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Study Design: Retrospective review of an initial cohort of consecutive patients undergoing robot-assisted pedicle screw placement.
Purpose: We aimed to evaluate the learning curve, if any, of this new technology over the course of our experience.
Overview of Literature: Percutaneous pedicle screws have specific advantages over open freehand screws. However, they require 
intraoperative imaging for their placement (e.g., fluoroscopy and navigation) and require increased surgeon training and skill with the 
learning curve estimated at approximately 20–30 cases. To our knowledge, this is the first study that measures the learning curve of 
robot-guided purely percutaneous pedicle screw placement with comprehensive objective postoperative computed tomography (CT) 
scoring, time per screw placement, and fluoroscopy time.
Methods: We included the first 80 consecutive patients undergoing robot-assisted spinal surgery at Melbourne Private Hospital. 
Data were collected for pedicle screw placement accuracy, placement time, fluoroscopy time, and revision rate. Patient demographic 
and relevant perioperative and procedural data were also collected. The patients were divided equally into four sub-groups as per 
their chronological date of surgery to evaluate how the learning curve affected screw placement outcomes.
Results: Total 80 patients were included; 73 (91%) had complete data and postoperative CT imaging that could help assess that 
placement of 352 thoracolumbar pedicle screws. The rate of clinically acceptable screw placement was high (96.6%, 95.4%, 95.6%, 
and 90.7%, in groups 1 to 4, respectively, p=0.314) over time. The median time per screw was 7.0 minutes (6.5, 7.0, 6.0, and 6.0 min-utes (6.5, 7.0, 6.0, and 6.0 min- (6.5, 7.0, 6.0, and 6.0 min-
utes in groups 1 to 4, respectively, p=0.605). Intraoperative revision occurred in only 1 of the 352 screws (0.3%).
Conclusions: We found that robot-assisted screw placement had high accuracy, low placement time, low fluoroscopy time, and a 
low complication rate. However, there were no significant differences in these parameters at the initial experience and the practiced, 
experience placement (after approximately 1 year), indicating that robot-assisted pedicle screw placement has a very short (almost 
no) learning curve.
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Introduction

Percutaneous pedicle screws have become the standard 

of care in spinal fusion surgery because of their multiple 
potential advantages, including more lateral placement, 
avoidance of the superior facet joint, stronger biome-
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chanical pull out strength, smaller incisions, less bleeding, 
lower pain, less infection, and possibly better long-term 
outcomes [1-8]. However, they depend on some form of 
intraoperative imaging for placement (e.g., fluoroscopy 
and computer guided image navigation) and require high-
level surgeon training and skill, with the learning curve 
being completed, in terms of operative time and com-
plications, once the surgeon has performed about 20–30 
screw placements [9,10].

Robot-assisted pedicle screw placement ensures ana-
tomical orientation and mechanical control of the instru-
mentation (placement of the cannula, drill position and 
trajectory, and placement of the pedicle screw). This pro-
vides additional advantages over navigated or fluorosco-
py-guided pedicle screw placement by reducing the 6° of 
motion in a three-dimensional space of Jamshidi needle 
placement to 2° of freedom (depth of tool insertion and 
tool clockwise/counter-clockwise rotation). Moreover, it 
only uses 2 shots of bi-planar radiography to register to 
the preoperative computed tomography (CT); therefore, 
the Renaissance robot can significantly save fluoroscopy 
time and staff radiation exposure.

This is a relatively new technology; therefore, limited 
studies have been conducted on the accuracy and advan-
tages of Renaissance robot. Currently, there is growing 
evidence that robot-guided screws are more accurate than 
conventional methods of percutaneous pedicle screw 
placement with most retrospective studies and trials re-
porting nearly 99% accuracy of clinically acceptable screw 
positioning [11-16].

We aimed to evaluate the learning curve, if any, of this 
new technology by measuring the screw placement time 
and accuracy, fluoroscopy exposure, revision rate, and 
complications over the course of our experience. To our 
knowledge, this is the first study to assess the learning 
curve of robot-guided purely percutaneous pedicle screw 
placement with comprehensive objective postoperative 
CT scoring, time per screw, and fluoroscopy time.

