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Abstract: Robot-assisted orthopedic surgery has great application prospects, and the accuracy of the
robot is the key to its overall performance. The aim of this study was to develop a new orthopedic
surgical robot to assist in spinal surgeries and to compare its feasibility and accuracy with the
existing orthopedic robot. A new type of high-precision orthopedic surgical robot (Tuoshou) was
developed. A multicenter, randomized controlled trial was carried out to compare the Tuoshou
with the TiRobot (TINAVI Medical Technologies Co., Ltd., Beijing) to evaluate the accuracy and
safety of their navigation and positioning. A total of 112 patients were randomized, and 108 patients
completed the study. The position deviation of the Kirschner wire placement in the Tuoshou group
was smaller than that in the TiRobot group (p = 0.014). The Tuoshou group was better than the
TiRobot group in terms of the pedicle screw insertion accuracy (p = 0.016) and entry point deviation
(p < 0.001). No differences were observed in endpoint deviation (p = 0.170), axial deviation (p = 0.170),
sagittal deviation (p = 0.324), and spatial deviation (p = 0.299). There was no difference in security
indicators. The new orthopedic surgical robot was highly accurate and optimized for clinical practice,
making it suitable for clinical application.

Keywords: pedicle screw placement; robot assisted; randomized controlled trial; positioning and
navigation; 3D fluoroscopy; spine surgery

1. Introduction

In recent years, more patients have needed to undergo pedicle screw fixation due to
a variety of spinal pathologies [1,2], and screw implantation accuracy is critical. As an
auxiliary medical device, surgical robots can improve the accuracy and safety of surgery
and are increasingly favored by doctors [3,4]. For example, the Da Vinci robot has been
widely used in general surgery [5], urology [6], gynecology [7], and other fields. Robot-
assisted spinal surgery has also been applied in clinical practice [8]. It has been confirmed
to be superior to manual operations in terms of safety, accuracy, the amount of radiation to
surgeons, and the learning curve [9,10].

At present, many spinal surgery robots have been developed in the world, such as
Mazor X® (Mazor Robotics Ltd., Caesarea, Israel), ROSA® SPINE (Zimmer Biomet Robotics,
Montpellier, France), and Excelsius GPs® (Globus Medical, Inc., Audubon, PA, USA) [11].
The TiRobot system (TINAVI Medical Technologies Co., Ltd., Beijing, China) is the first
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orthopedic robot created entirely in China. It was approved by the China Food and Drug
Administration in 2016. The TiRobot device has a tracking-capable robotic arm combined
with an intraoperative three-dimensional (3D) navigation system [12,13]. After acquiring
images preoperatively and planning the desired screw trajectory, the surgeon manually
performs drilling and screw insertion. However, the TiRobot has some shortcomings,
including trauma caused by its tracker, and slightly complicated operation procedures.
Therefore, our team independently developed a new orthopedic robot (Tuoshou, Nanjing
Tuodao Medical Technology Co., Ltd., Nanjing, China) to address the challenges associated
with the existing robots.

The present study also verified the accuracy of the robot. In the early stages, animal
experiments confirmed the accuracy of the robot in order to meet the requirements of
pedicle screw placement. A multicenter, randomized controlled trial (RCT) was then
conducted to compare the Tuoshou with the TiRobot. The primary objective of this RCT
was to investigate the differences between the two robots in the accuracy of Kirschner wire
(K-wire) placement during pedicle screw fixation. Other accuracy and safety metrics were
also compared.

2. Materials and Methods
2.1. Study Design

After obtaining the institutional review board approval, a multicenter RCT comparing
the new robot to the TiRobot in terms of pedicle screw fixation was performed. The trial
followed the Consolidated Standards of Reporting of Trials (CONSORT) guidelines [14]
and was carried out in accordance with the principles of the Declaration of Helsinki. It was
registered on clinicaltrials.gov (NCT04883580). Participating centers included The First
Affiliated Hospital of Nanjing Medical University, Guizhou Provincial People’s Hospital,
and Wuhan Fourth Hospital.

2.2. Participants

Selection criteria included age of 18-75 years and internal fixation of the thoracic or
lumbar pedicle screw performed based on the patient’s lesion segment. All patients signed
the informed consent form and voluntarily received treatment and follow-up according to
the requirements of the experimental protocol.

2.3. Robot Components

The robot consists of a robotic base station, an optical tracking system (OTS), and a
toolset for navigation and positioning, together with surgical navigation and positioning
software (Figures 1 and 2). First, the robot’s C-shaped arm captures the image of the
vertebrae and transmits the image data back to the robotic base station. Then the OTS
tracks the calibrator and the tracker. The calibrator performs tracker registration against
the image, establishing a correlation between the two, such that any subsequent change
in the position of the vertebrae corresponds to a change in the position of the tracker. The
surgeon then plans the surgical pathway on the image displayed on the robotic base station.
Next, the system plans the movements of the robotic arm based on this pathway, tracking
the position of the robotic arm’s end-effector via the OTS to compensate for its movement
in real-time. This ensures that it reaches the position planned by the surgeon, indicating
the direction the surgeon must follow through the cannula to establish the pathway, thus
helping the surgeon to complete operations, such as leading and inserting guidewires,
drilling, and screw placement.
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Figure 1. Robotic base station (A), optical tracking system (B), and toolset (C).

