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Review Article

Introduction

Pediatric spinal deformity often involves complex 3-dimen-
sional (3D) deformities associated with small and frequently 
dysplastic pedicles [37,43]. One of the goals of surgical 
management is to obtain a stable and solid fusion after 
placement of spinal anchors followed by spinal deformity 
correction. The mainstay of operative pediatric spinal defor-
mity management has been open posterior spinal instru-
mentation and fusion (PSIF), most frequently using pedicle 
screws inserted with freehand techniques [17,27,53].

In children with spinal deformity, the insertion of tho-
racic pedicle screws presents increased risk of malposi-
tioned pedicle screws and other complications compared 
with lumbar pedicle screw insertion. Usually, this is 
caused by altered morphology in the thoracic pedicle, 
including dysplastic and narrow pedicles and altered loca-
tion of neurovascular structures secondary to spinal defor-
mity [11,15,17,37,43,47,55,58]. Screw malpositioning is a 

commonly documented implant-related complication; 
rates vary between 4.2% and 25% for placement with free-
hand techniques [15,17].

Multiple methods have been used to improve the accu-
racy and safety of thoracic pedicle screw placement, 
including anatomically based techniques (use of pedicle 
probes and pedicle wall palpation, visualization of cancel-
lous starting points, and laminectomy with direct pedicle 
visualization and palpation), as well as preoperative and 
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Abstract
Introduction: Pediatric spinal deformity involves a complex 3-dimensional (3D) deformity that increases the risk of pedicle 
screw placement due to the close proximity of neurovascular structures. To increase screw accuracy, improve patient 
safety, and minimize surgical complications, the placement of pedicle screws is evolving from freehand techniques to 
computer-assisted navigation and to the introduction of robotic-assisted placement. Purpose: The aim of this review was to 
review the current literature on the use of robotic navigation in pediatric spinal deformity surgery to provide both an error 
analysis of these techniques and to provide recommendations to ensure its safe application. Methods: A narrative review 
was conducted in April 2021 using the MEDLINE (PubMed) database. Studies were included if they were peer-reviewed 
retrospective or prospective studies, included pediatric patients, included a primary diagnosis of pediatric spine deformity, 
utilized robotic-assisted spinal surgery techniques, and reported thoracic or lumbar pedicle screw breach rates or pedicle 
screw malpositioning. Results: In the few studies published on the use of robotic techniques in pediatric spinal deformity 
surgery, several found associations between the technology and increased rates of screw placement accuracy, reduced 
rates of breach, and minimal complications. All were retrospective studies. Conclusions: Current literature is of a low level 
of evidence; nonetheless, the findings suggest the accuracy and safety of robotic-assisted spinal surgery in pediatric pedicle 
screw placement. The introduction of robotics may drive further advances in less invasive pediatric spinal deformity 
surgery. Further study is warranted.
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intraoperative use of various ionizing radiation techniques 
such as fluoroscopy, plain radiographs, and computed 
tomography (CT) scans. Several techniques for neuro-
monitoring have gained widespread acceptance as clinical 
standards for improving patient safety, including transcra-
nial motor-evoked potentials and somatosensory evoked 
potentials [7,23,44,49,50], spontaneous electromyography 
(EMG) monitoring [7,23], triggered electromyography 
(t-EMG) screw stimulation [40,41], and pedicle probes 
with electroconductive tips [36]. Issues of safety, reliabil-
ity, and accuracy have been crucial in the ongoing devel-
opment and improvement of computer-assisted pedicle 
screw navigation in spine surgery.

First used in spine surgery in the late 1990s, computer 
navigation is proposed as a way to allow for real-time assess-
ment of screw trajectory accuracy [15,20]. When comparing 
different pedicle screw insertion methods, computer-assisted 
surgical navigation of pedicle screws has lower rates of mal-
positioned screws and unplanned return to the operating 
room (OR) [5,6,22,24,25,31,39,52]. Additionally, surgical 
navigation has been associated with significantly lower rates 
of medial wall breach compared to freehand techniques 
(0%–7.9% vs 8.6%) [5,6,22]. The incidence of an unsafe, 
significant medial breach (50% of the screw diameter) was 
7.6 times more likely to occur using freehand screw inser-
tion compared with surgical navigation in one study [51].

