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Abstract
Computer-aided navigation and robotic guidance systems have become widespread in their utilization for spine surgery.
A recent innovation combines these two advances, which theoretically provides accuracy in spinal screw placement. This
study describes the cortical and pedicle screw accuracy for the first 54 cases where navigated robotic assistance was used
in a surgical setting. This is a retrospective chart review of the initial 54 patients undergoing spine surgery with pedicle and
cortical screws using robotic guidance with navigation. A computed tomography (CT)-based Gertzbein and Robbins System
(GRS) was used to classify pedicle screw accuracy. Screw tip, tail, and angulation offsets were measured using image overlay analysis. Screw malposition, reposition, and return to operating room rates were collected. 1 of the first 54 cases was a
revision surgery and was excluded from the study. Ten screws were placed without the robot due to surgeon discretion and
were excluded for the data analysis of 292 screws. Only 0.68% (2/292) of the robot-assisted screws was repositioned based
on surgeon discretion. Based on the GRS CT-based grading, 98.3% (287/292) were graded A or B, 1.0% (3/292) screws
were graded C, and only 0.7% (2/292) screws was graded D. The average offset from preoperative plan to actual final placement was 1.9 mm from the tip, 2.3 mm from the tail, and 2.8° of angulation. In the first 53 cases, 292 screws placed with
navigated robotic assistance resulted in a high level of accuracy (98.3%), adequate screw offsets from planned trajectory,
and zero complications.
Keywords Robotic navigated · Screw accuracy · Minimally invasive · Spine surgery

Introduction
In spine surgery, cortical and pedicle screws are routinely
placed for posterior spinal fixation to stabilize and promote
fusion. Originally, screws were inserted via the freehand
technique, which presents the risk of misplacement. Misplaced screws are not only biomechanically disadvantageous but also carry an increased risk for neurological
deficit, vascular damage, and morbidity [1–3]. Advances in
imaging and navigation such as fluoroscopic guidance have
improved the accuracy of screw placement in the spine, yet
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significantly increased the amount of radiation exposure to
the patient, surgeon, and operating room (OR) staff [4, 5].
In an effort to decrease the amount of radiation exposure
while promoting accurate screw placement, navigated robotassisted spine surgery was developed as a stable platform to
enhance the ability of spine surgeons to perform accurate
surgery.
The demonstration of improved accuracy, operative efficiency, and patient safety is required to establish the validity
of this recent robotic technology. The purpose of this study
is to describe the cortical and pedicle screw accuracy and
screw offset for the first 54 cases in which navigated robotic
assistance was used.

Methods
This retrospective chart review was exempt from the Italian Ethics Committee. Demographic data and preoperative/
postoperative computerized tomography (CT) scans of 54
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patients who underwent lumbosacral pedicle screw placement with minimally invasive navigated robotic guidance
using preoperative CT were analyzed.

Navigated robot‑assisted pedicle screw positioning
system
This robotic positioning system (Excelsius G
 PS®; Globus
Medical, Inc. Audubon, PA, USA) (Fig. 1) uses radiological
patient images (preoperative CT, intraoperative CT, or fluoroscopy), along with a dynamic reference base and positioning camera to guide pedicle screw placement in real time.
In this study, the robotic system operated on one functional
modality, preoperative CT.

Preoperative CT workflow
A CT scan of the operative spinal levels was taken prior
to the patient entering the OR, and screw placement planning was completed based on that scan. The CT data set was
transferred into the robotic positioning system in preparation
for surgery.