Figure 2. The toolset of the Tuoshou robot. (A) Calibrator. (B) Connectors. (C) Cannula. (D) Tracker.

2.4. Interventions

Patients in the Tuoshou group were placed in a prone position on the operating
table after general anesthesia administration and were prepared and draped under sterile
conditions. After confirming the surgical vertebral body position using a C-arm scanner, the
K-wire was placed percutaneously into the spinous process of the adjacent vertebral body
and attached to the fixator. The purpose of the fixator was to secure the tracker to the patient.
The calibrator was held by the robotic arm and placed close to the operating site. After a
3D scan with a C-arm scanner, the surgeon was able to plan the screw trajectories in axial,
coronal, and sagittal views and select the optimal size of the screw on the console. Then,
the robotic arm moved to the specified position according to the set trajectory to indicate
the direction of screw implantation. Furthermore, surgeons drilled through the K-wire into
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the pedicle under real-time navigation monitoring. The screw was then inserted into the
pedicle based on the K-wire guidance. Decompression and cage placement procedures
were performed next as needed (Figure 3).

Figure 3. Securing the tracker (A), scanning (B), planning (C), and drilling the K-wire (D).

The TiRobot's surgical procedure was similar to that of the Tuoshou. In addition to the
different planning methods of the console, the spinous process needs to be exposed when
fixing the reference tracker in the TiRobot group, while there was no big cut created when
fixing the reference tracker in the Tuoshou robot group [15].

2.5. Randomization and Quality Control

Doctors evaluated patients in outpatient clinics and asked them if they would join the
robotics trial. Patients were given at least one week to consider their participation in the trial
and provide their informed consent for inclusion. Patients who signed the informed consent
form were randomized 1:1 via Interactive Web Response System (IWRS) and assigned to
the experimental or control groups on the day of surgery (Figure 4). All surgeries were
performed by the same experienced surgeons at each trial center. Six surgeons were
included in this clinical trial and each surgeon performed at least 50 Tuoshou-assisted
and 50 TiRobot-assisted pedicle screw fixation procedures. All personnel participating
in the clinical trial were required to follow regulations, undergo protocol training, and
understand regulatory requirements and protocol content. Each trial center conducted
detailed training for its research participants, including the specification for the informed
consent process, inclusion and exclusion criteria, trial procedures, use of trial products,
documentation requirements, and reporting of adverse events and protocol deviations.
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Assessed for
eligibility (n=114)

Excluded (n=2)
Declined participation

Randomized (n=112)
allocated

Allocation

Tuoshou group (n=54) TiRobot group (n=54)

* Dropped out because of + Were not suitable for
high cardiovascular risk (n=1) surgical treatment with or

* Refused surgery (n=1) without robot  (n=2)

FAS (n=54) FAS (n=54)
PPS (n=54) PPS (n=54)
SS (n=54) SS (n=54)

Figure 4. Flow chart of included patients.

2.6. Outcomes

The primary outcome of this trial was the deviation of the K-wire placement position,
that is, the deviation between the computer-planned position and the actual position.
Secondary outcomes included pedicle screw insertion accuracy rate (Gertzbein—Robbins
classification) [16], entry point deviation, endpoint deviation, axial deviation, sagittal
deviation, and spatial deviation. As for the pedicle screw insertion accuracy rate, grades A
and B screw positions were considered clinically acceptable. The entry point and endpoint
deviation, respectively, referred to the entry point of the planned position and the spatial
distance from the axis to the actual insertion position of the K-wire. Axial and sagittal plane
angle deviation refers to the minimum angle between the planned position on the axial
plane and the sagittal plane and the projected position of the K-wire, respectively. Spatial
angle deviation refers to the minimum angle between the planned position in space and
the actual position of the K-wire.

The operation time was defined as the time from the start of the orthopedic surgical
system registration to the end of screw placement. Instrument success means that during
the procedure, the operator completed the surgical channel planning based on the 3D
scanning image data, and the arm of the orthopedic surgery system moved to the position
specified in the surgical plan without instrument error. Technology success refers to the
successful placement of K-wires and screws along the guide and sleeve during the operation
without the need to reposition the screws or switch to freehand screw placement. Operation
success was defined as the success of instruments and technology during the operation
without the occurrence of serious surgical complications, such as nerve root injury, vascular
injury, spinal cord injury, visceral injury, and pedicle fracture. All postoperative adverse
events were recorded at seven-day follow-up, and the incidence of adverse events was
compared between the two groups.

2.7. Sample Size

The main efficacy index of the present study was the position deviation of the K-
wire placement. According to previous literature reports, the deviation of pedicle screw
placement in orthopedic surgery navigation and positioning of the system-assisted pedicle
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screw internal fixation can reach the level of 1.77 £ 0.78 mm. It was assumed that the
deviation of the insertion position of the K-wires in the experimental and control groups
was 1.5 mm, the combined standard deviation of the two groups was estimated to be 1 mm,
and the non-inferiority margin was 0.6 mm. The sample size was 45 cases in each group,
and the dropout rate was preset to 20%. The final calculation resulted in a sample size of
112 cases.