Robotic-assisted spine surgery (RASS) is a natural evo-
lution from computer-assisted surgical navigation, and it 
has several potential advantages over freehand techniques, 
including improved stability and maintenance of screw  
trajectory during insertion, opportunity for preoperative 
screw trajectory planning to find ideal trajectory, and 
potential for screw insertion without direct visualization of 
bony anatomy and screw entry site. Accurate, reliable, and 
safe pedicle screw insertion using robotically assisted tech-
niques opens the possibility for lesser invasive surgical 
approaches for pediatric spinal deformity as less invasive 
robotic-assisted techniques have already been adopted by 
adult spine surgeons to assist in the correction of adult spi-
nal deformity [2,8,9,26,38,54].

The first robotic system cleared for use in spine surgery 
by the US Food and Drug Administration (FDA) was the 
SpineAssist (Mazor Robotics LTD, Caesarea, Israel) in 
2004 [13,16]. The SpineAssist was replaced by the Mazor 
Renaissance (Mazor Surgical Technologies Ltd, Caesarea, 
Israel) in 2011, and the first reports of the use of RASS in 
pediatric spinal deformity utilized this system [13,16,18,28]. 
This system was a mechanically driven bone-mounted  
system with a robotic manipulator, allowing for 6 degrees 
of freedom, attached to a bone-mounting frame on the 
patient’s spine.

There are now several FDA-cleared spine robots, includ-
ing ROSA Spine Robot, which was subsequently replaced 
by the Rosa One Spine system (Zimmer Biomet Robotics, 

Montpelier, France), ExcelsiusGPS (Globus Medical, Inc, 
Audubon, PA), and Mazor X (Medtronic, Dublin, Ireland) 
[13]. The increasing interest in RASS has led to further 
FDA clearances, including the Cirq system (Brainlab AG, 
Munich, Germany) [14].

The safety, efficacy, and accuracy of these systems is an 
active area of research [11,21,52]. Increased adoption of 
robotically assisted insertion of pedicle screws has largely 
been driven by adult spine surgeons who have pioneered 
single-position lateral surgery for simultaneous anterior and 
posterior spinal fusion in the lumbar spine, as well as mini-
mally invasive percutaneous screw insertion in the lumbar 
spine [19,21].

The current generation of spine robots facilitates pedicle 
screw placement through an end-effector that functions as a 
rigid drill sleeve that obtains and maintains planned screw 
insertion trajectory. The current generation of robotic spine 
systems provides for increased stability of the robotic arm, 
increased stability of spine region of interest via spine stabili-
zation clamps, and improved overall system stability via 
direct connection of the robot to the skeletal anatomy of the 
patient. Simultaneous computer-assisted surgical navigation 
tracking the instruments and the skeleton also provides real-
time visual feedback layered on top of the robotic navigation.

We aimed to review the current literature on the use of 
robotic navigation in pediatric spinal deformity. We sought 
to provide an error analysis of these techniques to include 
reported breach rates and surgical and patient factors that 
may lead to increased breach or other complications. In 
addition, we aimed to provide recommendations and best 
practices to ensure safe placement of pedicle screws and 
discuss further applications of robotic surgery in pediatric 
spine deformity correction based on our own experience.

Methods: Search Strategies and 
Criteria

A narrative review was conducted in April 2021 using the 
MEDLINE (PubMed) database. The search strategy con-
sisted of the operators found in Appendix A. Studies were 
included if they were peer-reviewed, retrospective, or pro-
spective studies; included pediatric patients and a primary 
diagnosis of pediatric spine deformity such as adolescent 
idiopathic scoliosis, neuromuscular scoliosis, congenital 
scoliosis, or Scheuermann’s kyphosis; utilized RASS 
techniques; and reported thoracic or lumbar pedicle screw 
breach rates or pedicle screw malpositioning.