Surgical technique
A dynamic reference marker was inserted into the posterior
superior iliac spine, and a surveillance marker was inserted
into the iliac crest for registration. The fluoroscopy registration fixture was attached to the C-arm and subsequently
activated through a registration marker to ensure the robotic
camera could verify its position. Fluoroscopy anteroposterior and lateral images were taken at each operative level
to align the preoperative CT with the patient’s actual anatomy. Landmark checks were completed to ensure registration was calculated successfully. A surgeon-controlled foot
pedal positioned the robot arm to the most cephalad planned
pedicle trajectory. Stab incisions were made on the skin
using a scalpel. Pedicle and cortical screws were inserted

Fig. 1  Screw insertion with the robotic positioning system
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using navigated instruments guided by the robotic arm. This
sequence was repeated until all screws were placed. Based
on the surgeons’ discretion, 17 patients underwent a laminectomy and 8 patients underwent a discectomy. Rods were
then placed and locking caps were tightened in standard
fashion. Intraoperative fluoroscopy images were taken to
verify screw and rod position. Screw placement was qualitatively assessed using a postoperative CT scan.

Accuracy and screw offset
A CT-based Gertzbein and Robbins System (GRS) [6] was
used to classify pedicle screw accuracy, in which screws
were graded as A (screw is completely within the pedicle),
B (pedicle cortical breach < 2 mm), C (pedicle cortical
breach < 4 mm), D (pedicle cortical breach < 6 mm), or E
(pedicle cortical breach > 6 mm). Screws with an A or B
grade were deemed clinically acceptable, while screws with
a C, D, or E grade were considered inaccurate, as previously demonstrated [6–9]. The assessor was blinded to the
treatment group. The number of accurate screws divided by
the number of total screws placed with robotic navigation
resulted in an accuracy percentage. Additionally, quantitative three-dimensional screw tip, screw tail, and screw angulation accuracies were determined using CT scans and image
overlay analysis to compare preoperative planned trajectories to actual postoperative screw placement (Fig. 2). Screw
trajectories were removed during image overlay to remove
potential bias. Screw malposition, reposition, and return to
operating room (OR) rates were collected. Intraoperative
data collected included blood loss during robot use, blood
loss during surgery, radiation exposure during robot use,
radiation exposure time during surgery, total operative time,
and screw insertion time. Blood loss of less than 25 cc was
reported as no blood loss.

Statistical analysis
Statistical analysis was performed using SPSS Statistics Version 25 software (IBM Corp., Armonk, NY, USA). Data
were presented as mean ± standard deviation. Pearson correlation coefficients were calculated for the relationship
between body mass index (BMI) and screw offset [10].
Fisher’s exact test was performed to determine if there was
a significant relationship between two categorical variables: screw offset greater or less than 1.5 mm and clinically
acceptable versus inaccurate screws according to GRS. The
level of statistical significance was set to p < 0.05 for all
statistical analysis.
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Fig. 2  Screw tip, tail, and angle offset assessment. Right L5 screw
planning in (a) sagittal and (b) axial planes. Postoperative CT of L5
screw placement without a medial or lateral breach in (c) sagittal and

(d) axial planes. Image overlay analysis with preoperative planned
trajectory and postoperative screw placement in (e) sagittal and (f)
axial planes. The crosshairs indicate screw tip

Results

Surgical data

Patient population

A total of 302 screws were placed, including 12 cortical screws and 290 pedicle screws. Ten pedicle screws
were placed manually due to surgeon discretion and were
excluded from the study for data analysis of 292 screws.
Of the 292 screws, 32.9% (96/292) were placed at L5, and
28.1% (82/292) were placed at L4. The mean operative
time was 103.3 ± 42.3 min, mean estimated blood loss was
9.72 ± 42.8 cc, and mean radiation time was 17.6 ± 17.4 s
(Table 2).

A total of 54 patients underwent posterolateral fusion with
lumbosacral pedicle or cortical screw placement with intent
to use robotic guidance and navigation. One case, a revision
surgery, was excluded from the study. One case was aborted
due to technical difficulties and ultimately, 52 patients underwent navigated, robot-assisted surgery. These patients were
diagnosed with DDD (28.9%), spondylolisthesis (34.6%),
or degenerative spondylolisthesis (36.5%). The average age
was 49.8 ± 11.3 years (range 23–77 years), and 29% were
female. The average body mass index was 25.5 ± 4.0 kg/m2
(range 18.8–40.8 kg/m2) (Table 1).

