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Background: Pedicle screw fixation is one of the most commonly used methods in spine surgery. We introduce a surgical ro-
bot system from China based on 3-dimensional fluoroscopy imaging and compare it with the commonly used
0-arm navigation system. We study the differences in accuracy, safety, and clinical effect in auxiliary pedicle
screw fixation.

Material/Methods: Patients who underwent thoracolumbar internal fixation in our hospital from 2017 to 2019 were divided into a
robot and navigation group according to whether surgery was assisted by the Tinavi orthopedic robot or O-arm
navigation system. Imaging data of patients were searched from the image system and accuracy of screw im-
plantation was measured by Rampersaud A to D grade classification. Deviation sagittal, deviation transversal,
and facet joint violation were also measured and calculated.

Results: In total, 306 patients were included: 136 patients in the robot group with 760 screws implanted; 166 patients
in the navigation group with 908 screws implanted. The accuracy of “perfect” and “clinically acceptable” ped-
icle screw implantation was 96.2% and 99.6%, respectively, in the robot group and 90.5% and 96.7%, respec-
tively, in the navigation group, with a significant difference between the 2 groups (P<0.05). The sagittal and
transversal deviations in the robot group were significantly less than those in the navigation group (P<0.05).

Conclusions: The Tinavi orthopedic robot can significantly improve surgical accuracy and safety of pedicle screw fixation, as
compared with that of O-arm navigation technology, without increasing complications. It shows great poten-
tial in clinical application.
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Background
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Material and Methods

Pedicle screw fixation is one of the most commonly used sur-
gical methods in spine surgery and plays an important role in
the reconstruction of spinal stability. The shape of the verte-
bral pedicle is complex and has a certain variability. The av-
erage width of the spinal pedicle in Asian populations is only
about 8 mm [1], making the accurate implantation of pedi-
cle screws challenging. Most traditional spinal surgeons com-
plete the implantation of pedicle screws free-hand, making it
difficult to prevent the pedicle screws from piercing the pedi-
cle cortex and injuring important surrounding tissues such as
nerves and blood vessels. It is reported in the literature that
the failure rate of pedicle screw internal fixation is 4.9% to
37.5% [2-4], and the incidence of neurological complications
are 0.18% to 3.24% per pedicle screw [5].

To improve the accuracy of pedicle screw fixation, computer-
aided navigation systems were created. By registering the pre-
operative or intraoperative computed tomography (CT) image
data with the computer navigation system, doctors can calcu-
late the width of the pedicle and design the optimal channel for
pedicle screw implantation. Among computer-aided navigation
systems, the O-arm real-time navigation system is the most
common, providing operators with high-quality 2-dimension-
al (2D) and 3-dimensional (3D) images during surgery, track-
ing surgical instruments in real time, and guiding the accurate
placement of pedicle screws. It is reported that the accuracy
of screw placement with the O-arm real-time computer-aid-
ed navigation system is 96.6% to 97.93% [6,7].

In recent years, surgical robot technology has developed rap-
idly, and a variety of surgical robot systems have been used in
the field of spinal surgery. Among these, the Renaissance sys-
tem with positioning technology, which was developed in Israel
and certified by the FDA and CE, is the best known. However,
our previous study found that, compared to the O-arm sys-
tem, the Renaissance robot has no clear advantage in terms
of accuracy of screw implantation [8]. Therefore, considering
the high cost of using the Renaissance robot, the less costly
0-arm navigation system is still commonly used in our center.
Recently, a new surgical robot system based on 3D imaging
(codesigned by Beijing Jishuitan Hospital and TINAVI Medical
Technologies Co., Ltd.) was introduced in China (Figure 1). In
this study, we compare the Tinavi robot system to the com-
monly used O-arm navigation system and study the radiolog-
ical and clinical differences in thoracolumbar screw implanta-
tion for reconstruction of spinal stability in regards to accuracy,
safety, and clinical effect.

Study design and subjects

Patients who received thoracolumbar internal fixation as-
sisted by the Tinavi orthopedic robot or the O-arm naviga-
tion system in our hospital from 2017 to 2019 were analyzed
retrospectively. The inclusion criteria were as follows: (1) age
18-70 years; (2) surgery was in accordance with the operative
indication (requirement for reconstruction of spinal stability
with pedicle deformity or not) of robotic- or navigation-assist-
ed pedicle screw placement; and (3) reexamination of CT af-
ter surgery to determine the accuracy of screw implantation.
The exclusion criteria were as follows: (1) severe osteoporo-
sis; (2) history of thoracolumbar revision surgery; and (3) key
clinical data were incomplete. After screening, eligible patients
were divided into the robot and navigation groups according
to whether they were assisted by the Tinavi orthopedic robot
or the O-arm navigation system during surgery. We retrospec-
tively accessed their clinical data in the electronic medical re-
cords and the imaging data in the picture archiving and com-
munication system. The Ethics Committee of Xi’an Honghui
Hospital approved the study and determined the retrospective
study design did not require the informed consent of patients.