The search identified 40 articles. Of the articles identi-
fied, 16 abstracts were screened, 12 of which were excluded, 
3 for being a research design other than a prospective or 
retrospective study, 4 for not utilizing robotic navigation 
techniques, 3 for not including pediatric patients, 1 for not 
including thoracic or lumbar pedicle screw placement, and 
1 for not providing breach rates. Four full-text articles were 
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reviewed, 4 of which met inclusion criteria (Table 1) 
[16,29,34,45]. Study quality was graded using the Downs 
and Black checklist, a 27-question assessment with a maxi-
mum score of 28 [12]. Similar to other studies, question 27 
was replaced with “Was a power analysis conducted?” 
with a score of 1 for yes and 0 for no [30,33].

Results

Error Analysis in Pediatric Robotic Spine Surgery

Four studies were identified that have reviewed the poten-
tial complications with the use of both second-generation 
and third-generation robotic navigation in pediatric spinal 
deformity.

Macke et al reviewed 48 pediatric patients following 
screw placement with the second-generation Mazor 
Renaissance system and analyzed 662 screws [29]. The 
authors performed postoperative CT scans on all patients 
and found a total screw medial misplacement rate of 7.2%, 
with the majority (4.5%) having a medial breach between 2 
and 4 mm. Additionally, they reported 1.5% of screws had a 
medial breach between 4 and 6 mm, and 1.2% were greater 
than 6 mm. Despite the medially placed screws, screws 
were more often misplaced laterally. While the authors did 
not evaluate time per screw to evaluate a learning curve, 
they reported a 9.6% breach rate in the first third of patients 
and a 7.4% breach rate in the last third. They also reported 
that patients who underwent preoperative CT scanning in 
the prone position were less likely to have a breach.

Shaw et al also examined pedicle screw accuracy with 
the Mazor Renaissance [45]. Following screw insertion, 
each pedicle screw was stimulated with t-EMG, with thresh-
olds less than 8 mA deemed abnormal. These screws were 
subsequently removed and the tract was probed with a ball-
tip probe. If a medial wall was not palpated, a new screw 

trajectory was created. The authors reviewed 49 patients 
and 844 instrumented pedicles and reported 28 (3.3%) 
screws with abnormal stimulation. All trajectories were 
found to have an intact medial wall and the screw was rein-
serted; 51% of these screws were periapical, 19 on the curve 
concavity, and in a logistic regression analysis, smaller ped-
icle width was found to be a significant predictor for t-EMG 
amplitude.

Recently, Gonazalez et al reviewed 40 patients with 314 
screws placed robotically with the Mazor X [16]. The 
authors used a preoperative CT scan (12 patients) for sur-
gical planning and then an intraoperative O-arm scan 
(Medtronic, Dublin, Ireland) for registration in lieu of fluo-
roscopy following spine exposure and facetectomies due to 
their belief in the difficulty of using fluoroscopy to register 
patients with significant apical rotation. The authors used 
either a spinous process clamp or a Schanz pin placed in the 
posterior superior iliac spine (PSIS) to attach the robotic 
arm. Screw position was assessed with intraoperative fluo-
roscopy and postoperative radiographs. They reported 4 
(1.3%) screws that had difficult placement, 3 of which were 
lateral, and 1 which was unable to be placed due to a scle-
rotic pedicle. Overall, the authors reported a 98.7% screw 
success rate. Two patients in the series had wound drainage 
and returned to the OR for debridement.

Morse et al reviewed 19 patients and 194 pedicles, 
168 (86.6%) of which were placed with the Mazor X [34]. 
A preoperative CT scan was performed for all patients 
and following instrumentation a 3D mobile fluoroscopic 
scan (Ziehm Imaging GmBH, Nuremberg, Germany) 
was used to assess screw position following placement in 
the OR. Standing biplanar low-dose whole-body slit 
radiographs (EOS Imaging, Paris, France), reconstructed 
to map individual vertebral body position, were used to 
assess the effect of vertebral body rotation on complica-
tions. The authors reported 29 (15.0%) screws that were 

Table 1. Summary of articles identified studying robotic-assisted spine surgery (RASS) in the pediatric population.

