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ARTICLE INFO ABSTRACT

Keywords: The application of robotic surgery technologies in neurological surgeries resulted in some ad-
Robot surgery vantages compared to traditional surgeries, including higher accuracy and dexterity enhance-
Brain

ment. Its success in various surgical fields, especially in urology, cardiology, and gynecology
surgeries was reported in previous studies, and similar advantages in neurological surgeries are
expected. Surgeries in the central nervous system with the pathology of millimeters through small
working channels around vital tissue need especially high precision. Applying robotic surgery is
therefore an interesting dilemma for these situations. This article reviews various studies pub-
lished on the application of brain and spine robotic surgery and discusses the current application
of robotic technology in neurological cases.

Spine
Neurological surgeries

1. Introduction

Robotic surgery is developing for a broad range of surgical procedures. Robotic advanced technologies have been cooperated in the
operating room, especially for microsurgical procedures [1]. It is obvious that robotic surgery can lead to important advantages against
conventional surgeries; however, there are some concerns about it, such as higher costs [2,3], and having no higher clinical accuracy or
effectiveness compared to freehand conventional methods in some reports [4,5]. Furthermore, there are limited evidence and theo-
retical/clinical benefits for using robotic surgery in some areas [6]. Recently, a warning was issued by the Food and Drug Adminis-
tration (FDA) for robotic surgery applications in some surgeries such as breast and cervical cancer surgeries due to the lack of
epidemiologic data [7]. Most of the previous studies are manufacturers’ claims, single-center reports [8-10], and technical statements
or data [11], which may not be sufficient for a reliable conclusion about the use of robotic surgeries [12,13].

Because of its small structures and accurate procedures in neurosurgery, it is suitable for using advanced technologies such as
robotic surgery technologies. Historically, Kwoh et al. in the late 1980s attempted to perform a brain biopsy with the aid of robotics for
the first time. With the invention of the Gamma knife, as a simple and applicable supervisory-controlled robot, applications of robotic
neurosurgery increased significantly. In 1992, an image-guided robotic surgery system named Robodoc® was developed for prosthetic
hip replacement applications [14]. The ZEUS surgical robotic system was presented by Computer Motion in 1998. This system had
surgical arms and instruments controlled by the surgeon. The ZEUS robotic system was used in 1998 (for the first time) at the Cleveland
Clinic for uterine tube anastomosis surgery [15]. In 1998, the da Vinci system, the most successful robotic surgery platform until now,
was introduced by Intuitive Company and obtained FDA approval for general laparoscopic procedures in 2000. The possible surgical

* Corresponding author.
E-mail address: chendl4444@163.com (D. Chen).

https://doi.org/10.1016/j.heliyon.2023.e22523
Received 31 May 2023; Received in revised form 20 October 2023; Accepted 14 November 2023

Available online 19 November 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:chendl4444@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e22523
https://doi.org/10.1016/j.heliyon.2023.e22523
https://doi.org/10.1016/j.heliyon.2023.e22523
http://creativecommons.org/licenses/by-nc-nd/4.0/

T. Lin et al. Heliyon 9 (2023) 22523

procedures and applications are very wide, including mitral valve repair, thoracoscopic internal mammary harvesting, cholecystec-
tomies, and brain surgeries [16]. The Computer Motion Company merged with Intuitive Surgical into a single company In 2003, and
this resulted to discontinuing the development of the ZEUS system. Despite these two leadership big companies, there are several
companies that developed surgical systems for special applications such as Mazor robotics (Medtronix, Caesarea, Israel) for spinal
surgeries and neuroArm robotic systems by the University of Calgary for brain surgeries.

One of the first modern applications of robotic surgery is CyberKnife, developed by John Adler [17]. Although this system is a
therapeutic X-ray generator and is limited to radiotherapy applications, CyberKnife is the first platform where the entire procedure can
be executed with full remote control and without direct surgeon-patient contact. Due to the potential of this field and its clinical
benefits, it has been increased and led to the invention and development of multiple systems [18].

Development and clinical applications of robotic surgery systems were increased rapidly in the past three decades. The minimally
invasive robotic surgery platforms such as the da Vinci, NeuroArm, and SpinAssist surgical systems have experienced great increases in
clinical applications and commercialization [19]. Neurosurgery is not a field with high use of robotic-aided surgery techniques,
probably due to the complexity of neurosurgical operations compared to other anatomical regions; however, it seems that neurological
surgery is appropriate for robotic surgery applications. Robotic surgery provides several benefits, such as remote control of the surgical
procedure, higher quality, more accurate vision of the surgical site, motion scaling, higher accuracy of the surgical incision, and a
higher degree of freedom. Applying robotic surgery is, therefore, an interesting technique for these situations.