Surgical procedure
Tinavi robot-assisted internal fixation

After general anesthesia was administered, patients were put
in the prone position, and the position of the target vertebra
pedicle and spinous process was marked to fix the tracker on
the skin. The tracker was fixed on the upper or next segment
of the surgical segment, and the tracker and positioning rul-
er were installed at the end of the robot arm. The position-
ing ruler was adjusted as close to the skin of the surgical area
as possible (about 5 mm from the skin), so that the marked
points on the mechanical arm tracker were located in the visu-
al field of the 3D C-arm (Siemens Medical Solutions, Erlangen,
Germany) (at least 4 marked points were included in the an-
teroposterior and lateral fluoroscopy and target vertebra), and
the scan was carried out. The 3D image was transmitted to the
robot workstation for automatic registration, and the channel
of pedicle screw placement was planned according to the 3D
image, including the screw entry point, direction, and specifi-
cation. According to the planned trajectory, the position of the
end of the robot arm was adjusted. After the robot stopped,
the guiding cannula along the robot arm guider was insert-
ed, the position for implantation at the skin was marked, and
the skin was cut longitudinally. The guiding cannula fully ex-
panded the soft tissue to contact the bony surface. The elec-
tric drill was implanted with the guiding pin along the direc-
tion of the guiding cannula (keeping a certain speed of the
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Figure 1. Diagram of the Tinavi Robot system.

drill), usually with a depth of 2 to 3 cm. The guiding cannula
was removed, and the above process was repeated to com-
plete the implantation of the remaining guiding pins in turn.
C-arm fluoroscopy was used to determine the position of the
guiding pin, and when satisfactory, the sleeve was used to ex-
pand the soft tissue step by step. The pedicle screw was placed
along the pin through tapping and other means, and the po-
sition of internal fixation was again verified by fluoroscopy.
When necessary, decompression, fusion, and other surgical

CLINICAL RESEARCH

procedures were performed later. The workflow of the Tinavi
robot is shown in Figure 2.

0-arm-based navigation system guided internal fixation

The assistance of the O-arm-based navigation system for sur-
gery included 5 steps: 1) the reference frame was fixed on the
spinous process of the adjacent segment of the target verte-
bral body or iliac wing; 2) the O-arm continuously reconstruct-
ed 3D images from 360° fluoroscopy in 3D mode and uploaded
them to the workstation; 3) the guiding tool was automatical-
ly registered, and then bone anatomical markers for accuracy
calibration were selected; 4) entry point and screw trajecto-
ry were identified using a navigation probe; and 5) a curved
pedicle probe was inserted and then the pedicle screws were
inserted. When necessary, decompression, fusion, and other
surgical procedures were performed later.

Primary outcomes
The accuracy of screw insertion
All patients had a postoperative CT examination before dis-

charge. The postoperative CT image data were measured us-
ing the picture archiving and communication system, and the

Figure 2. Surgical workflow of the robotic system assistance. (A) Locate positioning ruler at the position of target vertebra, reconstruct
3D images by 3D C-arm and upload them to workstation; (B) Design the best virtual screw trajectory on 3D image; (C) The
electric drill is implanted with the guiding pin along the direction of the guiding cannula; (D) C-arm fluoroscopy to determine
the position of the guiding pin; (E) The pedicle screw is placed along the pin, and then verified by fluoroscopy again;

(F) Postoperative wound.
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Figure 3. (A-D) Rampersaud classification according to CT scans
shows the deviation of the screw from the optimal
trajectory.

position of the pedicle screw was independently evaluated by
2 spinal surgeons who did not participate in the surgery; dis-
putes were resolved through discussion. The accuracy of screw
placement was evaluated according to Rampersaud A to D clas-
sification [9] as follows: Grade A, the screw is completely with-
in the pedicle; Grade B, the screw penetrated the pedicle’s cor-
tex <2 mm; Grade C, the screw penetrated the pedicle’s cortex
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<4 mm; and Grade D, the screw penetrated the pedicle’s cor-
tex >4 mm. Grade A is regarded as “perfect” screw implanta-
tion, Grade A+B is considered as “clinically acceptable” screw
placement, and Grades C and D are considered “poor” screw
placement positions (Figure 3). Intraoperative screw revision
during surgery was directly recognized as Grade D. To com-
pare the consistency between the actual pedicle screw place-
ment and the planned virtual screw placement during the
operation, we referred to the method proposed in the litera-
ture [10], whereby the inclination angles of the virtual screw
channel and the actual implanted screw were measured in the
sagittal and transversal images of intraoperative planning and
postoperative CT scan (Figure 4), and the deviation between
the pedicle screw placement angle and the pre-designed an-
gle of the virtual screw channel was compared.