Materials and Methods

1. Study setting and participants

Between February 2016 and May 2017, when robot-
assisted pedicle screw placement was first instituted, 80 
consecutive patients for whom spinal surgery was per-
formed by the three senior authors (AM, BK, and GN) 

were included. The surgeries were performed for several 
indications; the most common indication being degenera-
tive disk disease, at Melbourne Pri vate Hospital. All the 
surgeons have a subspecialty spinal practice as neurosur-
geons. The results were obtained from retrospective re-
cords and perioperative imaging review. All the cases in-
volved percutaneous pedicle screw placement. Individual 
pedicle screw placement accuracy, time, fluoroscopy time, 
and revision rate were recorded. Patient demographic and 
relevant data, such as surgical indication, comorbidities, 
number of spinal levels undergoing surgery, and compli-
cations were recorded. Human Research Ethics Commit-
tee (HREC 2017.202) approval was obtained for the study, 
and written consent was not required for retrospective 
data review. All patients undergoing our initial robot-
assisted thoracolumbar surgery experience were included; 
therefore, there were no specific exclusion criteria. The 
patients were divided equally into four sub-groups as per 
their chronological date of surgery to evaluate how the 
learning curve affected screw placement accuracy, fluo-
roscopy time, and screw placement time. Patients were 
excluded if incomplete data were available.

2. Outcomes

For each case, screw placement accuracy, screw placement 
time, fluoroscopy time, and revision rate were measured 
prospectively. Each screw was scored independently by 
two authors (JK and CG) using the Gertzbein-Robbins 
classification [17] (Fig. 1) based on the postoperative CT 
images obtained for all patients [18,19]. Any discrepancy 
was resolved by consensus and review. Complications and 
adverse events were also reviewed. The outcomes were 
compared between the groups.

3. Surgical technique

All the patients underwent percutaneous screw placement 
using The Renaissance Guidance System (Mazor Robotics 
Ltd., Caesarea, Israel; ‘Mazor robot’), a navigation device 
used in spinal surgery for the placement of screws into 
the spine. The technique involves matching an on-table 
bi-planar fluoroscopic image to a preoperative CT of the 
spine, wherein pre-planned screws have been designed 
on a computer by the surgeon. A mechanical robot arm 
attached to the table and/or patient then moves to place a 
guide tube that assists the surgeon to drill a pilot hole and 
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accurately place a guide wire over which a spinal screw 
can be inserted.

4. Statistical analyses

Group comparisons were conducted using Fisher’s exact, 
chi-square, and Freeman-Halton extension tests with a 
significance level of p<0.05. Continuous variables were 
compared using the Mann-Whitney U, Kruskal-Wallis, 
and one way analysis of variance tests, as appropriate. IBM 
SPSS ver. 20.0 (IBM Corp., Armonk, NY, USA) was used 
to perform the statistical analyses and generate graphs.

Results

1. Patients

Total 80 patients were admitted to undergo robot-assisted 
spinal surgery for several indications within the study 
period (Fig. 2). Baseline characteristics of the groups are 
described in Table 1. Complete data on demographic pro-
file, presentation details, complications, and postoperative 
CT imaging to assess hardware placement were available 
for 73 patients (91%). The mean±standard deviation age 
of the study participants was 66.6±11.1 years, and 63.0% 
were women. There were no significant differences be-
tween the groups for comorbidities, number of levels 
operated, indication, or approach. Significantly higher 
numbers of patients underwent thoracic surgery in the 
third quarter of the group’s experience (Table 1).