There are many studies evaluating robotic surgery in brain and spinal surgeries, and it will be informative and applicable to present
their important findings and outcomes in a systematic review. This article reviewed published studies and summarized the important
findings of robotic surgical procedures in the brain and spine.

2. Methods
2.1. Searched databases and eligibility criteria

We performed a systematic search in electronic databases, including Science Direct, PubMed, Scopus, MEDLINE, POPLINE
MEDLINE (Ovid), ProQuest, AIM, ELDIS, and CINAHIL to identify the current knowledge about the applications of robotic surgery in
neurological cases.

Several terms and words were searched in combination and/or singly, including robotic surgery [*], neurological cancers [*],
neurological surgeries [*], brain [*], spine [*], central nervous system [*], cancer surgery [*], and robotic [*]. These terms were
searched in keywords, abstract, title, and the main text of the databases indexed articles. Furthermore, the founded articles were
screened to identify original publications. Published manuscripts during the past 25 years, from 1997 to 2022 were considered. The
founded article references were also assessed to identify additional studies that may have been older than the time frame. It must be
noted that just the articles with available full texts were considered in our search.
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Fig. 1. The search and selection procedure of the reviewed studies.
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2.2. Review criteria

In this systematic review, PRISMA guidelines were followed for study selection and data extraction [20]. Screening the titles and
abstracts of the relevant databases (eligibility criteria) were carried out by two independent reviewers, and a third reviewer resolved
any probable disagreement. A manual search and a gray literature search were performed in order not to ignore eligible articles. The
search and selection criteria were restricted to the English language of the article and original/review/case report/technical report
studies. Fig. 1 illustrates the search and selection procedures.

For data extraction, we considered several variables, including performed data extraction and outcome measures for the following
variables: type of robotic surgery system, type and number of patients/samples, grouping, patient outcomes, surgery-followed com-
plications, and the most important findings/outcomes pointed out by the authors.

During the data extraction, the risk of bias was assessed for each study. Notably, there was a risk of publication bias in the current
study. Patients’ outcomes were the primary outcome and surgery complications and the type of robotic system were considered the
secondary outcomes of the study.

3. Results
3.1. Study selection

The search and selection process and the number of founded articles are presented in Fig. 1. In summary, after screening abstracts of
eligible studies, and removing duplicates and unrelated records, 79 relevant articles were found. The animal, experimental, review,
case report, and technical studies were excluded, and after reviewing the full texts, 24 studies met the inclusion criteria, used for
further analysis.

3.2. History of robotic surgery

Minimal-invasive surgical techniques came into clinical practice in the late 1980s. There are several limitations for surgeons in
these surgeries, such as loss of wrist articulation, fulcrum effect, and limited two-dimensional vision. Robotic surgery techniques have
the potential to remove/decrease many of these limitations [21].

National Aeronautics and Space Administration (NASA) offered to develop a technique for providing surgical procedures for as-
tronauts in 1972. In the late 1980s, Stanford Research Institute researchers tried to develop a method for increasing surgeons’ skills.
The scientists of Stanford Institute developed a system, and subsequently, their success motivated Defence Advanced Research Projects
Administration (DARPA). They planned to improve this system to a telesurgical clinical system for performing essential life-saving
surgeries on soldiers from experienced surgeons from far distances. Commercial telerobotic systems were introduced in 1995 by
the Intuitive Surgical Corporation in a master-slave model. Since then, the applications of robotic surgeries have been successfully
expanded to surgical disciples like gynecology, urology, and cardiology [22]. The enthusiasm for robotic surgery applications in
neurology is a response to the need for minimally invasive surgical procedures with similar or better benefits compared to primary
surgery and ongoing technological advances in imaging and robotic techniques. However, robotic surgical procedures have not ob-
tained wide applications in neurological surgeries, probably due to their limitations in brain and spine regions.

Three classifications of robotic surgery systems were described by Nathoo et al. according to the robot-surgeon interaction [23].
Supervisory-controlled robotic system is the first classification. In this system, the robotic surgery procedure is programmed and then
supervised by the surgeon during the intervention as the robot performs its programmed movements. Robotic telesurgery is the second
system which is controlled and programmed by the surgeon in real-time through remote access. Shared control robotic surgery is the
third one. In this system, a surgeon controls the movements and interventions of the robot as the robot enhances the surgeon’s skills
through dexterity enhancement, with some mechanical solutions for human limitations.

