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Background: Although a growing amount of literature that suggests robots are safe and can achieve
comparable outcomes to conventional techniques, much of this literature is limited by small sample sizes and
single-surgeon or single center series. Furthermore, it is unclear what the impact of robotic technology has
made on operative and clinical outcomes over time. This is the first and largest multicenter study to examine
the trends in outcomes and complications after robot-assisted spine surgery over a 5-year period.

Methods: Adult (=18 years old) patients who underwent spine surgery with robot-assistance between 2015
and 2019 at four unique spine centers. The robotic systems used included the Mazor Renaissance, Mazor
X, and Mazor Stealth Edition. Patients with incomplete data were excluded from this study. The minimum
follow-up was 90 days.

Results: A total of 722 adult patients were included (117 Renaissance, 477 X, 128 Stealth). Most patient and
operative factors (e.g., sex, tobacco status, total instrumented levels, and pelvic fixation,) were similar across
the years. Mean + standard deviation Charlson comorbidity index (CCI) was 1.5+1.5. The most commonly
reported diagnoses included high grade spondylolisthesis (40.6%), degenerative disc disease (18.4%), and
degenerative scoliosis (17.6%). Mean (standard deviation) number of instrumented levels was 3.8+3.4. From
2015 to 2019, average robot time per screw improved from 7.2 to 5.5 minutes (P=0.004, R’=0.649). Average
fluoroscopy time per screw improved from 15.2 to 9.4 seconds (P=0.002). Rates of both intraoperative screw
exchange for misplaced screw (2015-2016: 2.7%, 2019: 0.8%, P=0.0115, R’=0.1316) and robot abandonment
(2015-2016: 7.1%, 2019: 1.1%, P=0.011, R’=0.215) improved significantly over time. The incidence of other
intraoperative complications (e.g., dural tear, loss of motor/sensory function, blood transfusion) remained
consistently low, but similar throughout the years. The length of stay (LOS) decreased by nearly 1 day from
2015 to 2019 (P=0.007, R*=0.779). 90-day reoperation rates did not change significantly.

Conclusions: At four institutions among seven surgeons, we demonstrate robot screw accuracy, reliability,
operative efficiency, and radiation exposure improved significantly from 2015 to 2019. 90-day complication
rates remained low and LOS decreased significantly with time. These findings further validate continued

usage of robot-assisted spine surgery and the path toward improved value-based care.
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Introduction

Since their first emergence in the 1990’, robot-assisted
surgical systems have greatly improved and become a means
of optimizing the modern operating room (1). Robots have
increasingly become incorporated into many surgical fields
including gynecology, urology, cardiothoracic surgery,
vascular surgery, and general surgery (2-5). The first robot-
assisted system for spine surgery, Mazor: SpineAssist®,
(Mazor Robotics Ltd., Casesarea, Israel), received FDA
clearance in 2004 (6-8). Since then, several others have been
approved including Mazor: Renaissance® in 2011; Mazor:
X® in 2016; ROSA® Spine (Zimmer Biomet Robotics,
Montpellier, France) in 2016, and the Excelsius GPS®
(Globus Medical, Inc., Audubon, Pennsylvania) in 2017 (7).
Since its inception, robots have been used in spine surgery
primarily for placement of thoracic and lumbar pedicle
screws.

Since the introduction of robot-assisted spine surgery
nearly twenty years ago, a gamut of literature suggests
that robot-assisted spine surgeries are safe and can achieve
comparable outcomes to conventional techniques (7,9-12).
Several studies have shown that robot-assisted surgeries
can achieve excellent screw accuracy placement, low
intraoperative complication rates, and reduced radiation
exposure (10,11,13-20). While these results are
encouraging, limitations in supportive studies are hindered
by small patient sizes and single-surgeon or single-center
series.

This would be the first and largest multi-center study
to analyze the trends in outcomes and complications
after robot-assisted spine surgery over a five-year period.
We hypothesize that the improvements in robot-assisted
technology will contribute to considerable improvements in
the surgeon’s ability to accurately place screws with robotic-
assistance, reliability to obtain registration and robot
usage, operative efficiency, and radiation exposure over
time. We present the following article in accordance with
the STROBE reporting checklist (available at https://jss.
amegroups.com/article/view/10.21037/jss-21-102/rc).