Statistical Analysis

The datasets were divided into three categories: full analysis set (FAS), per-protocol
set (PPS), and safety set (SS). The FAS refers to the set of subjects determined according
to the principle of intention-to-treat, which is a data set composed of all subjects who
participated in randomization and used the research product. The PPS refers to all of the
treatment population subgroups that have completed the trial without serious violations
of the protocol (referring to patients violating the inclusion or exclusion criteria) or poor
compliance. The SS refers to the data set consisting of all subjects who participated in the
random use of the investigational product and underwent a safety evaluation. Efficacy
analysis was performed on the FAS and PPS, baseline demographic data were collected
based on the FAS, and evaluation of safety data was performed on the SS.

The comparison of the two indicator groups was analyzed using appropriate methods
according to the indicator type. Group comparison of quantitative data used a group
t-test (homogeneity of variance, normal distribution) or Mann-Whitney U test according to
the data distribution. The Chi-square test or exact probability method (if the Chi-square
test was not applicable) was used for categorical data. Rank data were analyzed via
the Mann-Whitney U test or CMH (Cochran-Mantel-Haenszel) test. All statistical tests
were two-sided, and a p-value of <0.05 was considered statistically significant for the
differences tested.

3. Results
3.1. Description of the Sample

A total of 114 patients requiring pedicle screw implantation between April 2021 and
October 2021 were eligible for the trial. As a result, 112 patients were included in the
trial, with 56 each in the TiRobot and Tuoshou groups. One patient in the Tuoshou group
voluntarily withdrew from the trial due to high cardiovascular risk, and another patient
refused surgery. One patient in the TiRobot group was deemed unsuitable for surgical
treatment with an orthopedic robot, and another patient was deemed unsuitable for surgical
treatment (Figure 4). Overall, there were 54 patients in each group, which met the sample
size requirement. Patients with spinal trauma and degenerative spinal disease were the
main components, including some patients with intraspinal tumors. Demographic and
clinical characteristics were similar at baseline (Tables 1 and 2). There was no statistical
difference between the two groups in the number of screws and vertebral bodies (Table 3).

3.2. Outcomes

In the FAS, one patient in the TiRobot group had missing data for L5 bilateral K-wire
placement and was replaced with the worst result of all patients in the FAS (5.683 mm).
The missing data in the PPS was not included in the analysis. In both datasets, the position
deviation of K-wire placement in the Tuoshou group was significantly smaller than that
in the TiRobot group (Table 4). The mean difference in the position deviation of K-wire
placement between the two groups was —0.24 mm with a two-sided 95% confident interval
(CI) of mean difference being —0.47 to —0.08 in the FAS and —0.22 mm with two-sided
95% CI of mean difference being 0.38 to —0.05 in the PPS.
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Table 1. Baseline Characteristics.

Variable Tuoshou (n = 54) TiRobot (n = 54) p-Value
Mean age, years (IQR) 55.50 (50.00 to 66.00) 57.00 (50.00 to 64.00) 0.796 *
Mean height, cm (IQR) 163.00 (160.00 t0170.00)  165.00 (159.00 to 170.00) 0.966 *
Mean weight, kg (IQR) 65.00 (60.00 to 74.00) 62.75 (58.00 to 68.00) 0.123 *
Mean BMI, kg/m? (SD) 24.74 (3.48) 23.53 (2.67) 0.045 1
Sex, n (%) 0.845 %

Male 32(59) 31(57)

Female 22 (41) 23 (43)

* Mann-Whitney U test. T Independent- samples t-test. ¥ Chi-square test. SD, standard deviation; BMI, body mass
index; IQR, interquartile range.

Table 2. Blood test results of two groups.

Variable Tuoshou, 7 (%) TiRobot, 1 (%) p-Value
White blood cell count 0.448 *
Normal 46 (85) 43 (80)
Abnormal 8 (19) 11 (20)
Red blood cell count 0.820 *
Normal 42 (78) 41 (76)
Abnormal 12 (22) 13 (24)
Platelet count 0.567 *
Normal 48 (89) 46 (85)
Abnormal 6 (11) 8 (15)
Alanine aminotransferase 1.000 *
Normal 49 (91) 49 (91)
Abnormal 5(9) 5(9)
Aspartate aminotransferase 0.267 *
Normal 45 (83) 48 (89)
Abnormal 9(17) 5(9)
Not tested 0(0) 1(2)
Creatinine 0.740 *
Normal 50 (93) 48 (89)
Abnormal 4(7) 6 (11)
Prothrombin time 0.243 %
Normal 54 (100) 51 (94)
Abnormal 0(0) 3(6)
Activated partial thromboplastin time 0.037 *
Normal 53 (98) 46 (85)
Abnormal 1(2) 8 (15)