2. Primary outcomes

Total 352 thoracolumbar percutaneous pedicle screws 
were placed for 73 patients; of these, 90.1% were placed 
in an ideal position (grade A) without evidence of breach. 
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Fig. 1. Computed tomography scans demonstrating the Gertzbein-
Robbins classification of screw positioning. The grades reflect the 
deviation of the screw from the ‘ideal’ intrapedicular trajectory. (A) 
Grade A is an intrapedicular screw without breach of the cortical layer 
of the pedicle; (B) grade B reflects a screw that breaches the corti-
cal layer of the pedicle; however, it does not exceed it laterally by >2 
mm. (C, D) Grades C and D indicate a penetration of <4 and <6 mm, 
respectively. (E) Grade E indicates a screw that does not pass through 
the pedicle or that, at any given point in its intended intrapedicular 
course, breaches the cortical layer of the pedicle in any direction by 
≥6 mm (arrow). Reproduced from Schatlo et al. J Neurosurg Spine 
2014;20:636-43, with permission from American Association of Neuro-
logical Surgeons [17].

P atients identified within study period undergoing 
robot-assisted spinal surgery (n=80)

P atients with completed follow-up and CT imaging 
(n=73)

Patients excluded
•   One patient did not undergo percutaneous screw 

placement.
•   Two cases not completed (one due to robot func-

tionality, one not related to robot functionality).
•   Four patients excluded as incomplete follow-up 

or postoperative CT imaging

Fig. 2. Patient flow diagram. CT, computed tomography.
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Distributions of ideal versus non-ideal placement of 
pedicle screws are given in Table 2. The rate of ideal screw 
placement remained unchanged among the groups. The 
average (median) time for screw placement was 7 min-
utes and did not vary significantly among the groups. 
Fig. 3 demonstrates screw placement time over the au-. 3 demonstrates screw placement time over the au- 3 demonstrates screw placement time over the au-
thors’ experience that remained low from the beginning 
of the series. The average (median) fluoroscopy time per 
screw was 3 seconds. This varied significantly among the 
groups, with group 3 (third quarter) having a significantly 
(p=0.021) increased fluoroscopy time per screw of 4 sec-
onds.

3. Secondary outcomes and adverse events

There were no misplaced screws placed within the study 
period. There was one intraoperative revision (0.3%) that 
was not associated with complication (Table 3). Overall, 
there were four complications (5.5%). One patient expe-four complications (5.5%). One patient expe- complications (5.5%). One patient expe-

Table 1. Demographic and clinical characteristics of study participants

Characteristic Total (n=73) Group 1 (n=18) Group 2 (n=18) Group 3 (n=18) Group 4 (n=19) p-valuea)

Patient demographics

Age (yr) 66.6±11.1 69.3±8.1 65.6±8.1   67.3±11.8   64.2±14.9 0.549

Female gender     46 (63.0)      12 (66.7)      13 (72.2)      12 (66.7)         9 (47.4) 0.414

Patient characteristics

Diabetes       8 (11.0)      1 (5.6)       2 (11.1) 3 (16.7)        2 (10.5) 0.863

Cardiovascular disease     18 (24.7)        7 (38.9)       2 (11.1) 4 (22.2)        5 (26.3) 0.279

Pulmonary disease     5 (6.8)      1 (5.6)      1 (5.6) 2 (11.1)      1 (5.3) 0.934

Osteoporosis     5 (6.8) 0       2 (11.1)      1 (5.6)         2 (10.5) 0.745

Steroid use     5 (6.8)        2 (11.1)       2 (11.1)      1 (5.6) 0 0.469

Surgical characteristics

Degenerative     63 (86.3)      16 (88.9)     16 (88.9)      13 (72.2)      18 (94.7)

Neoplastic     6 (8.2)      1 (5.6)       1 (5.6)         3 (16.7)      1 (5.3) 0.588

Trauma/fracture     4 (5.5)      1 (5.6)      1 (5.6)        2 (11.1)      0 (0.0) 0.360

Single level/multilevel 53 (72.6)/20 (27.4) 11 (61.1)/7 (38.9) 14 (77.8)/4 (22.2) 12 (66.7)/6 (33.3) 16 (84.2)/3 (15.8) 0.407

Thoracic/lumbar  8 (11.0) /65 (89.0)       1 (5.6)/17 (94.4)    2 (11.1) /16 (88.9)     5 (27.8)/13 (72.2)     0/19 (100.0) 0.032*