© Journal of Spine Surgery. All rights reserved.

Methods
Patient selection

Adult (218 years old) patients who had undergone
robot-assisted spine surgery between 2015 and 2019
at four geographically diverse institutions (Columbia
University, Virginia Spine Institute, University at Buffalo
Neurosurgery, and University of Virginia Health System)
were included. The robotic systems used consisted of the
Mazor Renaissance, Mazor X, and Mazor Stealth Edition. A
minimum of 25 robot cases were performed per surgeon at
each institution. Two institutions (of the four) included all
three generation robots (Renaissance, Mazor X, Mazor X
Stealth) during the study’s period. Two institutions did not
include the Renaissance system. Patients with incomplete
data were excluded from this study. All patients included
in this study had a minimum follow-up period of at least
90 days after the index surgery. The study was conducted
in accordance with the Declaration of Helsinki (as revised
in 2013). This study, AAAT1470, was approved by the
Institutional Review Board of Columbia University Medical
Center (No. FWA# 00002636). Written informed consent
was exempted because this was a retrospective analysis
of de-identified from a multicenter cohort and obtaining
informed consent is not required for this type of analysis.

Data collection

Several perioperative factors were compared across the years
of surgery, including: patient demographics, comorbidities
[e.g., Charlson comorbidity index (CCI), smoking status,
obesity], and preoperative diagnosis. Operative factors
included open vs. percutaneous surgery, prior spine surgery,
total number of instrumented levels, pelvic fixation, interbody
fusion, planned vs. executed robot screws, and robot system.
Outcomes of interest included operative efficiency (robot
time per screw), radiation exposure (fluoroscopy time per
screw), robot complications (e.g., screw exchange, robot
abandonment), clinical outcomes [e.g., length of stay (LOS
= days between date of discharge and date of admission),
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90-day reoperations], and other surgical complications
(e.g., dural tear, loss of motor/sensory function, blood
transfusion). Robot abandonment was operationally defined
as not using the robot to place instrumentation, and relying
on fluoroscopy, navigation, or free-hand technique. Total
robot time was obtained by when the robot was first brought
into the operating field and stopped when the robot was
moved out. Similarly, fluoroscopy time was calculated as
the amount of time taken to obtain X-rays during screw
placement. In all centers, a dedicated research coordinator
calculated screw time during OR cases.

Robotic systems

The Renaissance is a 2nd generation robotic system
manufactured by Mazor and replaced the SpineAssist in
2011. In comparison to the SpineAssist, the Renaissance
had considerable advancements in software and hardware
technology. The key elements of the Renaissance system
included the proprietary software based on CT images
which enabled surgeons to preoperatively plan implant size
and trajectories more accurately, several mounting platforms
to serve as an interface between the patient and the robotic
system, and the renaissance robotic device (RBT), which
was a portable computer-controlled platform that spatially
positioned and oriented surgical tools in accordance to the
preoperative plan.

In 2016, the Mazor X system was introduced and
significantly expanded upon the core technology of
Renaissance. In comparison to the Renaissance, the Mazor
X platform includes a more sophisticated three-dimensional
analytical software to improve preoperative planning as
well as allow for intraoperative planning (“scan & plan”
method) if a preoperative CT scan is not available. The
Mazor X planning software allows for better preoperative
identification of unique dysplastic features using three-
dimensional identification of the patient’s anatomy. In
addition, surgeons are able to inspect implant size and
trajectory in all three planes simultaneously.

Furthermore, the Mazor X Align application allows
surgeons to better plan for spinal deformity cases. This
application integrates standing spine X-rays with CT-scan
to provide simulations of the impact of corrective changes,
such as osteotomies, on spinal alignment in sagittal and
coronal planes. The intraoperative guidance system uses an
integrated three-dimensional camera with spatial tracking,
a surgeon control panel in the sterile area, and a robotic
arm which is designed to be serial, rather than parallel, in
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order to allow for a larger unrestricted range of motion and
reduce the need for additional surgical tools. The three-
dimensional camera maps the patient and the surrounding
environment to produce a three-dimensional image of the
operative field. This allows the robot to better self-detect
its location and potentially reduce collision with the patient
or other elements in the surgical field. Finally, the Mazor
system further enhances precision and accuracy through the
use of the Mazor X Eye camera to intraoperatively verify
the appropriate surgical arm position and trajectory prior to
instrumentation at each level.