Tip, tail, and angular offset and screw accuracy
The average offset from preoperative plan to final screw
placement was 1.9 ± 1.6 mm from the tip, 2.3 ± 1.6 mm
from the tail, and 2.8 ± 2.3° of angulation. Based on the

13

Journal of Robotic Surgery
Table 1  Baseline characteristics

Table 3  GRS grade per level

Parameter

Overall

Level treated Grade A

Number of patients
Gender
Female, n (%)
Male, n (%)
Age, mean ± SD (range)
BMI, mean ± SD (range)
Diagnosis, n (%)
Degenerative spondylolisthesis
Spondylolisthesis
Degenerative disc disease

52

L2
L3
L4
L5
S1

15 (28.8%)
37 (71.2%)
49.8 ± 11.3 (23–77)
25.5 ± 4.0 (19–41)
19 (36.5%)
18 (34.6%)
15 (28.9%)

Table 2  Surgical data
Parameter

Overall

Levels treated, n (%)
L2
L3
L4
L5
S1
Mean estimated robot blood loss (cc)
Mean estimated surgery blood loss (cc)
Mean radiation time—robot (s)
Mean radiation time—surgery (s)
Mean operative time (min)
Mean screw insertion time (min)

8 (2.7%)
34 (11.6%)
82 (28.1%)
96 (32.9%)
72 (24.7%)
0.2 ± 1.0
9.9 ± 43.2
9.2 ± 6.6
17.6 ± 17.4
103.7 ± 42.6
25.7 ± 14.2

GRS CT-based grading, 98.3% (287/292) were graded A
or B, 1.0% (3/292) screws were graded C, 0.7% (2/292)
screws were graded D, and 0% screws were graded E. The
GRS grades per level treated are shown in Table 3. Trends
between cortical screw (n = 12) and pedicle screw (n = 280)
GRS grades were similar, resulting in 83.3% A, 16.7% B,
0% C, 0% D, and 0% E for cortical screws, and 85.3% A,
12.9% B, 1.1% C, 0.7% D, and 0% E for pedicle screws.
BMI was not correlated with screw tip, tail, or angular offset
(tip offset: R = 0.19, p = 0.18; tail offset: R = 0.12, p = 0.41;
angular offset: R = 0.13, p = 0.37). Screw offset was divided
into two groups with cutoffs of 1.5 mm for tip and tail offset and 2.0° for angular offset. Of the clinically acceptable
screws (Grades A and B), 49.8% and 64.8%, respectively,
displayed a tip and tail offset greater than 1.5 mm. In comparison, 100% and 100% of inaccurate screws (Grade C and
D, respectively) displayed a tip and tail offset greater than
1.5 mm. For angular offset, 57.1% of clinically acceptable
screws (Grades A and B) had an offset of greater than 2°
compared to 80% of inaccurate screws (Table 4).
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Grade B

Grade C Grade D Grade E

4 (1.4%)
4 (1.4%) 0 (0%)
24 (8.2%) 10 (3.4%) 0 (0%)
58 (19.9%) 21 (7.2%) 2 (0.7%)
93 (31.8%) 2 (0.7%) 0 (0%)
70 (24.0%) 1 (0.3%) 1 (0.3%)

0 (0%)
0 (0%)
1 (0.3%)
1 (0.3%)
0 (0%)

0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

Table 4  Number of screws with tip, tail, and angular offset cutoff by
grade
GRS grade

Tip offset
screws > 1.5 mm

Tail offset
> 1.5 mm

Angular offset > 2.0°

A
B
C
D
E

124
19
3
2
0

155
31
3
2
0

141
23
2
2
0

Complications
Only 0.68% (2/292) of the robot-assisted screws were
repositioned intraoperatively based on surgeon discretion.
There were no reported adverse events, complications and
no returns to the OR for misplaced screws.