Facet joint violation

Facet joint violation was evaluated according to the classifica-
tion described by Kim et al. [10] where Grade 0 indicates no
impingement, Grade 1 indicates the screw head was in con-
tact or was suspected to be in contact with the facet joint, and
Grade 2 indicates the screw clearly invaded the facet joint.

Secondary parameters

Clinical outcomes such as time for surgery, adverse events,
intraoperative blood loss, postoperative stay, postoperative
revision of misplaced screws, and postoperative neurological
evaluation were collected. Data of intraoperative fluoroscopy
time was lost and, therefore, is not available.

Subgroup analysis
The indication for placement is an important factor because

many conditions can alter the shape and geometry of pedicles.
We define pedicle variation and deformity as difficult screw

Figure 4. (A, B) Intraoperative 3D image and sagittal image reconstructed by postoperative CT scan; Deviation sagittal = B
(postoperative angle between auxiliary line a and auxiliary line b) — A (intraoperative angle between auxiliary line a and
auxiliary line b). (C, D) Intraoperative 3D image and transversal image reconstructed by postoperative CT scan; Deviation
transversal — D (postoperative angle between auxiliary line a and auxiliary line b) — C (intraoperative angle between auxiliary

line a and auxiliary line b).
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Table 1. Baseline characteristics.

Parameter RA

No. of patients 136

CLINICAL RESEARCH

No 222 (29.2)

303 (33.4)

RA — Robot-assisted; ON — O-arm navigation system.

implantation, such as pedicle rotation and pedicle isthmus frac-
ture. In addition, considering that the location of screw im-
plantation and the BMI of patients may be potential factors
affecting the accuracy of screw implantation, we conducted a
subgroup analysis to observe the differences of some of the
primary indicators within the subgroups.

Statistical analysis

SPSS20.0 statistical software (SPSS, Inc., Chicago, Illinois, USA)
was used for statistical analysis. Chi-squared test was used for
counting data such as the accuracy of pedicle screw placement
in the 2 groups, mean+SD was used to describe normal dis-
tribution data, independent sample t-test was used for com-
parison between groups, median and quartile spacing were
used to describe skewness distribution data, and rank sum
test was used for comparison between groups. Significance
level was set =0.05.

Results

As shown in Table 1, a total of 302 patients met the criteria,
including 136 patients in the robot group and 166 patients in
the navigation group. Average patient age was 59.5+10.2 years.
The ratio of male to female was 160/142, and the average BMI

was 22.8 +4.0. A total of 760 screws were implanted in the ro-
bot group and 908 screws were implanted in the navigation
group. The diameter specification of the screw was 5.5 to 6.5
mm. The main diagnoses of the patients were thoracolum-
bar fracture, lumbar disc herniation, lumbar spinal stenosis,
and lumbar spondylolisthesis. There were no significant dif-
ferences in any baseline data between the 2 groups (P>0.05).
Two kinds of auxiliary equipment in this research center were
used mostly to assist minimally invasive percutaneous screw
implantation, while the proportion of open pedicle screw im-
plantation in the navigation group (33.3%) was higher than
that in the robot group (29.2%), but there was no statistical
difference (P=0.068).

Accuracy of pedicle screw placement

The accuracy of “perfect” and “clinically acceptable” pedicle
screw implantation in the robot group was 96.2% and 99.6%,
respectively, while in the navigation group it was 90.5% and
96.7%, respectively (Table 2), with a significant difference be-
tween the 2 groups (P<0.05). However, the results of subgroup
analysis showed that there was no statistical difference in the
accuracy of “clinically acceptable” screw implantation between
the 2 groups in the thoracic vertebrae subgroup (P=0.189)
(Table 3). The sagittal and transversal deviations in the robot
group were also significantly less than those in the navigation
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Table 2. Accuracy of pedicle screw placement between the 2 technologies.

Screw position* RA (n=760) (%) ON (n=908) (%)

A 731 (96.2) 822 (90.5) <0.0001
. 267 6 62 o001
A 757 (096) e78 067) o001
< o® 20 @) o001
> 309 0aey o012
w0 309 063 o001
Orientation of pedicle encroachment (o) Mediat4(82)

Lateral: 15 (68.2)
Superior: 3 (13.6)
Inferior: 0 (0)

Grade 2 0 (0 6 (0.6)

* Screw position identified according to Rampersaud scale A to D classification; RA — Robot-assisted; ON — O-arm navigation system.
# Facet joint violation was evaluated according to the classification described by Kim et al. Grade 0=no impingement, Grade 1=screw
head in contact/suspected to be in contact with facet joint, Grade 2=screw clearly invaded the facet joint.