More recently, the Mazor X Stealth Edition was
introduced in 2018. This robotic system integrates
Medtronic’s Stealth navigation technology into the Mazor
X platform. Using Stealth navigation technology, surgeons
have a real-time 3-D visualization as they drill and/or place
their implants down the preoperatively planned trajectories.
This live visual feedback was designed to provide further
predictability and accuracy in implant placement.

Statistical analysis

Trends were assessed using the Cochran-Armitage
test for categorical data. The Mann-Kendall test (non-
parametric) and linear regression (parametric) were used
for continuous data. Generalized linear models were used
to control for potential co-variates and to determine the
potential independent risk factors for the outcomes of
interest. Covariates with a P value <0.2 were entered in our
multivariate models. Statistical significance was defined as
a P value <0.05. SAS Studio Version 3.4(SAS Institute Inc,
Cary, NC, USA) was used for all statistical analyses.

Results

A total of 722 adult patients were included in this study
(117 Renaissance, 477 X, 128 Stealth). The mean + SD CCI
was 1.5+1.5, and 54.4% of patients were female. The most
common diagnoses included high grade spondylolisthesis
(40.6%, N=293), degenerative disc disease (18.4%, N=133),
and degenerative scoliosis (17.6%, N=127). Approximately
43.0% (N=309) of cases were performed open (vs.
percutaneous), and 10.5% (IN=76) of cases had a prior spine
surgery. The mean number of instrumented levels was 3.8+3.4
and approximately 20% (N=142) of cases underwent a pelvic
fixation. Most patient and operative factors (e.g., gender,
smoking status, preoperative diagnosis, total instrumented
levels, pelvic fixation, interbody fusion, planned robot screws
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Table 1 Trends in patient factors, indications, and operative factors for robot-assisted spine surgery [2015-2019]

All 2015 2016 2017 2018 2019
Variable P value
N % N % N % N % N % N %
Total No. of patients 722 100 40 6 58 8.0 165 22.9 198 27.4 261 36.1
Female 393 54.4 17 42.5 33 56.9 92 55.8 117 59.1 134 51.3 0.259*
Obese 299 414 18 45.0 18 31.0 66 40.0 79 39.9 118 45.2 0.198*
(BMI >30 kg/m?)
CCI, mean (standard 1.5(1.5) 0.95(1.2) 1.3(1.3) 1.6 (1.5) 1.5(1.3) 1.7(1.6) 0.036°
deviation, SD)
Prior/current smoker 153 21.2 3 7.5 6 10.3 47 28.5 45 22.7 52 19.9 0.288*
Preoperative
diagnosis
High grade 293 40.6 25 62.5 27 46.6 71 43.0 86 43.4 84 32.2 0.002*
spondylolisthesis
Degenerative disc 133 18.4 5 12.5 10 17.2 31 18.8 23 11.6 64 24.5 0.063*
disease
Degenerative 127 17.6 7 17.5 10 17.2 23 13.9 44 22.2 43 16.5 0.631*
scoliosis
Spinal stenosis 116 16.1 3 7.5 5 8.6 24 14.5 29 14.6 55 21.1 0.004*
Pseudarthrosis, 40 5.5 0 0.0 3 5.2 11 6.7 12 6.1 14 5.4 0.515*
implant failure
Other 14 1.9 0 0.0 3 5.2 5 3.0 4 2.0 2 0.8 0.146*
Operative
Open 309 42.8 5 12.5 23 39.7 67 40.6 101 51.0 113 43.3 0.004*
(vs. percutaneous)
Prior spine surgery 76 10.5 6 15.0 12 20.7 19 11.5 16 8.1 23 8.8 0.020*
Total instrumented 3.8 (3.4) 3.5 (2.5) 3.9 (2.8) 3.4 (3.0 4.0 (4.0 4.0 (3.4) 0.407%
levels per patient,
mean (SD)
Pelvic fixation 142 19.7 1 2.5 18 31.0 34 20.6 42 21.2 47 18.0 0.902*
Interbody fusion 0.342'
TLIF 122 16.9 0 0.0 7 121 32 19.4 35 17.7 48 18.4
ALIF 10 1.4 0 0.0 0 0.0 5 3.0 3 1.5 2 0.8
OLIF 43 6.0 0 0.0 3 5.2 12 7.3 24 121 4 1.5
XLIF 19 2.6 0 0.0 0 0.0 9 5.5 9 4.5 1 0.4
Planned robot 7.4 (6.3) 7.2 (5.5 6.8 (4.4) 6.8 (5.6) 7.3(7.1) 8.0 (6.4) 0.353%
screws per patient,
mean (SD)
Executed robot 6.0 (6.0) 5.7 (5.0) 6.0 (4.9) 6.2 (5.2) 6.9 (6.5) 7.9 (6.4) 0.017¢
screws per patient,
mean (SD)