* Chi-square test.  Yates’ continuity corrected Chi-square test. ¥ Fisher’s exact test.
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Table 3. Number of vertebral bodies and screws.
Variable Tuoshou TiRobot p-Value
Number of vertebral bodies, n (%) 0.560 *
1 2(4) 3(5)
2 30 (56) 26 (48)
3 13 (24) 22 (41)
4 7 (13) 2(4)
5 2(3) 1(2)
Average value (IQR) 2.00 (2.00 to 3.00) 2.00 (2.00 to 3.00) 09171
Number of screws, n (%) 0.590 *
1 0(0) 0(0)
2 2(4) 3(6)
3 0(0) 0(0)
4 30 (55) 26 (48)
5 0(0) 1(2)
6 14 (26) 22 (42)
7 1(2) 0(0)
8 5(09) 1(2)
9 0(0) 0(0)
10 2 (4) 1(2)
Average value (IQR) 4.00 (4.00 to 6.00) 4.00 (4.00 to 6.00) 0.8921
* Cochran-Mantel-Haenszel test. ' Mann-Whitney U test. IQR, interquartile range.
Table 4. Primary and secondary outcomes of FAS and PPS.
FAS
Outcomes Tuoshou TiRobot p-Value Tuoshou TiRobot p-Value
Primary outcome
Number of K-wire (Missing) 275 (0) 265 (0) N/A 275 (0) 263 (0) N/A
Average value, mm (IQR) 1.66 (1.14 to 2.31) 1.89 (1.18 to 2.62) 0.014 * 1.66 (1.14 to 2.31) 1.88 (1.18 to 2.62) 0.021 *
Secondary outcomes
Piiéﬂfascc}fi;"ténieﬁl?“ 271 (98) 250 (94) 0.016* 271 (98) 250 (94) 0.016*
Entry II; ‘r’;“(tlg%iaﬁo“’ 1.55(0.93 t0 2.09)  1.88 (1.20 to 3.12) <0.001 * 1.55(0.93 t0 2.09)  1.88 (1.20 to 3.12) <0.001 *
Endpoint deviation, mm (IQR)  1.77 (1.22 to 2.60) 1.70 (1.07 to 2.40) 0.225* 1.77 (1.22 to 2.60) 1.70 (1.07 to 2.40) 0.170 *
Axial deviation, ° (IQR) 0.72 (0.26 to 1.35) 0.69 (0.16 to 1.67) 0.892 * 0.72 (0.26 to 1.35) 0.69 (0.16 to 1.67) 0.988 *
Sagittal deviation, ° (IQR) 0.99 (0.51 to 1.84) 1.18 (0.54 to 2.02) 0.258 * 0.99 (0.51 to 1.84) 1.18 (0.54 to 2.02) 0.324 *
Spatial deviation, ® (IQR) 1.55(0.91 t0 2.43)  1.57 (0.93 to 2.70) 0.238 * 1.55(0.91t0 2.43) 157 (0.93 to 2.70) 0.299 *

* Mann-Whitney U test. T Yates’ continuity corrected Chi-square test. IQR, interquartile range.

The pedicle screw insertion accuracy rate was 98% in the Tuoshou group and 94%
in the TiRobot group. The entry point deviation of the Tuoshou group was significantly
smaller than that of the TiRobot group, while the endpoint deviation between the two
groups was not statistically significant. In addition, there was no significant difference in
axial deviation, sagittal deviation, and spatial deviation between the two groups (Table 4).
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3.3. Security Indicators

Safety evaluations were performed using the SS (Table 5). There was no significant
difference in the effect of the two surgical robots on the operation time. Success rate
outcomes also did not differ in the instrument, technology, and operation between the
groups. The rate of postoperative adverse events was 37% in the Tuoshou group and 39%
in the TiRobot group, and each specific adverse event was listed in the study (Table 6).
Only one patient in each group needed a blood transfusion or special drug treatment
(Clavien-Dindo II). There was no significant difference in the incidence of postoperative
adverse events between the two groups.

Table 5. Differences between two groups in security indicators.

SS

Security Indicators Tuoshou TiRobot p-Value
Operation time, min (IQR) 64.50 (55.00 to 80.00)  56.00 (45.00 to 76.00) 0.085 *

Instrument success, n (%) 54 (100) 54 (100) N/A
Technology success, n (%) 54 (100) 51 (94) 02431
Operation success, n (%) 54 (100) 51 (94) 0243 *
Postoperative adverse events, n (%) 20 (37) 21 (39) 0.8431
Clavien-Dindo I/1I, n 19/1 20/1 04901

* Chi-square test. T Yates’ continuity corrected Chi-square test.
Table 6. Postoperative adverse events of two groups.
SS