3.3. Robotic systems in brain surgeries

Based on the “Report of Brain Tumor Registry of Japan”, the survival rate (5-year) for malignant glioma for complete removal was
40 %; 95 % or more removal was 22 %; and under 95 % removal was 10-15 % [24], indicating that survival rates are more than halved
with under 95 % resection in comparison with complete resection. Similar results were reported by Hentschel [25], Lacroix [26], and
Claus [27]. Surgery is an important procedure, which indicates the first step for glioma treatment, with the aim of complete removal
alongside preserving neurological function.

Several robotic ways have been expanded for the specific challenges associated with brain surgeries [25-29]. Performing pathology
procedures for deep-sited tissues and open brain surgeries may lead to severe trauma to the parenchyma. This issue has resulted in the
development of novel techniques and systems, such as robotic brain surgeries to minimize brain tissue damage [26,29].

Coupling robotic surgery systems with different imaging devices can increase and develop the precision of the surgery procedures
and have some advances due to better feedback to the surgeon.

One of the simplest and most applicable supervisory-controlled robots is a particular kind of the Leksell Gamma Knife radiosurgical
system. An automated system accurately adjusts the patient’s head position based on geometrical definitions in a calculated radio-
therapy plan. Although the Gamma knife is a radiotherapy system and not a real surgical system, it can replace the surgical procedures
in the brain. Several studies reported the benefits and advantages of the robotic Gamma knife automatic system such as shorter
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adjustment times, reduction in patients and personnel radiation doses, and higher accuracy in radiation delivery to smaller targets [30,
31].

NeuroMate (Integrated Surgical Systems, Sacramento, CA, USA) system was the first FDA-approved robotic system for neurosur-
gery [27]. This robotic device uses a robotic arm that can move in different pre-programmed directions guided by a navigation system
for neurosurgical applications and stereotactic biopsy procedures [32].

Five prototyped systems for robotic microsurgery have existed, and only three of them can provide force feedback or haptic
sensation, including NeuRobot [33], ROBOCAST [34], and neuroArm [35]. NeuRobot and neuroArm are the two systems applied to
human surgeries, in which only the neuroArm remains in clinical use.

The Minerva project (University of Lausanne, Lausanne, Switzerland) used a CT scanner to provide 3-dimensional images and real-
time cross-sectional as well as a robotic arm for brain surgery procedures. However, this project was discontinued due to radiation
safety issues [1].

Recent studies have reported that NeuroMate localization and targeting performances and accuracies are similar to standard
localizing systems [36]. Varma et al. reported a good accuracy for microelectrode placement in patients having Parkinson’s disease

Table 1
Main findings of the previous studies evaluating the brain robotic surgery systems.
Study Robotic surgery system Sample Main findings
Varma et al. The frameless NeuroMate robot 50 patients underwent A significant improvement in motor scores at 6 (43 %) and
(2003) [37] (Integrated Surgical Systems, movement disorder surgery 18 months (51.7 %). This robot can be used for MDS
Sacramento, CA, USA) (MDS) procedures based on only MRI data.
Nimsky et al. Evolution 1 (Universal Robot Systems, Two patients with large invasive  This robotic system can be used for endoscopic skull base
(2003) [38]1 Schwerin, Germany) pituitary for transsphenoidal surgeries, and simultaneous application of two instruments
surgery. under endoscopic view is possible in this system.
Gotoetal. (2003)  The NeuRobot telecontrolled Case report: a 54-year-old man A part of the tumor was eliminated with use of NeuRobot
[31] microscopic micromanipulator system who had a recurrent atypical by the aid of microscopic observation. No related
meningioma complication was observed and reported after the
operation and during the post-operative care course.
Arata et al. Novel intelligent A phantom study Mechanical tests on the components and a preliminary
(2011) [45] Neurosurgical instruments consisted of a system evaluation were carried out. The test was performed
surgical robot, a master device and in a phantom model, and a tumor-removal procedure was
operating software. successfully carried out with the use of prototype
intelligent neurosurgical instruments.
Hong et al. da Vinci Surgical System Two fresh cadaver heads The supraorbital trans-eyebrow keyhole was used for
(2013) [46] entering the robotic surgical arms. The carotid artery, third

cranial nerve, optic nerve, and optic chiasm were
visualized using the standard microdissection techniques.
This system provides a broader vision compared to
standard microsurgical systems for neurosurgeons.
Marcus et al. da Vinci Surgical System One cadaver head This system has great potentials to enhance the