Author
Year 

published Study type
Downs and Black 

score (x/28)
Robotic 

platform utilized
Number 

of patients Diagnosis
Mean age at 

surgery (years)

Macke 2016 Retrospective 
review

17 Mazor 
Renaissance

50 AIS N/A

Shaw 2018 Retrospective 
review

18 Mazor 
Renaissance

19 AIS 14.5 ± 1.7

Gonzalez 2020 Retrospective 
review

16 Mazor X Stealth 
Edition

40 Neuromuscular (N = 5), 
spondylolisthesis (N = 4), 
congenital scoliosis (N = 2), 
AIS (N = 26), other (N = 3)

14.5 ± 2.6

Morse 2021 Retrospective 
review

18 Mazor X Stealth 
Edition

19 AIS (N = 13), neuromuscular 
scoliosis (n = 3), 
Scheuermann’s kyphosis  
(n = 1), post radiation 
scoliosis (n = 1), congenital 
scoliosis (n = 1)

14.6 ± 2.2
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abandoned or converted to freehand; the most common 
reason for freehand conversion was soft tissue impaction 
on the end effector (48.3%). There were 15 (8.9%) total 
medial breaches that occurred, the majority under 2 mm. 
There were 2 medial breaches between 2 and 4 mm, 1 of 
which was associated with a durotomy, which occurred 
due to inadequate tightening between the bone mount 
bridge and the spinous process clamp, causing medial 
skive from excess robotic arm motion. The durotomy did 
not produce any adverse symptoms postoperatively. Both 
of these breaches occurred in the first case, and exclud-
ing breaches less than 2 mm, robotically placed screws 
had a 98.8% accuracy rate. Most of the breaches occurred 
in the first case, with the majority occurring in the tho-
racic spine between T4 and T12. Risk of breach was 
associated with small pedicle diameter and vertebral 
body kyphosis.

In addition to reporting on errors, the authors presented a 
learning curve for screw time and reported a mean time per 
robotically placed screw of 3.6 ± 2.4 minutes. The time 
improved over the second half of cases and with experi-
ence. Slower screw placement times occurred in upper tho-
racic spine (T2–T3) and no difference was found between 
placement times of apical or peri-apical vertebrae and all 
other vertebrae [34]. The authors assessed screw accuracy, 
defined as a trajectory that matched preoperative templating 
and reported 76% of screws having a matched trajectory. 
Screws were most accurately placed in the lumbar spine and 
least accurately in the thoracic spine at the T4–T6 level. 
Additionally, cortically planned screws, those in which the 
mid-axis of the screw is placed on the pedicle cortex, were 
the least accurate. Accuracy improved over the second half 
of cases and was affected by smaller pedicle diameter, coro-
nal rotation, and sagittal rotation. Screw insertion times are 
currently under 1 minute.

While the use of RASS in pediatric spinal deformity 
remains an underreported topic in the literature, these 
studies demonstrate the accuracy and safety of robotic 
screw placement. With the use of both second- and third-
generation robotic techniques, there were no reported 
neurologic complications during pediatric spinal defor-
mity correction [15,29,34,45]. These studies also high-
light a limitation in assessing postoperative screw position 
in the pediatric population; only 1 study utilized a post-
operative CT to assess screw malposition [29]. The use of 
imaging modalities other than CT may only detect dan-
gerous breaches and not assess screw position, although 
these modalities are used to limit radiation exposure in 
children. Further study is required to determine the screw 
malpositioning rate. Of note, most reports utilized an 
open approach to the spine and screw placement could be 
visualized directly. Currently, the screw insertion tech-
nique has evolved and the transmuscular placement of 
proximal thoracic screws is being utilized.

Recommendations to Optimize Workflow and 
Ensure Safety

While RASS may offer further improved accuracy and reli-
ability in placing pedicle screws, its adoption presents several 
challenges. First, the entire surgical team must learn to safely 
and efficiently implement a new robotically assisted work-
flow. This includes classroom, dry lab, cadaver lab, and men-
torship-type technical training. Adequate training minimizes 
the duration of and id complications in the learning curve.