Table 1 (continued)

© Journal of Spine Surgery. All rights reserved. 7 Spine Surg 2022;8(1):9-20 | https://dx.doi.org/10.21037/jss-21-102



Journal of Spine Surgery, Vol 8, No 1 March 2022 13
Table 1 (continued)
All 2015 2016 2017 2018 2019
Variable P value
N % N % N N % N % N %
Robot system <0.001'
Renaissance 117 16.2 40 100.0 58 100.0 19 11.5 0 0.0 0 0.0
X 477 66.1 0 0.0 0 0.0 146 88.5 197 99.5 134 51.3
Stealth 128 17.7 0 0.0 0 0.0 0 0.0 1 0.5 127 48.7

*, Cochran-Armitage test; 5, Mann-Kendall test (for nonparametric data), and linear regression (for parametric data); ‘, Chi-square test. CCl,

Charlson comorbidity index.

Table 2 Trends in operative efficacy and radiation exposure

Variable All 2015 2016 2017 2018 2019 P value
Operative time (minutes), mean (SD) 205(131.0) 165(102.0) 175(154.0) 181(129.0) 223(127.0) 242 (125.0) <0.001%
Robot time (minutes), mean (SD) 41.2(33.3) 39.5(36.1) 33.2(24.4) 359(28.6) 47.9(36.2) 53.5(39.5) 0.002%
Robot time per screw (minutes/screw)*, 6.5 (3.8) 7.2 (4.8) 6.6 (4.6) 7.2 (3.9) 5.2 (2.3) 5.5 (2.4) 0.004%
mean (SD)
Total fluoroscopy time (seconds), 49.0 (36.5) 63.7 (32.0) 50.3 (29.5) 43.3 (34.8) 47.8 (36.2) 50.4 (39.5) 0.034%
mean (SD)
Fluoroscopy time per screw 10.4 (10.0) 15.2 (7.9) 13.5(10.5) 9.7 (9.2) 10.1 (11.0) 9.4 (9.7) 0.002%
(seconds/screw)*, mean (SD)
*, Cochran-Armitage test; ¥, Mann-Kendall test (for nonparametric data), and linear regression (for parametric data).
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Figure 1 Robot time per screw vs. year.

per patient) were similar across the years (Zable 1). The CCI,
open vs. percutaneous surgery, prior spine surgery, executed
robot screws per patient, and robot type changed significantly
over time. Although open surgery (vs. percutaneous) became
more common over time, the rate of scoliosis surgery was not
significantly different over time (P=0.631). Instead, there was
an increase in spinal stenosis (P=0.004) and a decrease in high
grade spondylolisthesis (P=0.002) (Table I).

© Journal of Spine Surgery. All rights reserved.

Year of surgery

Figure 2 Fluoroscopy time per screw vs. year.