(2015) [40] performance of transcranial minimally invasive surgeries.
However, It has several limitations such as higher
procedure time, loss of some sensational feedbacks, and
lower degree of freedom.
There is a need for researches and improvements in next-
generation robots, better suited to keyhole neurosurgery

procedures.
Sutherland et al. NeuroArm image-guided robot Surgical treatment of glioma in This system can increase the safety and accuracy of brain
(2015) [41] 18 patients surgeries with the aid of several novel features like

augmented force feedback, haptic high-force warning, and
virtual fixtures.

Morita et al. prototype MM-1 micro-neurosurgery 20 Wistar rats, and several This robotic system improved the accuracy of pointing in

(2005) [32] robotic system cadavers. the deep surgical field. The authors reported that they

successfully closed the partial arteriotomy and
anastomosed the rat CAs. The robotic instruments can
move satisfactorily in cadavers, but the manipulators need
to be smaller to fit into the narrow intracranial space.
Furthermore, enhanced dexterity and maneuverability in
deep surgical areas were reported.

Sutherland et al. MR-compatible image-guided neuroArm 781 patients with glioma, The robotic surgery improved surgical careers by
(2008) [35, robot meningioma, and pituitary decreasing tremors and increasing accuracy, and precision.
42] adenoma The neuroArm system includes a haptic interface, and it is
able to deform forces in both normal and pathological
states.
Sutherland et al. Clinical integration of neuroArm, an MR- 35 cases with varying pathology  For the first 35 neuroArm cases, only 1 adverse event was
(2013) [44] compatible image-guided robot, into encountered. Applying of neuroArm for routine dissection
surgical procedure illustrates that robotic microsurgery procedures can be

successfully performed with minimum adverse effects.
Karnofsky’s performance status scores were significantly
improved postoperatively and at the 12-week follow-up.
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with the use of NeuroMate system [37].

Another robotic surgery device was the Evolution 1 robotic system (Universal Robot Systems, Schwerin, Germany) was successfully
assessed for various neurological surgeries such as endoscope-assisted pituitary adenoma resections and pedicle screw placements. It
was reported that these applications were too cumbersome and time-consuming [38].

Another robotic surgical system named Neurobot telerobotic has been evaluated and applied successfully in neurosurgical complex
procedures [33]. Goto et al. described the assistance of this system in craniotomy for the resection of superficial portions of a tumor.
They reported enhancement in surgical dexterity as one of the advantages of using this system [31]. Goto et al. presented the Neu-
Robot, a tele-controlled microscopic system planned for neurosurgical procedures [31], consisting of a 3-dimensional endoscope and
three robot arms that the surgeon operates without direct contact with the patient. Their system was successful in clinical
neurosurgery.

Da Vinci surgical system is the most common and FDA-approved robotic surgical system for general and gynecologic surgeries.
Furthermore, it has become a standard device for prostatectomy surgical procedures [39]. It can also be used for neurosurgical ap-
plications due to its capabilities, including an image-guided system, high degree of freedom in motion, minimally invasive surgery, and
full range motion mimicking the human wrist. It was reported that using Da Vinci surgical system can have advantages over con-
ventional surgical procedures such as higher accuracy, lower bleeding and trauma in brain tissues, and shorter patient recovery times
[40]. However, it was also reported that this system may increase the surgery procedure time and has no higher accuracy in brain
surgeries compared to the freehand technique [40]. Our review showed that there are just two studies reporting the accuracy of the Da
Vinci system in brain surgeries and it seems that there is a need for more research evaluating the accuracy and usefulness of the Da
Vinci robotic device in brain surgeries.

Identifying the lesion location is critical for brain tumor removal, which is improved by introducing navigation systems using
medical imaging technology. Additionally, connecting tumor-detecting sensor systems like fluorescence sensors with a precise robotic
arm would allow further development in tumor removal.

Sutherland et al. introduced a sensory robotic surgery workstation in which the surgeon can review and use the imaging data
without interrupting the procedure of surgery [41]. The workstation composed of hand controllers, and can present a 3-dimensional
view of MR images, a virtual image of the manipulators and a stereoscopic view of the operative field. This system was utilized initially
for central nervous system neoplasia and cavernous angioma, indicating high accuracy.