Latera/XLIF     36 (49.3)      12 (66.7)        8 (44.4) 6 (33.3)      10 (52.6)

Posterior/PLIF     21 (28.8)        4 (22.2)        7 (38.9) 5 (27.8)        5 (26.3) 0.588

Anterior/ALIF/OLIF     12 (16.4)      1 (5.6)        2 (11.1) 5 (27.8)        4 (21.0) 0.194

Pedicle screws only     4 (5.5)      1 (5.6)      1 (5.6) 2 (11.1) 0 0.411

Values are presented as mean±standard deviation or number (%).
XLIF, extreme lateral interbody fusion; PLIF, posterior lumbar interbody fusion; ALIF, anterior lumbar interbody fusion; OLIF, oblique lumbar interbody 
fusion.
a)From Fisher’s exact, with Freeman-Halton extension, chi-square, Mann-Whitney U-test, Kruskal-Wallis, one way analysis of variance as appropri-
ate. *p<0.05 (significant)
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Fig. 3. Scatterplot of the time per screw in minutes with increasing 
experience: maintenance of low time per screw from the beginning 
throughout the surgical experience.
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rienced a spinal cord stroke associated with neurological 
deficit. One patient underwent revision surgery for an 
asymptomatic extruded bone graft detected on postop-
erative imaging. One patient had two freehand pedicle 
screws placed after dysfunction with the Mazor system. 
One patient had bowel obstruction and acute renal injury 
postoperatively. There were no postoperative screw revi-
sions or neurological deficits associated with screw place-
ment. No complications were attributed to robot-assisted 
pedicle screw placement.

Discussion

In this study, we found no significant difference in the 
screw placement accuracy, time per screw placement, and 
complication rate among the 4-time periods in our initial 
experience, indicating no significant learning curve; fur-
ther, this indicates that from the early experience of this 
technique, acceptable outcomes are achieved. However, 
the fluoroscopy time increased in the third quarter of 
experience (median=4 seconds). In our series, the overall 
complication rate was 5.5% although there were no com-
plications attributed to mal-placement of robot-assisted 

Table 2. Screw accuracy, placement, and fluoroscopy time

Variable Total 
(n=73)

Group 1 
(n=18)

Group 2 
(n=18)

Group 3 
(n=18)

Group 4 
(n=19) p-valuea)

Pedicle screws placed    352 (100.0) 89 (100.0)  87 (100.0)      90 (100.0)   86 (100.0)

Ideal screw placement (%)

Grade A screws  317 (90.1) 85 (95.5) 80 (92.0)    77 (85.6) 75 (87.2) 0.105916

Grade B–E screws  35 (9.9) 4 (4.5) 7 (8.0)     13 (14.4) 11 (12.8)

Clinically acceptable screw placement (%)

Grade A–B screws  333 (94.6) 86 (96.6) 83 (95.4)    86 (95.6) 78 (90.7) 0.3140

Grade C–E screws  19 (5.4) 3 (3.4) 4 (4.6)    4 (4.4) 8 (9.3)

Distribution of screw accuracy B–E (%)

Grade B  16 (4.5) 1 (1.1) 3 (3.4)      9 (10.0) 3 (3.5)

Grade C  10 (2.8) 2 (2.2) 2 (2.3)    1 (1.1) 5 (5.8)

Grade D    7 (2.0) 1 (1.1) 1 (1.1)    3 (3.3) 2 (2.3)

Grade E    2 (0.6) 0 (0.0) 1 (1.1)    0 (0.0) 1 (1.2)

Screw placement times (interquartile range)

Median time per screw in minutes 7.0 (3.0) 6.5 (3.0) 7.0 (4.0) 6.0 (3.0) 6.0 (4.0) 0.605

Median fluoroscopy time per screw in seconds 3.0 (2.0) 2.0 (2.0) 3.0 (1.0) 4.0 (9.0) 3.0 (2.0) 0.021*

Values are presented as number (%), unless otherwise stated.
a)From Fisher’s exact, with Freeman-Halton extension, chi-square, Mann-Whitney U-test, Kruskal-Wallis, one way analysis of variance as appropri-
ate. *p<0.05 (significant).