Based on the linear regression trends analyses, the mean
robot time per screw decreased from 7.2 to 5.5 minutes
(P=0.004) and the mean fluoroscopy time per screw decreased
from 15.2 seconds to 9.4 seconds (P=0.002) (Table 2,
Figures 1,2). The rate of intraoperative screw exchange for
misplaced screw decreased significantly over time (P=0.015,
R’=0.1316) (Tuble 3). There appears to be an outlier in year
2016, but it’s important to note that only the Renaissance
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Table 3 Trends in robot complications and other surgical complications

All 2015 2016 2017 2018 2019
Variable P value
N % N % N % N % N % N %

Total No. of executed 5,005 100.0 226 4.5 340 6.8 1,018 20.3 1,367 27.3 2,054 41.0
robot screws

Exchange of 51 1.019 2 0.9 13 3.8 7 0.7 13 1.0 16 0.8 0.015*
malpositioned
robot screw*

Robot 18 2.5 1 2.5 6 10.3 4 2.4 4 2.0 3 1.1 0.011*
abandonment*

Due to registration 12 1.7 1 2.5 6 10.3 1 0.6 1 0.5 3 11 0.008*
error

Due to unreachable 4 0.6 0 0.0 0 0.0 1 0.6 3 1.5 0 0.0 0.924*
anatomy

Non-robot
complications

Dural tear 29 4.0 1 2.5 1 1.7 5 3.0 10 5.1 12 46 0217

Loss of motor/ 5 0.7 0 0.0 0 0.0 0 0.0 2 1.0 3 1.1 0.128*
sensory function

Return to operating 4 0.6 0 0.0 0 0.0 0 0.0 4 2.0 0 0.0 0.740*
room during same
index admission

Perioperative blood 67 9.3 0 0.0 7 121 21 12.7 22 11.1 17 6.5 0.583*
transfusion

Estimated blood 255 [407] 89 [110] 247 [380] 239 [362] 272 [427] 281 [450] 0.082%
loss (mL), mean

[SD]

*, Cochran-Armitage test; § Mann-Kendall test (for nonparametric data), and linear regression (for parametric data).

z 99.5 ) 3 robot was used in 2015 to 2016 (Figure 3). Similarly, the

a 99.0 7 T robot abandonment reduced significantly over time (P=0.011,

%98'5 T R’=0.215) (Table 3). The incidence of non-robot-related
%98'0 T intraoperative complications (e.g., dural tear, loss of motor/

% Z:'z i sensory function, blood transfusion) remained consistently

; 96:5 | low, but similar between years (7zble 3). The overall 90-day

3 e60 . o : . ; reoperation rate was 2.8%, and did not change significantly

2014 2015 2016 2017 2018 2019 2020 over the last five years (P=0.828) (Table 4). According to

Year of surgery our generalized linear model, both the total instrumented

Figure 3 Screw accuracy vs. year. levels and the Renaissance robot were significant predictors
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Table 4 Trends in length of hospital stay and 90-day reoperations

All 2015 2016 2017 2018 2019
Variable P value
N % N % N % N % N % N %

Any reoperation within 90 days after index surgery* 20 2.8 1 2.5 2 34 7 42 1 0.5 9 34 0.828*
Wound complication 9 1.2 1 2.5 0 0.0 4 24 1 0.5 3 11 0.519*
Neurologic deficit 1 0.1 0 0.0 0 0.0 0 0.0 0 0.0 1 04 0.308
Implant failure 2 03 0 0.0 0 0.0 0 0.0 0 0.0 2 08 0.149*
Screw malposition 1 0.1 0 0.0 0 0.0 0 0.0 0 0.0 1 04 0.308
Dura fistula 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0

Length of hospital stay, mean (SD)* 41 (2.2 5.1 (1.3) 4.8 (1.8) 4.1 (2.4) 3.9 (2.5) 412.0) 0.007°

*, Cochran-Armitage test; ¥, Mann-Kendall test (for nonparametric data), and linear regression (for parametric data).