Stummer reported that survival rates of brain tumor removal would improve by introducing new technologies like 5-ALA [28].
Although image-guided surgery improves the tumor removal rate, high levels of surgical skill or accurate techniques are still required
in malignant tumors and the tumor is located around neural structures. Morita et al. reported the application of a micro-neurosurgery
robotic system for deep brain surgery procedures [32]. It was reported that their system enhanced dexterity and maneuverability in
deep surgical areas. NeuroArm was presented by Sutherland et al. as a surgical system equipped with two robotic arms [42]. It was
reported that this system can be used during MR imaging. Image guiding during surgical procedures can improve tumor removal due to
better identification of lesion location, size, and extension.

An important point of using robotic systems in neurosurgery is that their accuracy and precision are combined with the executive
capacity of the human brain due to controlling the robotic system by a surgeon [42-44]. A robot with sub-millimeter accuracy and
precision provides a viable solution for the need for high accuracy in minimally invasive surgeries on the brain. Furthermore, computer
technology of the robotic surgery system with an imaging device can provide safer surgery directions and forbidden surgical zones;
therefore, it can increase the safety and efficiency of the surgery procedure.

We tried to summarize and provide important findings of the past studies assisting the robotic surgery systems for the brain in
Table 1.

3.4. Robotic systems in spine surgeries

There are several robotic systems developed for the challenges in spinal surgery. These devices are enhanced by improvements and
advances in intraoperative image guiding systems. Previous studies have focused on the accurate placement of spinal instrumentation
[47-57]. Furthermore, intra-operative radiotherapy (radiosurgery) can be assumed as one of the common spine robotic surgery
methods; however, it’s not a real surgery technique and can be used as an adjuvant or alternative method for surgery. In radiosurgery,
robotics can track the spine movements due to respiration, and irradiate with high accuracy to the target tissue [58].

Like the cranial radiosurgical applications, the most common robotic subtype in spinal stereotactic radiosurgery is a supervisory-
controlled system Cyberknife (Accuracy, Sunnyvale, CA, USA) relies on a calculated radiotherapy plan for focused beam radiotherapy.
This system can adjust the trajectory of radiation fields using feedback mechanisms to correct patient respiration movements.

Furthermore, a RoboCouch Patient Positioning System (Accuracy) uses a similar technology of Cyberknife system to reposition the
patient during the course of treatment.

For conventional spinal surgeries, there are several types of developed robotic systems [59,60]. Most of the previous studies used
three robotic systems including the ROSA® robot (Medtech, Montpellier, France), SpineAssist (MAZOR Surgical Technologies, Cae-
sarea), and Renaissance Surgical Guidance Robot (Mazor Robotics Ltd., Caesarea). These systems were used mainly for spinal screw
and pedicle placement procedures. These devices, coupled with image-guided navigation systems, were tested for accurate pedicle
screw placement.

Most of the studies reported higher or similar accuracy of robotic systems compared to conventional freehand surgeries [48,51,53,
54,57,61]. However, the reported overall procedure times were lower in freehand surgeries [48,50,51,56,62,63].

The SpineAssist was evaluated more than other robotic systems. Lieberman et al. evaluated the SpineAssist (MAZOR Surgical
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Study

Robotic surgery system

Sample

Main findings

Lieberman et al.
(2006) [60]

Choi et al.
(2000) [47]

Kantelhardt
et al. (2011)
[48]

Schizas et al.
(2012) [49]

Ringel et al.
(2012) [50]

Schatlo et al.
(2014) [51]

Dreval et al.
(2014) [52]

Molliqaj et al.
(2017) [53]

Lefranc and
Peltier
(2016) [65]

Lonjon et al.
(2016) [54]

Solomiichuk
et al. (2017)
[55]

Hyun et al.
(2017) [61]

SpineAssist (MAZOR Surgical
Technologies, Caesarea) and Hover-T
frame in conjunction with the PathFinder
system (Spinal Concept Inc., Austin, TX).

Fluorotactic guidance system (Z-Kat, Inc.,

Miami, FL)

SpineAssist (MAZOR Surgical
Technologies, Caesarea)

SpineAssist (MAZOR Surgical
Technologies, Caesarea)

SpineAssist (MAZOR Surgical
Technologies, Caesarea)

SpineAssist (MAZOR Surgical
Technologies, Caesarea)

SpineAssist (MAZOR Surgical
Technologies, Caesarea)

SpineAssist (MAZOR Surgical
Technologies, Caesarea)

The ROSA® robot (Medtech, Montpellier,
France)

The ROSA® robot (Medtech, Montpellier,
France)

SpineAssist (MAZOR Surgical
Technologies, Caesarea)

Renaissance Surgical Guidance
Robot (Mazor Robotics Ltd., Caesarea)

A cadaver lumbar spine

Pedicle screw placement was carried out in six
cadavers from T1 to S1 levels

Thirty-five patients underwent percutaneous,
20 open robotic-guided, and 57 open
conventional pedicle screw placement.