The use of the robot can be divided into 4 phases: preop-
erative planning, intraoperative setup, surgical execution, 
and postoperative assessment.

Planning may be performed in the OR with a plan and 
scan workflow or outside the OR with preoperative high-
resolution spine imaging ahead of surgery. Preoperative 
imaging allows for optimal planning of screw trajectories, 
especially with abnormal or highly dysplastic anatomy. The 
preoperative scan is uploaded to the planning software and 
the surgeon can choose screw trajectory optimizing safety 
and screw purchase. The planning software maximizes the 
surgeon’s ability to select the correct trajectory and screw 
size as the screw’s trajectory, diameter, and length can be 
viewed in the axial, coronal, and sagittal planes. During tem-
plating, hypoplastic, sclerotic, and small diameter pedicles 
are noted, as pedicle morphology differences may suggest 
extra-pedicular (in-out-in) trajectories (Fig. 1). Decreased 
screw placement accuracy was noted when preoperative 
plan included screw placement directly overlying the pedi-
cle cortex [34]. Additionally, when pedicle diameters were 

Fig. 1. Planning software showing 2 screw trajectories: (a) both 
screws are planning completely within the pedicle and (b) both 
screws are planned as in-out-in with the mid-axis of the screw 
entering the pedicle, exiting, and then entering the vertebral body.
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less than the smallest pedicle screw diameter, there was a 
significantly increased risk of breach [34,45]. Vertebral body 
kyphosis also correlated with increased rates of breach felt 
to be associated with soft-tissue pressure on the robotic end 
effector resulting in decreased accuracy of screw placement. 
Patient factors including height, weight, and length of defor-
mity also impact deformity planning, because more than 1 
registration may be required when more than 7 spinal levels 
are involved.

Setup of the robotic system can create ergonomic chal-
lenges for the surgeon and OR staff. We recommend placing 
the camera at the head of the table with a direct line of sight 
of the robotic arm and the operative field. Staff must be 
familiar with draping the robot, and all assistants must vigi-
lantly maintain a sterile field. Monitors and the base station 
should be placed to allow visualization by the surgeon and 
assistants. The radiology technician must manipulate the 
fluoroscopic C-arm to capture the appropriate registration 
views while avoiding contact between the C-arm and the 
robot (Fig. 2). Failure to manipulate the C-arm correctly can 
result in registration failure requiring the registration to be 
completed again. Prior to registration, when obtaining the 
topographical optical scan, a blue towel is placed over the 
spine and the lights are turned away to best define the field 
of view. During registration, the targeting device can be 
brought close to the patient to obtain the largest field of 
view when taking fluoroscopic images. When moving 
between the anteroposterior (AP) view and the oblique 
view, the targeting device must be removed so that it does 

not inadvertently strike the patient. Following the registra-
tion, the surgeon must confirm that the registration pro-
duces an anatomic match to the preoperative imaging.

Although most robotic spine systems are freestanding on 
the OR floor, the Mazor X Stealth robotic platform is 
attached to the operating table and directly to the patient via 
threaded skeletal pins and/or spinous process clamps (Fig. 3). 
Direct patient attachment decreases the risk of inadvertent 
malalignment from patient or robot motion.

We advocate following traditional freehand pedicle 
screw steps including visual confirmation of starting 
points, palpation of pedicle tracks with ball-tip probe, and 
intraoperative fluoroscopy to confirm screw placement 
(Fig. 4). The surgeon must visually confirm that the anti-
skive pin is properly seated on the pedicle. Occasionally, 
the anti-skive pin will not seat properly onto the pedicle 
and skive can occur. To prevent this, a burr can be used to 
create a pilot hole so that the pin does not slide off the 
pedicle and the trajectory can be maintained for drilling 
[16,34]. In addition, we found that the use of intraopera-
tive 3D fluoroscopic scans is helpful to assess accuracy 
and modify screw planning.