Postoperative Adverse Events Tuoshou, 7 (%) TiRobot, n (%) p-Value

Total 20 (37) 21 (39) 0.843 *

Gastrointestinal system 5(09) 6 (11) 0.750 *

Stomach ache 3(6) 1(2) 06101

Vomit 1(2) 3(6) 0.610

Nausea 1(2) 3(6) 0.610 *

Bloating 0(0) 1(2) 1.000 ¥

Injury 5(09) 509) 1.000 *

Bleeding 4(7) 5(9) 1.000 *

Incision complications 1(2) 0 (0) 1.000 %

Systemic diseases and drug reactions 2(4) 6 (11) 0270 %

Fever 1(2) 6 (11) 0.118

Chest discomfort 1(2) 1(2) 1.000*

Neurological complications 5(09) 0(0) 0.057 %

Cerebrospinal fluid leakage 5(9) 0 (0) 0.057 %

Vascular and lymphatic complications 3(5) 2 (4) 1.000 *

Deep vein thrombosis 3(5) 2(4) 1.000

Cardiac complications 2(4) 1(Q2) 1.000 *

Palpitation 1(2) 1(2) 1.000 *

Atrial fibrillation 1(2) 0 (0) 1.000 ¥
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Table 6. Cont.
SS
Postoperative Adverse Events Tuoshou, 7 (%) TiRobot, 1 (%) p-Value
Metabolic and nutritional complications 1(2) 12 1.000 *
Hypoproteinemia 1(2) 1(2) 1.000 *
Infection 0(0) 1(2) 1.000 ¥
Urinary tract infection 0(0) 1(2) 1.000 ¥
Respiratory complications 1(2) 0(0) 1.000 ¥
Expectoration 1(2) 0 (0) 1.000 ¥
Cough 1(2) 0(0) 1.000 ¥
Skin complications 0(0) 1(2) 1.000 %
Mild pressure sore (I) 0(0) 1(2) 1.000 ¥
Urinary complications 0(0) 1(2) 1.000 ¥
Urethral pain 0(0) 1(2) 1.000 *
Hematological complications 0(0) 1(2) 1.000 ¥
Anemia 0(0) 1(2) 1.000 *
Ocular complications 1(2) 0(0) 1.000 ¥
Blurred vision 1(2) 0(0) 1.000 ¥

* Chi-square test. * Yates’ continuity corrected Chi-square test. ¥ Fisher’s exact test.

4. Discussion

The orthopedic surgical robot has the advantages of safety, accuracy, less radiation,
and a shorter learning curve, and more and more surgeons have begun to perform robot-
assisted surgeries [17]. In spinal surgeries, robot assistance is often adopted for pedicle
screw insertion, navigation, and positioning in vertebroplasty [18-22]. Therefore, the
accuracy of robot navigation and positioning directly affects the quality of spinal surgeries.

Currently, the TiRobot is the most commonly used among the existing orthopedic
surgical robots in China. Although it has improved a lot in orthopedic surgeries, there
are still some disadvantages associated with it. First, the TiRobot consists of three main
components, including a robotic arm, an optical tracking device, and a surgical planning
and controlling workstation [15]. The relatively large number of components affects the
efficiency of the operation. The small operating room space could affect the surgeon’s
operation. In some cases, the operator may not be able to get accurate real-time feedback
through the display screen while inserting the K-wire. The Tuoshou integrates the robotic
arm and the workstation, which greatly improves surgical efficiency and space utilization.
The operator can obtain the positional error information of the robotic arm and the K-wire
through the screen at any time, which improves the manipulability of the robot.

Second, the end of the robotic arm in the Tuoshou has been improved compared to
that of the TiRobot, so that the accuracy of surgical positioning can be guaranteed. A
tracker was installed on the end device of the robotic arm to assist in visual positioning.
The ruler for registration and the guide cylinder for orientation were connected to the end
through disassembly and assembly mechanisms. Repeated disassembly and assembly for a
long period of time will lead to inconsistency of physical wear and installation position,
resulting in loss of accuracy. On the contrary, the end of the Tuoshou adopts the integrated
design of the tracker and guide cylinder, which avoids the risk of accuracy decline caused
by disassembly and assembly.

The third advantage of the Tuoshou compared to the TiRobot is less surgical trauma.
In the TiRobot group, the fixation of the reference tracker was achieved after the skin was
incised and fixed on the spinous process. Sometimes the incision made by this operation
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was not smaller than the incision made by the screw placement, which defeats the purpose
of minimally invasive surgery. Using our fixation device with the K-wire firmly fixed the
tracer on the spinous process without exposure, which greatly reduced trauma.

An animal experiment on eight sheep was conducted before the Tuoshou was used for
pedicle screw fixation in a human. The results showed that the Tuoshou has a current mean
deviation of 0.839 mm, which is already superior to that of commercially available surgical
robots. Furthermore, based on the present randomized trial, patients had good clinical and
patient-reported outcomes after pedicle screw fixation, both assisted by the TiRobot and
Tuoshou. When the patients’ baselines were similar, the K-wire placement deviation in the
Tuoshou group was significantly smaller than that in the TiRobotic group [(1.81 £ 0.89)
mm vs. (2.02 + 1.05) mm, p = 0.021]. Pedicle screw insertion accuracy rate and entry point
deviation, two measures of response accuracy, were smaller and statistically different in the
Tuoshou group.

Since our study only involved Chinese robots, we made a preliminary comparison
with other robots. The number rate of screws reaching class A and B of the Gertzbein-
Robbins scale in the robot group is reported to be 91-99% [23-26], which is similar to the
results of the Tuoshou robot. In terms of accuracy, the robot has reached the level of the
world’s mainstream spinal surgery robot. Furthermore, few complications happened in the
Tuoshou group, which is consistent with the high safety of robotic surgery. Additionally,
similar to other spinal surgical robots, the Tuoshou robot only needs one time of three-
dimensional scan during the operation, which greatly reduces radiation exposure [27,28].