11 patients, (robotic group), and 23 other
patients (conventional fluoroscopic group)
were instrumented with 64 pedicle screws.

60 patients (Freehand, 152; Robot-assisted,
146).

The robot cohort (Group 1; 55 patients, 244
screws) included an initial open robot-
assisted subgroup (Subgroup 1 A; 17 patients)
and a percutaneous cohort (Subgroup 1 B, 38
patients); fluoroscopy-guided cohort (Group
2; 40 patients, 163 screws)

77 patients

Robot-assisted cohort (98 patients, 439
screws) freehand fluoroscopy-guided cohort
(71 patients, 441 screws)

38 percutaneous transpedicular screws
(between D8 and S1) implanted in two
separate cadaver

ROSA group (10 patients, n = 40 screws);
Freehand group (10 patients, n = 50 screws)

70 patients with the metastatic spinal disease
who required instrumentation (35 patients
with robotic surgery)

robotic-guided and fluoroscopic-guided open
surgery (30 patients in each group)

The average measured discrepancy between
the planned and actual screw trajectories by a
CT scan was 1.02 + 0.56 mm. The authors
reported that their results support the system’s
use in minimally invasive spine surgeries.
The first fluoroscopy-based system for
targeting the location of pedicle screws. The
accuracy was similar to a conventional
method, especially in the region of T9-L5.
The accuracy of screw positioning was
increased with the use of this robotic system
and X-ray exposure reduced. Patients seem to
have a better perioperative course following
percutaneous procedures. Accuracy of screw
placement: Freehand - 91.4 %; Robotic - 94.5
%

No complications were reported after robotic
surgery. Pedicle screw accuracy was 79 % in
the robotically assisted group and 83 % in the
fluoroscopic group.

93 % of screws had good positions (A or B) in
freehand, and 85 % in robot-assisted. Surgical
procedure time was lower in freehand (84
min) compared to robot-assisted (95 min)
surgery. Most of the malpositioned screws in
the robotic surgery group demonstrated a
lateral deviation.

Accuracy of screw placement: Freehand - 87.1
%; Robotic-guided Open surgery - 90.4 %;
Robotic-guided Percutaneous surgery- 91.9 %.
Robot-guided pedicle screw placement is a
useful and safe tool for assisting spine surgeons
in spine surgeries. However, It was proposed to
consider fluoroscopy backup due to technical
difficulties.

This system enables minimal-invasive spine
interventions with high accuracy (97.2 %) and
safety for screw placement. A new technology,
Guided Oblique Lumbar Interbody Fusion
(GO-LIF), the procedure was performed for
microdiscectomy and decompression of the
spinal canal. It was reported that the fusion of
spinal segments using the GO-LIF was not
possible without the SpineAssist robotic
system.

In the robot-assisted cohort, Grade A perfect
(trajectories) were observed for 83.4 % of
screws. In the fluoroscopy-guided group, grade
A screws were found in 76 % (n = 335).
Freehand - 88.9; Robotic - 93.4

Thirty-seven screws (97.4 %) were fully
contained within the pedicle. The ROSA®
Spine robot coupled with intraoperative flat-
panel CT can performed highly accurate
pedicle screw placement. High accuracy and
safety in the treatment of degenerative lumbar
disc diseases were reported with this system.
Accurate placement of the implant (score A
and B) was reported in 97.3 % in ROSA
robotic-assisted group and in 92 % of freehand
group patients.

Accuracy of screw placement (Grade A or B):
Freehand - 83.6 %; Robotic - 84.4 %

Robotic-guidance surgical procedures reduced
radiation exposure and surgical overall time
remarkably. Surgical technique did not affect

(continued on next page)
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Table 2 (continued)

Study Robotic surgery system Sample Main findings

the patient outcomes. Accuracy of screw
placement: Freehand - 98.6 %; Robotic - 100 %