Table 5 Generalized linear models

95% confidence interval
Parameter Estimate P value
Lower Upper

Robot time per screw*

Open vs. percutaneous -1.5 -2.8 -0.3 0.015

Fluoroscopic time per screw*

X vs. renaissance -3 -5 -1 0.003
Stealth vs. renaissance -7.1 -9.5 -4.6 <0.001
Open vs. percutaneous -4.9 -6.7 -3.2 <0.001

Robot abandonment®
Total instrumented levels 1.2 1.1 1.3 <0.001
X vs. renaissance -0.9 -1.3 -0.51 <0.001

Length of stay®
TIL 0.32 0.24 0.4 <0.001
X vs. renaissance -0.9 -1.3 -0.5 <0.001
Stealth vs. renaissance -0.62 -1.59 0.36 0.216
Discharge to rehab vs. home 1.3 0.41 212 <0.001

*, controlling for gender, obesity, CCI, smoker, diagnosis, revision surgery, TIL, pelvic fixation, interbody fusion, and robot type; *

controlling for gender, obesity, CCl, smoker, diagnosis, revision surgery, TIL, pelvic fixation, interbody fusion; & controlling for gender,
obesity, CCl, smoker, diagnosis, open vs. perc., revision surgery, pelvic fixation, interbody fusion. CCl, Charlson comorbidity index.

for robot abandonment and the decrease in robot time per
screw over time was not related to robot type but more
related to open vs. percutaneous surgery (estimate: -1.5,
95% confidence interval -2.8 to -0.3, P=0.015) (Table 5).
This model controlled for several factors including gender,
obesity, CCI, smoker, diagnosis, revision surgery, TIL, pelvic
fixation, interbody fusion, and robot type (Zible 5, Figure 4).

© Journal of Spine Surgery. All rights reserved.

Robot abandonment was most commonly due to registration
issues.

The LOS decreased by nearly 1 day from 2015 to 2019
(P=0.007, R*=0.779) (Tuble 4, Figure 5), even though the
mean CCI index worsened with time (P=0.036) (Table 1).
According to our generalized linear model, this decrease in
LOS was largely attributed to an increased percentage of
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patients being discharged to home versus rehab (Tuble 5).
In regards to the decreased mean fluoroscopy time spent
per screw, the X vs. Renaissance (estimate: -3.0, 95%
confidence interval -5 to -1, P=0.003) and Stealth vs.
the Renaissance (estimate: -7.1, 95% confidence interval
-9.5 to -4.6), P<0.001) were independent predictors for
decreased fluoroscopic time (7ible 5). Interestingly, open
vs. percutaneous surgery was also associated with reduced
radiation time per screw. Other covariates which were not
significant in the model included gender, obesity, CCI,
smoker, diagnosis, revision surgery, TIL, pelvic fixation,
interbody fusion.

Discussion

With the growing number of publications that suggests
robots are safe and can achieve comparable outcomes to
conventional techniques, much of these publications have
limitations such as small patient sizes and single-surgeon
or single center series. Furthermore, it is unclear what the

impact of robotic technology has made on operative and

© Journal of Spine Surgery. All rights reserved.
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clinical outcomes over time. This study would be among
the first to incorporate a multicenter cohort of patients over
5 years to analyze the trends in patient outcomes and
surgical complications after robot assisted spine surgery.

One of the most lauded aspects of robot-assisted spine
surgery is the high accuracy and precision of placing pedicle
screws, and more recently, S2 alar-iliac screws (10,21-23).
In a recent meta-analysis of nine randomized controlled
trials, Li er al. demonstrated that robot-assisted techniques
were more accurate than the freehand technique (14). In
the sub-analysis, the TINAVI robot-assisted technique
achieved a higher rate of Grade A screws compared to
freehand techniques (relative risk ratio 1.1, 95% confidence
interval: 1.06-1.14, P<0.01), while the Renaissance robot-
assisted technique showed the same accuracy as the freehand
cohorts (relative risk ratio =1.0, 95% confidence interval:
0.96-1.05, P=0.95). Although the Mazor robot is the most
extensively studied robot system in literature, there is a
paucity of data on more recent Mazor robot systems (10). In
a recent case series of 74 screws using the Mazor X, Khan
et al. demonstrated excellent screw accuracy (98.7%) (24).
In our study, we included the most recent Mazor robot
systems and found that the mean screw accuracy was 99%.
Furthermore, our linear regression demonstrated that
there was a statistically significant trend in improvement
in screw accuracy over the last five years. There appears to
be an outlier in 2016, but it is important to note that only
the Renaissance robot was used in 2015 and 2016 across all
surgical centers in this study. Excluding this data point, the
screw accuracy remains above 99%. These findings support
prior literature on the high accuracy of robot-assisted
pedicle screws.