There were some limitations in this study. First, the purpose of this investigation
was to evaluate the accuracy of the robot in pedicle screw fixation, so the disease type
of the enrolled patients was not specified. Second, the follow-up time was seven days
after surgery, which was relatively short, and indicators, such as pain improvement and
subsequent imaging changes, were not evaluated in the study. Third, although this was a
multicenter trial, only surgeons who are experts in minimally invasive repair were included,
which may limit its generalizability to surgeons with less experience. Additionally, the
TiRobot was used in the control group for the study, which is commonly used in China.
Other commonly used orthopedic robots in the world, such as the Mazor Robot [29], were
not included, which could lead to the one-sidedness of the test results.

5. Conclusions

In this study, we verified whether the robot we developed could be used in spinal
surgery. Compared with the existing orthopedic robot, the deviation between the computer-
planned position and the actual position was smaller, demonstrating its high accuracy in
pedicle screw implantation.

Author Contributions: Conceptualization, G.Y., X.C., ].W. and B.L.; methodology, X.C., ].C., L.Y.
(Lipeng Yu), Q.L., B.W.,, LY. (Lei Yang) and L.L.; formal analysis, ].C. and X.C.; investigation, M.C.,
EW,LZ,LC,W.Z,W.C, YR, ZH. (Zhiyi Hu), Z.H. (Zhenfei Huang); data curation, J.C., X.C.,K.L,,
L.L. and T.S.; writing—original draft preparation, ].C., writing—review and editing, ].C., X.C., G.Y.,
J.E. and T.S.; supervision, J.C., X.C., G.Y.; project administration, G.Y., J.C., L.Y. (Lipeng Yu), Q.L. and
B.W contributed equally to this work. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by grants from the National Natural Science Foundation of
China (81871773, 81672152) and the Primary Research and Development Plan of Jiangsu Province
(BE2018132).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical
University (2021-MD-100).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



J. Clin. Med. 2022, 11, 7091 12 0f13

Data Availability Statement: The dataset is not publicly available due to privacy and ethical re-
strictions. The data for this study are available upon request addressed directly to the Research
Ethics Boards of the lead institution, which must first approve the request. If the request is ap-
proved, anonymized data supporting the conclusions of this manuscript will be made available by
the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results. The company provided technical guidance during the clinical
trial and helped to collect data. There is any conflict of interest with this company in the subject of
this article.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kapoen, C.; Liu, Y.,; Bloemers, EW.; Deunk, J. Pedicle screw fixation of thoracolumbar fractures: Conventional short segment
versus short segment with intermediate screws at the fracture level-a systematic review and meta-analysis. Eur. Spine . 2020, 29,
2491-2504. [CrossRef] [PubMed]

Fiore, M.; Ruffilli, A ; Viroli, G.; Barile, E; Manzetti, M.; Faldini, C. Minimally invasive surgery using posterior-only Pedicle screw
fixation in treatment of Adolescent Idiopathic Scoliosis: A Systematic Review and Meta-Analysis. J. Clin. Neurosci. 2022, 99,
317-326. [CrossRef] [PubMed]

Tovar, M.A.; Dowlati, E.; Zhao, D.Y.; Khan, Z.; Pasko, K.B.D.; Sandhu, F.A.; Voyadzis, ] M. Robot-assisted and augmented
reality-assisted spinal instrumentation: A systematic review and meta-analysis of screw accuracy and outcomes over the last
decade. |. Neurosurg. Spine 2022, 37, 274-282. [CrossRef] [PubMed]

Himstead, A.S.; Shahrestani, S.; Brown, N.]J.; Produturi, G.; Shlobin, N.A.; Al Jammal, O.; Choi, E.H.; Ransom, S.C.; Daniel
Diaz-Aguilar, L.; Sahyouni, R.; et al. Bony fixation in the era of spinal robotics: A systematic review and meta-analysis. J. Clin.
Neurosci. 2022, 97, 62-74. [CrossRef] [PubMed]

Spiegelberg, J.; Iken, T.; Diener, M.K,; Fichtner-Feigl, S. Robotic-Assisted Surgery for Primary Hepatobiliary Tumors-Possibilities
and Limitations. Cancers 2022, 14, 265. [CrossRef]

Shah, A.A.; Bandari, J.; Pelzman, D.; Davies, B.].; Jacobs, B.L. Diffusion and adoption of the surgical robot in urology. Transl. Urol.
2021, 10, 2151-2157. [CrossRef]

Tse, K.Y.; Ngan, H.Y.S.; Lim, P.C. Robot-assisted gynaecological cancer surgery-complications and prevention. Best Pr. Res. Clin.
Obs. Gynaecol. 2017, 45, 94-106.