Kimetal. (2017)  Renaissance Surgical Guidance Robot: 37 patients; Freehand: 41 patients Robotic-assisted pedicle screw placement
[56] Robot (Mazor Robotics Ltd., Caesarea) contributed to fewer proximal facet joint
violations and better convergence
orientations.
Accuracy (%): Freehand - 99.4; Robotic - 99.4
Keric et al. Renaissance Surgical Guidance Freehand fluoroscopy-guided surgery: 24 Robot-guided pedicle screw placement was
(2017) [571 Robot (Mazor Robotics Ltd., Caesarea) patients percutaneous robot-assisted: 66 effective and safe procedure in thoracic and
patients lumbar spondylodiscitis with lower radiation

dose, and decreased complication rates.
Accuracy (%): Freehand - 73.5; Robotic - 90

Technologies, Caesarea) miniature robot for the two pedicle and translaminar facet screw placement [59]. The system consists of a
passive arm mounted on a fixed part of the axial skeleton. The SpineAssist device is currently FDA-approved for spinal instrumentation.
Most of the previous studies reported higher accuracy in instrument placement for the SpineAssist system compared to freehand
surgeries. However, there are several studies reporting lower accuracy of this system. It seems that other robotic surgery systems, such
as ROSA® robot needs more research to conclude about their accuracy compared with the freehand technique.

There are several studies determining improved screw placement accuracy using robotics in spinal surgery in comparison with
conventional fluoroscopy-guided and navigation-guided screw placement [48,49,63]. Positional and force information during robotic
surgery can be recorded for future analysis. This information can also be used for quality assurance of the robotic system and whole
surgical procedure and case rehearsal. New surgeons unfamiliar with robotic systems can use the case rehearsal data in a virtual reality
simulator to obtain initial experience in a more comfortable, less stressful, and safer manner. The recorded positional and force data
can also be used for developing surgical simulators [64].

In Table 2, important findings of the previous studies evaluating the spine robotic surgery systems were summarized.

3.5. The accuracy of robotic surgery in brain and spine

Robotic surgeries have been performed successfully in many anatomical regions related to different medical specialties. Previous
studies applying robotic surgery reported higher accuracy in some procedures in brain and spinal surgeries, such as improved screw
accuracy [48,49,54,63,66]. However, robotic surgery has several limitations, such as registration failure, soft-tissue hindrance, higher
procedure time, higher costs, and lateral drill guide skiving [66]. These limitations hindered robotic surgery’s widespread application
[50,54,62]. It must be mentioned that there are not enough studies to conclude about the accuracy of all robotic surgical systems. We
can just judge the accuracy of some surgical systems such as SpineAssist and Renaissance Surgical Guidance Robot for spine surgeries
and neuroArm for brain surgeries.

There are also some studies that reported lower accuracy of robotic surgery in comparison with freehand operation. For instance,
Ringel et al. [50] reported reduced screw accuracy in the robotic-assisted lumbosacral screws. These lower accuracies may be related
to the robotic technology used in the study. They used the SpineAssist (MAZOR Robotics Inc®, Orlando, Florida) system in their study,
and the authors related the robotic inaccuracy to K-wire placement instability, drill skiving on bony surfaces, movements of the bone
mount, and drill sleeve lateral docking.

Higher screw placement accuracy in comparison with the freehand method was reported by Lonjon et al. [54] using the ROSA
robotic system (Medtech S.A., Montpellier, France). Although the ROSA system requires K-wires to be placed before the pedicle screws,
it is registered to the patient frame and can move independently.

Imaging is an important parameter in robotic surgery systems that can directly affect surgery accuracy. Intraoperative imaging or
real-time imaging can show the cutting and placement of instruments and therefore is an appropriate tool to enhance the accuracy of
surgical procedures. However, its application, along with a guide arm, can reduce surgeon physical fatigue. Intraoperative imaging can
be used to detect the optimal surgical trajectory and therefore leads to a surgical operation with less invasions and side effects [48,49,
63,67,68]. Challenging screws placement situations such as C1-C2 trans articular screws, L5-S1 trans-discal screws, and iliac screws, or
in anatomic regions with anomalous structures such as surgical tumor resections near sensitive organs or operations needing a steep
surgical trajectory can be obtained special higher benefits from intraoperative real-time imaging [48,62,68-71].