Discussion
Pedicle screw pullout strength decreases by up to 71% when
the lateral wall is perforated, making accurate screw placement of utmost importance [3]. Robotic guidance with navigation assists surgeons in placing screws more consistently
and accurately for posterior fixation of the spine [11–14].
The current study showed pedicle screw placement accuracy
of 98%, based on GRS grading, for the first 52 patients or
292 screws placed with robotic guidance and navigation.
Few studies have presented the offset value from planned
screw trajectory to final placement. Godzik et al. [15]
reported tip and tail offsets in 70 pedicle screws placed
with ExcelsiusGPS®. They found a 2.6 ± 1.5 mm tip offset, 3.3 ± 2.0 mm tail offset, and 5.6 ± 4.3° angular offset
that was higher than what was found in the current study.
The pedicle screw accuracy rate was 96.6% based on GRS
grading, which was consistent with the 98.3% accuracy rate
found in this study.
In 2015, Van Dijk et al. [9] studied the clinical accuracy
and deviation in screw positions from the planning of 494
pedicle screws placed with SpineAssist™ (Mazor Robotics, Caesarea, Israel). The researchers reported 97.9% screw
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accuracy. In a subset of 178 screws, they found an entry
point deviation of 2.0 ± 1.2 mm, an axial angular deviation
of 2.2 ± 1.7°, and a sagittal angular deviation of 2.9 ± 2.4°.
The study concluded that these were acceptable deviations
allowing for highly accurate execution of the preoperative
screw trajectory plan.
Interestingly, results from this study found no correlation between GRS grading and screw offset from planned
trajectory, meaning that a screw that deviates off the planned
trajectory does not constitute inaccurate screw placement. In
other words, despite a deviation from the planned trajectory,
pedicle screw accuracy was at 98% based on GRS grading. This emphasizes the importance of surgical proficiency
while using the robot. The robot has shown to place screws
in the pedicle with high accuracy, but ultimately it is up to
the surgeon to plan and execute placement effectively.
The current study was not a comparative study, but rather
an exploratory study on the effectiveness of navigated
robotic assistance in posterior screw placement. Multiple
studies have examined the screw accuracy of robot-assisted
screws versus freehand screw placement with fluoroscopy
guidance and found improved screw accuracy, lower radiation, improved outcomes, and fewer revisions from screw
malposition with navigated robotic assistance [16–22].
In a meta-analysis by Fan et al. [16], robot-assisted pedicle screws were significantly more accurate than the conventional freehand with fluoroscopy-guided method. After
comparing the accuracies of 1255 pedicle screws in the
freehand group to 1682 pedicle screws in the robot-assisted
group, it was concluded that the robot-assisted technique
was superior to the conventional method in terms of pedicle
screw accuracy.
Feng et al. [23] compared clinical outcomes of robotassisted versus freehand fluoroscopy-assisted pedicle screw
insertion, finding significantly higher 98.5% screw accuracy
in the robot-assisted group compared to 91.6% accuracy in
the freehand group. Similar screw placement times were
found between this study by Feng et al. [23] and the current study (27.60 ± 8.58 vs. 25.7 ± 14.2, respectively). The
prior study reported radiation in units of dose and number of
images taken, while the current investigation reported radiation in time, making direct comparisons difficult.
In a separate study conducted by Zhang et al. [24], a
robot-assisted technique resulted in significantly higher clinically accepted screw positions compared to the fluoroscopyguided group (98.3% vs. 93.6%, respectively). Additionally,
this study reported a higher rate of perfect screw position
(grade A on the GRS scale) in the robot-assisted group, and
fewer revisions. However, the radiation time reported during surgery in the robot-assisted group was 93.5 ± 37.9 s,
significantly higher than what was found in the present study
(17.6 ± 17.4 s), due to the difference in surgical workflow.
In the study by Zheng et al. [24], screws were planned after