Wang, T.Y,; Park, C.; Dalton, T.; Rajkumar, S.; McCray, E.; Owolo, E.; Than, K.D.; Abd-El-Barr, M.M. Robotic navigation in spine
surgery: Where are we now and where are we going? J. Clin. Neurosci. 2021, 94, 298-304. [CrossRef]

Li, Y,; Chen, L.; Liu, Y;; Ding, H.; Lu, H.; Pan, A.; Zhang, X.; Hai, Y.; Guan, L. Accuracy and safety of robot-assisted cortical bone
trajectory screw placement: A comparison of robot-assisted technique with fluoroscopy-assisted approach. BMC Musculoskelet.
Disord. 2022, 23, 328. [CrossRef]

Naik, A.; Smith, A.D.; Shaffer, A.; Krist, D.T.; Moawad, C.M.; MacInnis, B.R.; Teal, K.; Hassaneen, W.; Arnold, P.M. Evaluating
robotic pedicle screw placement against conventional modalities: A systematic review and network meta-analysis. Neurosurg.
Focus. 2022, 52, E10. [CrossRef]

D’Souza, M.; Gendreau, J.; Feng, A.; Kim, L.H.; Ho, A.L.; Veeravagu, A. Robotic-Assisted Spine Surgery: History, Efficacy, Cost,
And Future Trends. Robot Surg. 2019, 6, 9-23. [PubMed]

Tian, W. Robot-Assisted Posterior C1-2 Transarticular Screw Fixation for Atlantoaxial Instability: A Case Report. Spine Phila Pa
1976 2016, 41 (Suppl. 19), B2-B5. [CrossRef] [PubMed]

Liu, H.S.; Duan, S.J.; Xin, EZ.; Zhang, Z.; Wang, X.G.; Liu, S.D. Robot-assisted Minimally-invasive Internal Fixation of Pelvic Ring
Injuries: A Single-center Experience. Orthop. Surg. 2019, 11, 42-51. [CrossRef]

Calvert, M.; Blazeby, J.; Altman, D.G.; Revicki, D.A.; Moher, D.; Brundage, M.D.; Group, C.P. Reporting of patient-reported
outcomes in randomized trials: The CONSORT PRO extension. JAMA 2013, 309, 814-822. [CrossRef] [PubMed]

Han, X,; Tian, W.; Liu, Y,; Liu, B.; He, D.; Sun, Y,; Han, X.; Fan, M.; Zhao, J.; Xu, Y,; et al. Safety and accuracy of robot-assisted
versus fluoroscopy-assisted pedicle screw insertion in thoracolumbar spinal surgery: A prospective randomized controlled trial.
J. Neurosurg. Spine 2019, 30, 615-622. [CrossRef] [PubMed]

Gertzbein, S.D.; Robbins, S.E. Accuracy of pedicular screw placement in vivo. Spine Phila Pa 1976 1990, 15, 11-14. [CrossRef]
Zhang, R.J.; Zhou, L.P,; Zhang, H.Q.; Ge, P; Jia, C.Y.; Shen, C.L. Rates and risk factors of intrapedicular accuracy and cranial facet
joint violation among robot-assisted, fluoroscopy-guided percutaneous, and freehand techniques in pedicle screw fixation of
thoracolumbar fractures: A comparative cohort study. BMC Surg. 2022, 22, 52. [CrossRef]

Su, YF; Tsai, TH.; Lieu, A.S,; Lin, C.L.; Chang, C.H.; Tsai, C.Y.; Su, H.Y. Bone-Mounted Robotic System in Minimally Invasive
Spinal Surgery for Osteoporosis Patients: Clinical and Radiological Outcomes. Clin. Interv. Aging 2022, 17, 589-599. [CrossRef]
Fayed, I; Tai, A.; Triano, M.].; Weitz, D.; Sayah, A.; Voyadzis, ].M.; Sandhu, F.A. Lateral versus prone robot-assisted percutaneous
pedicle screw placement: A CT-based comparative assessment of accuracy. J. Neurosurg. Spine 2022, 37, 112-120. [CrossRef]


http://doi.org/10.1007/s00586-020-06479-4
http://www.ncbi.nlm.nih.gov/pubmed/32529525
http://doi.org/10.1016/j.jocn.2022.03.019
http://www.ncbi.nlm.nih.gov/pubmed/35339852
http://doi.org/10.3171/2022.1.SPINE211345
http://www.ncbi.nlm.nih.gov/pubmed/35213837
http://doi.org/10.1016/j.jocn.2022.01.005
http://www.ncbi.nlm.nih.gov/pubmed/35065405
http://doi.org/10.3390/cancers14020265
http://doi.org/10.21037/tau.2019.11.33
http://doi.org/10.1016/j.jocn.2021.10.034
http://doi.org/10.1186/s12891-022-05206-y
http://doi.org/10.3171/2021.10.FOCUS21509
http://www.ncbi.nlm.nih.gov/pubmed/31807602
http://doi.org/10.1097/BRS.0000000000001674
http://www.ncbi.nlm.nih.gov/pubmed/27145470
http://doi.org/10.1111/os.12423
http://doi.org/10.1001/jama.2013.879
http://www.ncbi.nlm.nih.gov/pubmed/23443445
http://doi.org/10.3171/2018.10.SPINE18487
http://www.ncbi.nlm.nih.gov/pubmed/30738398
http://doi.org/10.1097/00007632-199001000-00004
http://doi.org/10.1186/s12893-022-01502-5
http://doi.org/10.2147/CIA.S359538
http://doi.org/10.3171/2021.12.SPINE211176