Table 3. Screw misplacement, adverse events, and complications

Variable Total 
(n=73)

Group 1 
(n=18)

Group 2 
(n=18)

Group 3 
(n=18)

Group 4 
(n=19) p-valuea)

Pedicle screws placed 352 (100.0) 89 (100.0)   87 (100.0) 90 (100.0)   86 (100.0)

Intraoperative screw revision 1 (0.3) 0 0 0 1 (1.2)

Misplaced screws 0 0 0 0 0

Complications (%) 4 (5.5) 0 1 (5.6) 3 (16.7) 0 0.093
Values are presented as number (%), unless otherwise stated.
a)From Fisher’s exact, with Freeman-Halton extension, chi-square, Mann-Whitney U-test, Kruskal-Wallis, one way analysis of variance as appropri-
ate. *p<0.05 (significant).
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pedicle screws.
‘Clinically acceptable’ screws in the literature are those 

deemed grade A or B (<2 mm deviation from the cortex) 
using the Gertzbein-Robbins method [19-21]. Of the 352 
pedicle screws that were placed, 333 (94.6%) were grade 
A or B and 19 (5.3%) were grade C, D, or E. A more clini-grade C, D, or E. A more clini-rade C, D, or E. A more clini-
cally relevant outcome than screw placement accuracy is 
screw revision. Our intraoperative revision rate was 0.3% 
(1 of 352) with no postoperative evaluation of the screws 
requiring revision. This is similar to the results from the 
growing body of literature that has documented high 
screw placement accuracy rates. Keric et al. [13] evaluated 
413 patients who had Renaissance robot-guided surgery 
in two German centers and found a 2% misplacement rate 
of 3–6 mm and 1.1% deviation of >6 mm. Nine screws 
required revision (0.48%). Registration failure occurred 
in one patient because of obesity. Most deviated screws 
showed lateral deviation and probably resulted from ‘skiv-
ing.’ Twenty-four screw misplacements were potentially 
due to platform dislocation, and in six screw placements, 
the reason for the need of revision was unclear [13]. Kim 
et al. [12] performed an randomized controlled trial (RCT) 
of robot-assisted (n=37) versus fluoroscopy-guided (n=41) 
screw placement in patients undergoing posterior lumbar 
interbody fusion (PLIF). Although there was no difference 
in pedicle screw placement accuracy, robot-guided screws 
were less likely to breach the proximal facet joint with bet-
ter convergence angles. Hyun et al. [11] reported a RCT 
comparing the Renaissance robot system with traditional 
fluoroscopy-guided pedicle screw placement in 1- or 
2-level degenerative lumbar spinal fusions. Sixty patients 
were enrolled, and 270 screws were placed. There was 5% 
screw deviation in the fluoroscopy group compared to 
only 2.3% in the robot group; however, the placement of 
all the screws in the robotic group was clinically accept-
able [11]. In the same study, Hyun et al. [11] compared 
the first 15 patients with the latter 15 patients in the robot 
group and found that time per screw decreased from 5.5 
to 4.0 minutes (p=0.023). Fluoroscopy time per screw 
similarly decreased from 4.1 to 2.9 seconds; however, this 
was not statistically significant (p=0.117) [11].

Reporting of the learning curve in robot-assisted pedi-
cle screw placement is sporadic and varied with outcomes 
not only relating to screw placement accuracy and revi-
sion, but also time per screw, fluoroscopy time per screw, 
and the effect of surgeon seniority on operating times 
being incorporated into larger studies that assess the vi-

ability of this technique.
In our study, ideal screw placement did not vary among 

the groups, ranging from 85.6%–95.5% (p=0.106), and 
our median time per screw was 7 minutes, ranging from 
6.0–7.0 minutes in the four groups (p=0.605), indicat-
ing that there was no significant learning curve for this 
technique. However, the median fluoroscopy time var-
ied, ranging from 2–4 seconds per screw among the four 
groups (p=0.021). The longest fluoroscopy times were 
recorded in the third quarter of our experience; this may 
be due to the much higher number of thoracic cases (5/18, 
27.8%) in that quarter compared to that in the others 
(p=0.032). It is noteworthy that ideal screw placement was 
highest in the first quarter, probably because the surgeons 
were more cautious while executing a new technique and 
had assistive supervision.