4. Discussion
4.1. Spine robotic surgery

In spine surgery, appropriate instrumentation to supplement bony fusion remains critically important. Surgical robots have been
developed for their ability to improve spinal instrumentation techniques. There are several robotic systems for spine surgeries;

however, three robotic systems, including the ROSA® robot, SpineAssist, and Renaissance Surgical Guidance Robot, have been
evaluated higher than other systems in previous studies. These systems were coupled with image-guided systems and showed high
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accuracy in spinal screw and pedicle placement procedures. The Mazor robot (SpineAssist or Renaissance) has been studied more
compared to other systems. This system is a miniature robot with 6 degrees of freedom [60,72,73]. The robot uses intraoperative
fluoroscopic imaging registered on pre-surgery CT simulation images and guides the surgeon to the appropriate trajectory. The ROSA
robot consists of a mobile floor-fixed base attached to a robotic arm (with 6 degrees of freedom). A second mobile base has a mounted
navigation imaging system. Furthermore, intraoperative fluoroscopy or intraoperative CT can be used for ROSA surgical planning [65,
74].

Most studies reported higher or similar accuracy of robotic systems compared to conventional freehand surgeries [48,51,53,54,57,
61]. However, the reported overall procedure times were lower in freehand surgeries [48,50,51,56,62,63].

Some of the previous studies explained that using robotic surgical systems in spine pedicle screws allows for avoiding the proximal
facet joint violation and therefore preventing the development of adjacent-segment disease [75]. There are no large-scale in-
vestigations directly comparing robotic guidance of pedicle screws with image guidance. It was shown that Image guidance provided
using intraoperative cone-beam CT is superior to freehand placement [76]. The ROSA robot does incorporate image guidance into its
system, as mentioned previously.

Ionizing radiation exposure to the surgeon and operating room staff is a concern in spine surgeries [77-79]. Therefore, one of the
robotic surgery potential advantage is minimizing the reliance on intraoperative fluoroscopy and radiation exposure. However, past
robotic systems have several disadvantages, consisting of the requirement for the placement of Kirschner wires (K-wires), the potential
for miss-registration due to patient or interspinous clamp movement, or skiving of screw hole preparation tools [50,68]. Other dis-
advantages are observed in systems that attach to the patient or operative table, which can be cumbersome, particularly in obese
patients.

4.2. Brain robotic surgery

There are different applications related to various pathologies, such as brain tumors and movement control disorders. In most of the
previous studies, it was reported that robotic surgery can improve the precision and accuracy of the surgical procedure as well as
decrease the tremors and inverse side effects.

There are several robotic surgical systems, including NeuroMate robot, Evolution 1, NeuRobot, NeuroArm (with or without MR-
compatible image guidance), da Vinci surgical system, and several prototype surgical systems. These systems were used mainly for
tumor resection; however, other pathologies or even analyzing their performance on cadavers were considered in previous studies. The
NeuroArm surgical system was the most used system in previous reports. NeuroArm surgical system is equipped with two robotic arms
and can be used during MR imaging [42]. Its main advantage is MR-image guiding during surgical procedures, which can improve the
accuracy due to better identification of lesion location, size, and extension. Other surgical systems, such as da Vinci may use optical
imaging during the procedure; however, optical imaging can not assess the size and extension of the lesion in underlying or peripheral
tissues. MRI can evaluate the lesion more carefully due to its tomographical imaging with high contrast between various soft tissues.

The lack of feedback to the operator is a clear drawback of all surgical robotic systems. Visual or imaging feedback can be improved
remarkably with advances in optics and image-guidance systems; however, other sensory feedbacks such as sensing the lesion and
position, acceleration or velocity of the instruments are lagging. This feedback might be identified through a combination of visual
cues and other senses during conventional surgeries. For telesurgical or shared-surgical models, proprioceptive and visual cues can be
used together for providing better feedback to the surgeon.

5. Conclusion

Although most of the previous studies reported higher accuracy in robotic-assisted surgeries in the brain and spine, several studies
also reported higher accuracy of freehand surgeries compared to robotic procedures. This discrepancy may relate to differences in
applied robotic systems and surgery techniques. Furthermore, the overall surgical time was higher in robotic procedures reported in
previous studies, due to more time needed for preparing the robotic instruments. Generally, it seems that robotic surgery can be an
accurate, safe, and suitable technique for minimally invasive surgeries on the brain and spine. However, the greatest disadvantage of
robotic surgeries is the lack of sensory feedback such as sensing the lesion, and the position, velocity, or acceleration of the in-
struments. This disadvantage can be more important in complicated surgical regions like the brain, and this may be the reason for the
low use of robotic-aided surgery techniques in the brain. However, all the sensory feedbacks, not only limited to visual cues, are under
development, and robotic surgery will take a high portion of brain and spine surgeries in the future. In this regard, studies evaluating
the accuracy, precision, and safety of developed novel systems will be necessary.
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