Another important robot complication is robot
abandonment, which is less commonly reported in
literature. This complication can be multifactorial,
including failure to appropriately integrate preoperative
CT with intraoperative fluoroscopic images, soft tissue
pressure on the guiding arm limiting accurate placement,
unreachable anatomy, or drill guide skiving (25-27).
According to Macke et al, who performed a retrospective
review of pedicle screw placement, registration inaccuracies
led to worse pedicle screw accuracy (28). They found that
a higher screw accuracy was attained for patients who
underwent preoperative CT imaging in the prone position
(97.6%) vs. the supine position (92.7%). Interestingly, the
low screw accuracy rate noted in 2016 (which only involved
the Renaissance robot) corresponded with the high robot
abandonment rate in 2016. Nevertheless, our analysis
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suggests robot abandonment has reduced significantly from
2015 to 2019. According to our generalized linear model,
higher total instrumented levels and the use of renaissance
were significant risk factors for higher robot abandonment.
It is possible that longer constructs involving upper thoracic
instrumentation may be more prone to error given the
relatively smaller pedicle anatomy in the upper thoracic
spine. Furthermore, robot registration of the mid- to
upper-thoracic spine relies on a spinous process clamp to
connect the robotic arm which may be less stable and thus
higher risk for registration failures than when a Schanz
pin is used in the posterior superior iliac spine for lower
thoracolumbar and pelvic instrumentation. Nevertheless,
there was significant improvement in robot reliability over
time, which is likely related to the transition from the
Renaissance to X after 2016. The specific advancements
in technology that likely contribute to the improved screw
accuracy and robot abandonment are the newer systems’
ability (Mazor X and Mazor X Stealth) to preoperatively
plan out the optimal screw placement based on 3D imaging
and therefore better prepare for skive potential based on a
patient’s anatomy as well as the serial design of the robot
arm, which improves the reach and range of motion for
potential implant placement.

A number of prior studies have demonstrated that the
operative efficacy or time spent per screw is an area of needed
improvement compared to conventional frechand techniques
(14,19,29-31). Our study shows that a statistically significant
reduction in robot timer per screw was observed over a
five-year period. However, our linear model suggests that
this was not necessarily due to robot type but more related
to the increased rate of using open versus percutaneous
surgery. This is not the same as the overall operative time,
which includes surgical dissection and closure. In fact, total
operative time increased over the years likely due to the
increased use of open versus percutaneous surgery. One
potential modifiable factor to improve the robot efficiency or
robot time spent per screw is overcoming the learning curve
required for robotic instrumentation. The learning curve is
dependent on a number of factors including surgeon technical
ability, teaching, the ease of translating the novel technology
in the operating room. Bae et 4/. studied the learning curve
of spinal navigation and found that both screw accuracy
and operative time improved considerably after 6 months
and plateaued after 12 months (32). In reviewing their most
recent procedures, Devito er /. found that their time spent
per screw decreased from 13.5 minutes to 10.6 minutes for
single-level cases (8). Hu et a/. examined the learning curve of
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using the Renaissance system and found that the success rate
of screw placement increased after the first 30 patients (1).
In a small case series, Onen et 4. experienced a decrease from
15.5 to 5.6 minutes when comparing their initial 13 patients
to their subsequent 14 patients (33). Similarly, Hyun ez 4.
found a decrease in time per screw placement from 5.5 to
4.0 minutes over time (17). It is important to note that the
actual learning curve will depend on different robot systems,
procedures and surgeons.