an intraoperative CT scan was taken, while in the current
study, a preoperative CT scan was used for planning screws.
Regardless, Zheng et al. [24] reported significantly lower
radiation times in the robot-assisted group than in the fluoroscopy-guided group, suggesting that if preoperative CT
radiation time was accounted for in the current study, total
radiation time may still be significantly lower than with a
freehand technique. Similarly, a systematic review by Pennington et al. [19] found that robot-assisted surgery based
on preoperative CT imaging had the least amount of patient
radiation exposure and the highest amount of fluoroscopy
usage compared to conventional fluoroscopy without navigation, conventional fluoroscopy with navigation, 3D fluoroscopy, and intraoperative CT-based navigation. However,
these researchers reported an average fluoroscopy time of
20.1 ± 17.2 s per screw, while the current study reported a
total fluoroscopy time of only 9.2 ± 6.6 s during robot use.
Nevertheless, all radiation exposures presented in the review
by Pennington et al. [19] were well below current safety
limits.
Other studies report an average fluoroscopic exposure
time anywhere from 16.8 s to 3.3 min per pedicle screw
fixation case [25–28]. The current investigation reported a
radiation exposure time of 17.6 ± 17.4 s for the entire case.

Study limitations
Although this is a single-surgeon, single-site, retrospective study without comparison to a cohort, the results are
consistent with findings from the literature. The method of
evaluating screw offset is limited in the subjective nature of
manual image overlay; however, the assessor was blinded to
treatment. Future studies should report radiation exposure in
both dose (mSv) and time to make comparisons with other
studies easier. Larger sample sizes are needed to evaluate the
effectiveness and cost–benefit analysis of this novel multifunctional robotic navigation system.

Conclusion
This navigated robotic guidance system for percutaneous
screw placement exhibited adequate screw offsets from
planned trajectory, while demonstrating safety and effectiveness through a 0% return to OR rate and a 98% accuracy rate based on GRS grading, respectively. There was
no correlation between GRS grading and screw offset in
the studied population.

13

Journal of Robotic Surgery

Compliance with ethical standards
Conflict of interest Authors SLG, NC and CL are salaried employees
(with stock options) of Globus Medical, Inc. The Excelsius GPS™
robot described in this manuscript is manufactured by Globus Medical,
Inc., (GMI) where authors SLG, NC and CL are employees. Authors
CAB, RP, and FB have no conflicts of interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
1. Perdomo-Pantoja A, Ishida W, Zygourakis C, Holmes C, Iyer
RR, Cottrill E, Theodore N, Witham TF, Lo SL (2019) Accuracy of current techniques for placement of pedicle screws in
the spine: a comprehensive systematic review and meta-analysis
of 51,161 screws. World Neurosurg. https://doi.org/10.1016/j.
wneu.2019.02.217
2. Sarwahi V, Wendolowski SF, Gecelter RC, Amaral T, Lo Y,
Wollowick AL, Thornhill B (2016) Are we underestimating the
significance of pedicle screw misplacement? Spine 41(9):E548–
E555. https://doi.org/10.1097/brs.0000000000001318
3. Korkmaz M, Sariyilmaz K, Ozkunt O, Gemalmaz HC, Akgul
T, Sungur M, Dikici F, Baydogan M (2018) Quantitative
comparison of a laterally misplaced pedicle screw with a redirected screw. How much pull-out strength is lost? Acta Orthop
Traumatol Turcica 52(6):459–463. https: //doi.org/10.1016/j.
aott.2018.03.002
4. Srinivasan D, Than KD, Wang AC, La Marca F, Wang PI, Schermerhorn TC, Park P (2014) Radiation safety and spine surgery: systematic review of exposure limits and methods to minimize radiation exposure. World Neurosurg 82(6):1337–1343.
https://doi.org/10.1016/j.wneu.2014.07.041
5. Winder MJ, Gilhooly PM (2017) Accuracy of minimally invasive percutaneous thoracolumbar pedicle screws using 2D fluoroscopy: a retrospective review through 3D CT analysis. J Spine
Surg (Hong Kong) 3(2):193–203. https: //doi.org/10.21037/
jss.2017.06.05
6. Gertzbein SD, Robbins SE (1990) Accuracy of pedicular screw
placement in vivo. Spine 15(1):11–14
7. Devito DP, Kaplan L, Dietl R, Pfeiffer M, Horne D, Silberstein B,
Hardenbrook M, Kiriyanthan G, Barzilay Y, Bruskin A, Sackerer
D, Alexandrovsky V, Stuer C, Burger R, Maeurer J, Donald GD,
Schoenmayr R, Friedlander A, Knoller N, Schmieder K, Pechlivanis I, Kim IS, Meyer B, Shoham M (2010) Clinical acceptance
and accuracy assessment of spinal implants guided with SpineAssist surgical robot: retrospective study. Spine 35(24):2109–2115.
https://doi.org/10.1097/BRS.0b013e3181d323ab
8. Roy-Camille R, Saillant G, Mazel C (1986) Internal fixation of
the lumbar spine with pedicle screw plating. Clin Orthop Relat
Res 203:7–17
9. van Dijk JD, van den Ende RP, Stramigioli S, Kochling M,
Hoss N (2015) Clinical pedicle screw accuracy and deviation
from planning in robot-guided spine surgery: robot-guided
pedicle screw accuracy. Spine 40(17):E986–E991. https://doi.
org/10.1097/brs.0000000000000960