Conflicting results have been reported for the learning 
curve of this technique in a large study by Schatlo et al. 
[18] that reported an initial learning curve that included 
screw placement in about 25 cases; this study reported 
that misplacement rates peaked between the 5th and 25th 
surgery in 12 of 13 surgeons in a study on 258 surgeries, 
and 1,265 pedicle screws that were placed with robotic as-,265 pedicle screws that were placed with robotic as-265 pedicle screws that were placed with robotic as-
sistance. Contrary to this, some other studies have shown 
no increase in the already high accuracy of early and late 
experience in robot-assisted pedicle screws [22-24]. Our 
study expands upon previous research because as per our 
initial experience, the number of patients undergoing 
multilevel fixations in both, the thoracic and lumbar spine 
and the total number of patients and screws was much 
larger than that in the study by Kim et al. [24] who report-. [24] who report- [24] who report-[24] who report-who report-
ed 20 patients undergoing robot-assisted PLIFs. The screw 
placement accuracy rate for open robot-assisted pedicle 
screws in a pediatric population for adolescent idiopathic 
scoliosis was unchanged when the learning curve between 
the first 16 and final 16 patients was examined (9.6% ver-er-
sus 7.4% >2 mm deviation, p=0.573) [23]. Moreover, we 
measured the time per screw placement, revision rate, and 
fluoroscopy times to show that in other aspects of pedicle 
screw placement, not just accuracy there is minimal learn-
ing curve.

Fluoroscopy time decreased by 30% after the first 8 of 
37 cases in a trial by Kim et al. [12] that compared robot-
assisted PLIF and freehand pedicle screw PLIF.

Learning curve, evaluated as time per screw placement 
between levels of training, was evaluated by Urakov et al. 
[25] in their study demonstrating that the average time 
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per screw placement was 4.4 minutes for residents with 
<5 years of experience and 4.02 for residents and fellows 
with ≥6 years of training (p=0.61). This may indicate that 
the learning curve is short. Although a formal evaluation 
of the learning curve was not conducted, the same study 
noted a trend of decrease in the time needed for screw 
placement by residents with more experience [25].

Our results indicate that there is almost no learning 
curve associated with robot-assisted pedicle screw place-
ment; however, our results may not be applicable to all 
neurosurgeons or orthopedic surgeons because all our 
authors have a subspecialty interest in spine surgery. One 
strength of our study is that our experience is reflective 
of a general spine practice, with 20 of the 73 patients 
undergoing multilevel fixation and 10 of the 73 patients 
undergoing surgery for either tumor or trauma. More-
over, our case numbers are moderate, with mal-placement 
and adverse event rates being low; therefore, the possible 
complications associated with the increasing use of robot-
assisted spinal surgery may have been under reported. 
Further large prospective studies are needed to assess the 
factors that affect robot screw placement accuracy and 
its use in different pathologies, such as a deformity with 
rotated pedicles or altered anatomy, for a complete evalua-
tion of this technique.

Conclusions

Our study includes a comprehensive analysis of the learn-
ing curve associated with the adoption of robot-assisted 
pedicle screw placement as a new surgical technique. We 
evaluated multiple outcomes, such as screw placement 
accuracy, screw placement time, and complication rate, 
and found that robot-assisted screws were associated with 
high overall accuracy, low placement and fluoroscopy 
times, and low complication rates; however, there was 
no significant difference in these parameters from the 
initial experience to the practiced experience (after ap-
proximately 1 year), indicating that robot-assisted pedicle 
screw placement has a very short to almost no learning 
curve.
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