Fluoroscopic imaging is a potential risk for surgeons,
healthcare staff, and the patient due to the ionizing radiation
exposure. Studies have shown that fluoroscopy use in other
surgical specialties such as interventional cardiology and
interventional radiology can increase the risk for skin injury,
tissue necrosis, infertility, neoplasia, and cataract formation
(34-38). There is good consensus in the literature that robot-
assisted cases can reduce the radiation exposure compared
to freehand surgeries (29). In comparison to robot-
assisted cases, freehand surgeries necessitate fluoroscopic
confirmation, which likely increases radiation exposure to
both the patient and surgical staff. Hyun et 4/. performed a
prospective randomized control trial and found that freehand
surgery was nearly four times than that in the robot-
assisted group (17). In a recent cadaveric study, Vaccaro
et al. found that significantly fewer fluoroscopic images
were needed with robot-assisted cases than freehand
techniques (39). In our study, we found that radiation
exposure (both total fluoroscopy time and the mean
fluoroscopy time per screw) has continued to improve
significantly from 2015 to 2019. Our generalized linear
model demonstrates that open versus percutaneous surgery,
as well as the X and Stealth robots (versus the Renaissance)
were significant predictors for decreased fluoroscopic time
per screw over the last five years. The reduced radiation
exposure may be related to the improved robot registration
as well as increased surgeon experience with robotic systems.

There are a number of other limitations that should
be considered for this study. First, the cost-effectiveness
was not directly addressed in this study. Unfortunately,
the current literature on this topic is sparse. Given the
associated cost of Mazor X at $550,000, which includes
installation and all hardware, it is estimated that ten to
twelve lumbar surgeries are needed to pay back this initial
cost (7,40). Menger et al. conducted a large, retrospective
study on 557 patients and concluded that the application
of robotic spine surgery is cost effective, when considering
the potential reductions in revision surgery, infections,
operative time, and LOS (41). In our study, we demonstrate
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that operative efficacy has improved and total length of
hospital stay has reduced by nearly one day from 2015 to
2019 (P value =0.007, R’=0.779), even though the mean
CCI has increased from 0.95 to 1.7. In addition, the 90-
day reoperation rates remain consistently low over time.
Although the LOS decreased over the years, this was largely
attributed to the increased percentage of patients being
discharged from home versus rehab and not robot type. In
order to validate the possibility that robot-assisted spine
surgery can be cost-effective, future work on this topic,
specifically analyzing cost parameters, are needed.

Another important aspect of value-based care are patient-
reported outcomes, but these metrics were not available
at the time of our study. A multicentered comparison of
trends with a conventional freehand cohort would be useful,
particularly for comparing screw accuracy and time spent
per screw by the same surgeons. Unfortunately, this data
was not available as most surgeons in this cohort primarily
used robot-assisted technology. Another limitation is the
lack of granularity in the variable, such as the indication for
surgery, which may not always be a single diagnosis and can
be a combination of pathologies (e.g., degenerative scoliosis
and spinal stenosis). For instance, we observed that there
was in increase in open versus percutaneous surgery and
expected an increase in deformity cases; instead, there was
an increasing trend for lumbar stenosis and spondylolisthesis
cases. Next, our study focused on Mazor Renaissance, X,
and Stealth systems; therefore, these findings may not be
generalizable to other practices which use different robotic
systems. Radiation exposure was quantified as fluoroscopy
time but radiation dose was not available in our database at
the time of our study. Future work should include this and
consider comparing preoperative CT-to-fluoroscopy versus
scan-and-plan methods and including preoperative radiation
(e.g., preoperative CT imaging) to better quantify the total
radiation exposure to the patient. Direct measurement of
radiation exposure to the surgeon would be another valuable
marker to study as well. The learning curve was not directly
examined in this study, which may be a major limitation
since both 3™ and 4" generation robots were introduced
and employed by each site during the study’s time period.
Future prospective multicenter studies would be useful in
further investigating the impact of surgeon experience on
robot-assisted spine surgery outcomes.

Conclusions

Current trends demonstrate that robot screw accuracy,

© Journal of Spine Surgery. All rights reserved.

Lee et al. Trends in robot-assisted spine surgery

robot abandonment, robot time per screw, and fluoroscopic
time per screw have improved significantly over the last
five years. This is likely, at least in part, due to the result of
increased surgeon experience with robots and the recent
advances in robotic technology. The 90-day surgical
complication rates remain consistently low and the mean
LOS has reduced significantly with time, which may offset
the cost of robot-assisted spine surgery; however, future
work specifically focusing on cost analyses are needed.
Nevertheless, these findings further validate the continued
usage of robot-assisted spine surgery and the potential path
toward improved value-based care.
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