13

10. Akoglu H (2018) User’s guide to correlation coefficients.
Turk J Emerg Med 18(3):91–93. https: //doi.org/10.1016/j.
tjem.2018.08.001
11. Crawford N, Johnson N, Theodore N (2019) Ensuring navigation
integrity using robotics in spine surgery. J Robot Surg. https: //doi.
org/10.1007/s11701-019-00963-w
12. Khan A, Meyers JE, Yavorek S, O’Connor TE, Siasios I, Mullin
JP, Pollina J (2019) Comparing next-generation robotic technology with 3-dimensional computed tomography navigation technology for the insertion of posterior pedicle screws. World Neurosurg 123:e474–e481. https://doi.org/10.1016/j.wneu.2018.11.190
13. Keric N, Doenitz C, Haj A, Rachwal-Czyzewicz I, Renovanz M,
Wesp DMA, Boor S, Conrad J, Brawanski A, Giese A, Kantelhardt SR (2017) Evaluation of robot-guided minimally invasive
implantation of 2067 pedicle screws. Neurosurg Focus 42(5):E11.
https://doi.org/10.3171/2017.2.Focus16552
14. Ghasem A, Sharma A, Greif DN, Alam M, Maaieh MA (2018)
The arrival of robotics in spine surgery: a review of the literature.
Spine 43(23):1670–1677. https: //doi.org/10.1097/brs.000000 0000
002695
15. Godzik J, Walker CT, Hartman C, de Andrada B, Morgan CD,
Mastorakos G, Chang S, Turner J, Porter RW, Snyder L, Uribe
J (2019) A quantitative assessment of the accuracy and reliability of robotically guided percutaneous pedicle screw placement:
technique and application accuracy. Oper Neurosurg (Hagerstown,
Md). https://doi.org/10.1093/ons/opy413
16. Fan Y, Du JP, Liu JJ, Zhang JN, Qiao HH, Liu SC, Hao DJ (2018)
Accuracy of pedicle screw placement comparing robot-assisted
technology and the free-hand with fluoroscopy-guided method in
spine surgery: an updated meta-analysis. Medicine 97(22):e10970.
https://doi.org/10.1097/md.0000000000010970
17. Staartjes VE, Klukowska AM, Schroder ML (2018) Pedicle
screw revision in robot-guided, navigated, and freehand thoracolumbar instrumentation: a systematic review and meta-analysis.
World Neurosurg 116:433–443.e438. https://doi.org/10.1016/j.
wneu.2018.05.159
18. Wu MH, Dubey NK, Li YY, Lee CY, Cheng CC, Shi CS, Huang
TJ (2017) Comparison of minimally invasive spine surgery using
intraoperative computed tomography integrated navigation, fluoroscopy, and conventional open surgery for lumbar spondylolisthesis: a prospective registry-based cohort study. Spine J Off J N
Am Spine Soc 17(8):1082–1090. https://doi.org/10.1016/j.spine
e.2017.04.002
19. Pennington Z, Cottrill E, Westbroek EM, Goodwin ML, Lubelski D, Ahmed AK, Sciubba DM (2019) Evaluation of surgeon
and patient radiation exposure by imaging technology in patients
undergoing thoracolumbar fusion: systematic review of the literature. Spine J Off J N Am Spine Soc. https://doi.org/10.1016/j.
spinee.2019.04.003
20. Fomekong E, Safi SE, Raftopoulos C (2017) Spine navigation
based on 3-dimensional robotic fluoroscopy for accurate percutaneous pedicle screw placement: a prospective study of 66
consecutive cases. World Neurosurg 108:76–83. https://doi.
org/10.1016/j.wneu.2017.08.149
21. Hyun SJ, Kim KJ, Jahng TA, Kim HJ (2017) Minimally invasive robotic versus open fluoroscopic-guided spinal instrumented
fusions: a randomized controlled trial. Spine 42(6):353–358. https
://doi.org/10.1097/brs.0000000000001778
22. Molliqaj G, Schatlo B, Alaid A, Solomiichuk V, Rohde V,
Schaller K, Tessitore E (2017) Accuracy of robot-guided versus
freehand fluoroscopy-assisted pedicle screw insertion in thoracolumbar spinal surgery. Neurosurg Focus 42(5):E14. https://doi.
org/10.3171/2017.3.Focus179
23. Feng S, Tian W, Sun Y, Liu Y, Wei Y (2019) Effect of robotassisted surgery on lumbar pedicle screw internal fixation