Future Applications: Minimally 
Invasive Pediatric Spinal  
Deformity Surgery

Minimally invasive surgery (MIS) has become an acceptable 
surgical approach for traumatic, neoplastic, degenerative, 

Fig. 2. Intraoperative positioning of the fluoroscopic C-arm 
during registration. The surgeon guides the fluoroscopy 
technician to ensure appropriate placement during an 
anteroposterior (a) and a lateral (b) image.

Fig. 3. Direct attachment of Mazor X to the patient. 
Intraoperative imaging demonstrating adequate tightening of 
both the dual spinous process clamp (a) and connection to the 
bone mount bridge (b).
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and even deformity spinal conditions in adults. These meth-
ods have demonstrated similar outcomes, with lower morbid-
ity and mortality [3,4,35,48]. More recently, several authors 
have suggested that MIS has a role in the management of 
pediatric spinal deformity surgery [1,10,32,42,46,56,57]. 
When compared to open posterior spinal fusion (PSF), MIS 
has consistently been associated with lower estimated blood 
loss with no differences from open surgery in complication 
rates but with longer operative times [1,32,42,46,57].

Robotic surgical techniques facilitate a less invasive 
access to the pedicles via percutaneous or transmuscular 
approaches, without direct open exposure of the spine. 
Avoiding dissection of the paraspinal musculature may 
maintain better vascularity to the bone, thereby decreasing 
risk of infection, enhancing healing, and lessening pain. 
Compared to adults, pediatric patients have more flexible 
spines and excellent fusion rates. Less invasive approaches 
coupled with lower profile implant systems may result in 
similar safety and complication profiles as traditional open 
surgery. Rapid advancement in robotic techniques has 
resulted in faster operative times, more accurate pedicle 
screw placement, and equivalent results to computer-assisted 
freehand surgical navigation. Further research is required to 
confirm the use of these technologies in maintaining curve 
correction and measuring screw malpositioning.

Appendix A

Search Terms

“adolescences”[All Fields] OR “adolescency”[All Fields] 
OR “adolescent”[MeSH Terms] OR “adolescent”[All 

Fields] OR “adolescence”[All Fields] OR 
“adolescents”[All Fields] OR “adolescent s”[All Fields]) 
AND (“idiopathic”[All Fields] OR “idiopathically” 
[All Fields] OR “idiopathics”[All Fields]) AND 
(“scoliosis”[MeSH Terms] OR “scoliosis”[All Fields] OR 
“scolioses”[All Fields])) OR ((“paediatrics”[All Fields] 
OR “pediatrics”[MeSH Terms] OR “pediatrics”[All 
Fields] OR “paediatric”[All Fields] OR “pediatric”[All 
Fields]) AND (“spine”[MeSH Terms] OR “spine” 
[All Fields] OR “spines”[All Fields] OR “spine s” 
[All Fields])) OR ((“paediatrics”[All Fields] OR 
“pediatrics”[MeSH Terms] OR “pediatrics”[All Fields] 
OR “paediatric”[All Fields] OR “pediatric”[All Fields]) 
AND (“spine deform”[Journal] OR (“spine”[All Fields] 
AND “deformity”[All Fields]) OR “spine deformity”[All 
Fields])) OR (“Neuromuscular”[All Fields] AND 
(“scoliosis”[MeSH Terms] OR “scoliosis”[All Fields]  
OR “scolioses”[All Fields])) OR ((“congenital” 
[MeSH Subheading] OR “congenital”[All Fields] OR 
“congenitally”[All Fields]) AND (“scoliosis”[MeSH 
Terms] OR “scoliosis”[All Fields] OR “scolioses”[All 
Fields]))) AND (“robot”[All Fields] OR “robots”[All 
Fields] OR “robotically”[All Fields] OR “robotics”[MeSH 
Terms] OR “robotics”[All Fields] OR “robotic”[All 
Fields] OR “robotization”[All Fields] OR “robotized”[All 
Fields] OR “robots”[All Fields]).

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of inter-
est with respect to the research, authorship, and/or publication 
of this article: Roger F. Widmann, MD, reports a relationship 
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screw trajectory (c). Screw placement follows on the templated screw trajectory (d).
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