J. Clin. Med. 2022, 11, 7091 13 0f 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Zhang, Q.; Fan, M.X,; Han, X.G.; Liu, Y.J.; He, D.; Liu, B.; Tian, W. Risk Factors of Unsatisfactory Robot-Assisted Pedicle Screw
Placement: A Case-Control Study. Neurospine 2021, 18, 839-844. [CrossRef]

Pojskic, M.; Bopp, M.; Nimsky, C.; Carl, B.; Sabeta, B. Initial Intraoperative Experience with Robotic-Assisted Pedicle Screw
Placement with Cirq((R)) Robotic Alignment: An Evaluation of the First 70 Screws. J. Clin. Med. 2021, 10, 5725. [CrossRef]
[PubMed]

Neumann, N.; Meylheuc, L.; Barbe, L.; Garnon, J.; Koch, G.; Gangi, A.; Bayle, B. Robot-Assisted Bone Cement Injection. IEEE
Trans. Biomed. Eng. 2022, 69, 138-147. [CrossRef] [PubMed]

Kim, H.J.; Jung, W.I; Chang, B.S.; Lee, C.K.; Kang, K.T.; Yeom, J.S. A prospective, randomized, controlled trial of robot-assisted vs.
freehand pedicle screw fixation in spine surgery. Int. ]. Med. Robot. 2017, 13, €1779. [CrossRef]

Lonjon, N.; Chan-Seng, E.; Costalat, V.; Bonnafoux, B.; Vassal, M.; Boetto, J. Robot-assisted spine surgery: Feasibility study
through a prospective case-matched analysis. Eur. Spine J. 2016, 25, 947-955. [CrossRef] [PubMed]

Schatlo, B.; Molliqaj, G.; Cuvinciuc, V.; Kotowski, M.; Schaller, K.; Tessitore, E. Safety and accuracy of robot-assisted versus
fluoroscopy-guided pedicle screw insertion for degenerative diseases of the lumbar spine: A matched cohort comparison.
J. Neurosurg. Spine 2014, 20, 636-643. [CrossRef] [PubMed]

Lee, N.J.; Zuckerman, S.L.; Buchanan, I.A.; Boddapati, V.; Mathew, J.; Marciano, G.; Robertson, D.; Lakomkin, N.; Park, PJ.;
Leung, E.; et al. Is There a Difference in Screw Accuracy, Robot Time Per Screw, Robot Abandonment, and Radiation Exposure
Between the Mazor X and the Renaissance? A Propensity-Matched Analysis of 1179 Robot-Assisted Screws. Glob. Spine . 2021,
21925682211029867. [CrossRef] [PubMed]

De Biase, G.; Gassie, K.; Garcia, D.; Abode-Iyamah, K.; Deen, G.; Nottmeier, E.; Chen, S. Perioperative Comparison of Robotic-
Assisted Versus Fluoroscopically Guided Minimally Invasive Transforaminal Lumbar Interbody Fusion. World Neurosurg. 2021,
149, e570-e575. [CrossRef] [PubMed]

Good, C.R;; Orosz, L.; Schroerlucke, S.R.; Cannestra, A.; Lim, J.Y.; Hsu, VW.; Zahrawi, F; Villalobos, H.J.; Ramirez, PM.; Sweeney,
T.; et al. Complications and Revision Rates in Minimally Invasive Robotic-Guided Versus Fluoroscopic-Guided Spinal Fusions:
The MIS ReFRESH Prospective Comparative Study. Spine Phila Pa 1976 2021, 46, 1661-1668. [CrossRef]

Li, C.; Wang, L.; Perka, C.; Trampuz, A. Clinical application of robotic orthopedic surgery: A bibliometric study. BMC Musculoskelet.
Disord. 2021, 22, 968. [CrossRef]


http://doi.org/10.14245/ns.2142560.180
http://doi.org/10.3390/jcm10245725
http://www.ncbi.nlm.nih.gov/pubmed/34945020
http://doi.org/10.1109/TBME.2021.3088347
http://www.ncbi.nlm.nih.gov/pubmed/34110988
http://doi.org/10.1002/rcs.1779
http://doi.org/10.1007/s00586-015-3758-8
http://www.ncbi.nlm.nih.gov/pubmed/25575857
http://doi.org/10.3171/2014.3.SPINE13714
http://www.ncbi.nlm.nih.gov/pubmed/24725180
http://doi.org/10.1177/21925682211029867
http://www.ncbi.nlm.nih.gov/pubmed/34235996
http://doi.org/10.1016/j.wneu.2021.01.133
http://www.ncbi.nlm.nih.gov/pubmed/33549930
http://doi.org/10.1097/BRS.0000000000004048
http://doi.org/10.1186/s12891-021-04714-7

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Robot Components 
	Interventions 
	Randomization and Quality Control 
	Outcomes 
	Sample Size 

	Results 
	Description of the Sample 
	Outcomes 
	Security Indicators 

	Discussion 
	Conclusions 
	References