Journal of Robotic Surgery

24.

25.

26.
27.

in patients with osteoporosis. World Neurosurg. https://doi.
org/10.1016/j.wneu.2019.01.243
Zhang Q, Han XG, Xu YF, Liu YJ, Liu B, He D, Sun YQ, Tian
W (2019) Robot-assisted versus fluoroscopy-guided pedicle screw
placement in transforaminal lumbar interbody fusion for lumbar
degenerative disease. World Neurosurg. https://doi.org/10.1016/j.
wneu.2019.01.097
Perisinakis K, Theocharopoulos N, Damilakis J, Katonis P, Papadokostakis G, Hadjipavlou A, Gourtsoyiannis N (2004) Estimation
of patient dose and associated radiogenic risks from fluoroscopically guided pedicle screw insertion. Spine 29(14):1555–1560
Jones DP, Robertson PA, Lunt B, Jackson SA (2000) Radiation
exposure during fluoroscopically assisted pedicle screw insertion
in the lumbar spine. Spine 25(12):1538–1541
Han X, Tian W, Liu Y, Liu B, He D, Sun Y, Han X, Fan M, Zhao
J, Xu Y, Zhang Q (2019) Safety and accuracy of robot-assisted

versus fluoroscopy-assisted pedicle screw insertion in thoracolumbar spinal surgery: a prospective randomized controlled trial. J
Neurosurg Spine. https://doi.org/10.3171/2018.10.spine18487
28. Siccoli A, Klukowska AM, Schroder ML, Staartjes VE (2019)
A systematic review and meta-analysis of perioperative parameters in robot-guided, navigated, and freehand thoracolumbar
pedicle screw instrumentation. World Neurosurg. https://doi.
org/10.1016/j.wneu.2019.03.196
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

13

GMOAA11
11.19 Rev A

