new robotic spine guidance systems are being developed,
improving the safety and accuracy of pedicle screw placement. However, the learning curve of these systems
has not been studied in detail. There was insufficient evidence to conclude the effectiveness of robot-assisted
over conventional fluoroscopy-guided pedicle screw insertion in a systematic review by Marcus et al.””. On
the contrary, another study reported equivalent accuracy with reduced radiation exposure in robot-assisted
cases compared to conventional fluoroscopy-guided surgery”.

Multiple studies have reported on the accuracy of robot-assisted pedicle screws using a variety of
classification systems. In multiple systematic meta-analyses, it was concluded that the 2 mm incremental
classification system developed by Gertzbain and Robbins has been widely accepted and used for the
assessment of pedicle screw placement accuracy on CT scans'"'*'?. Theologou et al."” reported good inter-
observer reliability and commented on the ease of using this system. Hu et al."* reported a high accuracy of
98.9% using the Renaissance system but used postoperative radiographs for the assessment which was a
major limitation of the study. Similarly, Pechlivanis et al.” used the Renaissance system and reported that
91.5%-98.3% of screws were placed in an acceptable position as per the Gertzbein and Robbins classification
system. Keric et al."” also reported a higher accuracy of 96.7% in the placement of 2067 screws using the
assessment system described by Wiesner ef al."”. In this study, the overall accuracy was 98% using the 2 mm
incremental system of CT scan. Out of 250 screws placed using the robot, five screws (2%) were revised due
to unsatisfactory placement immediately after fluoroscopic confirmation. These screws were considered
inaccurate. According to our assessment, 90.4% of screws (Grade A + B) were placed entirely inside the
pedicle and 9.6% of screws were acceptable, being Grade C. None of the screws had any major pedicle
breach or associated clinical symptoms. This was probably because the surgeon could modify the planned
trajectory if there was excessive force or skiving of the drill causing malposition of screws. This helped
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improve the accuracy of screw placement. Huntsman et al." also reported a similar high accuracy of 99%
using the ExcelsiusGPS system in a study of 100 cases.

The single position lateral surgery has not gained widespread approval due to technical difficulty of
cannulating a pedicle screw in the lateral position. Recent studies have reported a reduction in operative
time in single position lateral pedicle screw fixation following lateral interbody fusion as compared to dual
positioning without an increase in complication rates or compromised perioperative outcomes"**". The
authors believe the use of the rigid robot arm of the ExcelsiusGPS system will provide a stable and accurate
insertion of pedicle screws in the lateral decubitus position. The accuracy of screw placement in the subset
of patients operated in a single lateral position was 97.87%, where two screws were revised out of 94 pedicle
screws. A similar high accuracy of 98% was reported by Huntsman et al."” using the ExcelsiusGPS robot
system. Surgeons operating in a single lateral position surgery face the technical challenge of cannulating
pedicle screws in this position and some technique-related complications; however, recent studies showed
comparable results to the flip position"**". Furthermore, as the placement of S2AI screws can be challenging
by the freehand technique, the robot can be used to place these screws”"*”.

The learning curve for accurate planning and execution of screw placement was reached in Group C in this
study. The time taken to plan screw trajectories saw a significant reduction in the initial period of this study.
The mean time taken to plan in Group A was 5.35 min and in Group B was 3.15 min. The robot arm could
not reach planned trajectories in six instances in Group A and once in Group B. The authors believe this
reduction in missed trajectories was due to improved planning and increasing familiarity of the 3D
interface. However, the planning time increased in the following case groups as the planning interface was
utilized as an academic tool to train fellows and visiting surgeons.

Similarly, this study demonstrates a gradual reduction in screw insertion time which is comparable to other
studies. Urakov et al.” studied the mean insertion times for trainee surgeons using the older generation
robotic guidance system and reported a mean time of 5.7 min per screw for percutaneous screw placement
and 3.6 min per screw for freehand insertion. In our study, the initial case (Groups A and B) showed a
declining trend in screw insertion time from 5.23 min per screw to 4.36 min per screw. The least amount of
average time per screw was reached around the Group C mark with a mean time of 3.78 min per screw.

Radiation exposure in image-guided surgery is a significant concern to the surgical team. The use of
robotic-assisted navigation has been postulated to reduce radiation exposure as compared to traditional
fluoroscopy-based surgery. A recent study reported significantly lower radiation times in the robot-assisted
group than in the fluoroscopy-guided group”’. However, the cumulative radiation exposure reported
during surgery in the robot-assisted group was 93.5 + 37.9 s, which was significantly higher than what was
found in our study (16.32 + 13.22 s). Similarly, Pennington ef al.” conducted a systematic review which
found that robot-assisted surgery with preoperative CT imaging had significantly less radiation exposure
than in fluoroscopy-based surgery. The researchers estimated a dose of 14-16 mSv in fluoroscopy-navigated
surgeries as compared to 4.8 mSv exposure dose of intraoperative O-arm scan for CT navigation-based
surgeries. This estimation, although less than the one encountered in this study (8.2 + 3.74 mSv), can be
explained by the need for a high-dose wide-view CT scan for validation of the ExcelsiusGPS system. Even
though the CT radiation dose in this study was higher than that of the O-arm scan utilized in navigation-
only systems (Costa et al.”), it is significantly lower than that encountered in a fluoroscopy-based
procedure. The mean fluoroscopy time reported by these researchers was 20.1 + 17.2 s per screw, which was
significantly higher than the one reported in this study (16.32 + 13.22 s per case). Benech et al.”, in a study
on the initial experience and radiation exposure using a similar robotic guidance system, reported a
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fluoroscopy time of 17.6 + 17.4 s for the entire case series, which is significantly less compared to our finding
of 54 s in the group of cases operated using the preoperative CT protocol. The authors believe the complex
deformity reconstruction and instrumentation at more than five levels was the reason for the higher
fluoroscopy exposure in this study, as it took more than two orthogonal radiographs per level for accurate
validation of anatomical landmarks for integration of the preoperative CT scan.

The use and acceptance of new technology always raises important questions regarding the development of
skill and the ease of introduction of the new technique in clinical practice. Robot-assisted spine surgery
faces the same challenges. All new technologies and techniques have a learning curve that a surgeon must
overcome to be proficient in its use. In the authors’ opinion, the learning curve for this technique lies
around the 25 cases mark. The authors believe supervised training in the initial period can help reduce the
learning curve for improved surgical outcomes. This study showed acceptable accuracy in the placement of
pedicle screws, but, ultimately, it depends on the meticulous planning and effective execution of the plan.

Limitations

There are several limitations to this study. Even though this is a single-center study, the patients were not
randomized and lacked a comparative control. Even though our study reports excellent accuracy in the
placement of pedicle screws with reduced radiation exposure, robotic navigation systems are not common
due to the large financial commitments involved. A larger sample size is needed to evaluate the overall
effectiveness and cost-benefit analysis of this novel robotic navigation system.

In conclusion, robot-assisted spinal surgery is still in the initial stages of development but shows promise.
Currently, the use of navigation-assisted robotics appears to provide safe and accurate placement of pedicle
screws in prone as well as lateral single position surgery and appears superior to freechand screw placements,
although detailed studies with larger sample size are needed for a conclusive determination. Radiation
exposure encountered in this study was significantly less as compared to fluoroscopy-guided surgeries,
especially in lateral access single position surgeries. We conclude that, with a short learning curve of 25
cases, robotic spine surgery seems to be useful in execution of complex deformity reconstructions. However,
ultimately, it is up to the surgeon to effectively execute the planned procedure with the help of the robot
system.
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