Table 3. Subgroup analysis for partial primary outcomes.

Accuracy (Grade A+B) Facet joint violation (Grade 0)

RA (n=751) (%) ON (n=884) (%) P value

No (BMI <28) 603 (99.5) 717 (97.2) 0.001 602 (99.3) 725 (98.2) 0.072

According to Chinese Body Mass Index (BMI) standard. RA — Robot-assisted; ON — O-arm navigation system.
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Table 4. Comparison of clinical outcomes between the 2 technologies.

Parameter RA (n=136) (%) ON (n=166) (%) P value

Time for surgery (min) 150+41 179450 <0.0001
 Postoperative revision for screw malposition o© 2 w2 0199
CBloodloss (m) 184¢120 2308172 0007
Postoperative stay @) 43829 5031 0085
CAdverseevents(n)
"""" Duraltears 21
"""" Surgical wound revision 1 2
"""" Wound Infections 0 1
"""" Seoma 13
"""" Neurological complications 0 2
CTotal 4 ow o (54%) 0309

RA — Robot-assisted; ON — O-arm navigation system.

group (P<0.05). However, there was no significant difference
in intraoperative revision of screws between the robot group
(0.4%) and the navigation group (0.9%) (P=0.222).

Facet joint violation

The Grades 0-2 facet joint violation in the robot group were
98.8%, 1.2%, and 0%, respectively, and 97.4%, 2.0%, and 0.6%
in the navigation group, respectively. The proportion of Grade
0 (no facet joint invasion) in the robot group was significant-
ly higher than that in the navigation group (P<0.05). However,
we found that, except for the difficult pedicle screw implan-
tation subgroup, the subgroup analysis results showed that
there was no difference in the rate of Grade 0 joint violation
between the robot group and the navigation group (P>0.05).

Clinical outcomes

The time for surgery, intraoperative blood loss, and postopera-
tive hospital stays in the robot group were significantly lower
than those in the navigation group, and the differences were
statistically significant (P<0.05) (Table 4). In the robot group,
there were 4 cases (2.9%) of adverse events: 2 cases of dural
tear, and 1 case each of intraoperative repair and postoper-
ative symptomatic treatment. The patient requiring intraop-
erative repair had a hematoma compression, which was re-
vised urgently to remove the hematoma. The patient requiring
postoperative treatment had wound exudation and non-heal-
ing after an open operation, and the wound healed within 3
weeks after wound revision and debridement. There were no
screw-related neurological complications in the robot group.
A total of 9 (5.4%) patients in the navigation group had ad-
verse events, and 2 (1.23%) patients underwent screw revision
because the screw penetrated the inner cortex of the pedicle

and stimulated the nerve root. There was no significant dif-
ference in the incidence of adverse events between the robot
group and the navigation group (P=0.309).

Discussion

Introduction of the Tinavi robot system

The Tinavi robot system is a robot-assisted total orthopedic
surgery instrument, consisting of a mobile 6-degree-of-free-
dom manipulator system, an optical tracking system, and an
operation planning and navigation system (Figure 1). During
surgery, doctors can plan the predetermined channel of ped-
icle screw implantation through the operation planning sys-
tem, based on 3D images. The manipulator system can auto-
matically calculate the spatial position of the predetermined
channel of the pedicle screw and, with the cooperation of the
optical tracking system, control the manipulator with the guide
tool attached to the end of the manipulator to locate the pre-
determined channel and guide the operator to accurately im-
plant the pedicle screw through the guiding cannula and pin
(Figure 5). The optical tracking system can detect the position
of the patient and the position changes of the patient from
various causes in real time and cooperate with the manipu-
lator system for real-time motion compensation so that the
manipulator system can always accurately locate the pre-de-
signed pedicle screw implantation path.

At present, a variety of surgical robot systems have been used
in the field of spinal surgery, including SpineAssist/Renaissance,
SPINEBOT, VectorBot, and ROSA, among which the SpineAssist/
Renaissance system developed in Israel is the best known.
Although the SpineAssist/Renaissance spinal robot has a high
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Figure 5. Detail shows guiding pin insertion with assistance of
Tinavi robot system.

accuracy of pedicle screw placement [11-14], there is still mis-
placement of guide wires and screws with this device [15,16]. In
addition, SpineAssist/Renaissance has some defects, including
complex operation and lack of real-time image monitoring [17].
The Tinavi orthopedic robot system, independently developed
in China, has been used in spine, trauma, and other surgical
fields. At present, there are few studies demonstrating the ac-
curacy of pedicle screw placement with the Tinavi robot or com-
paring it with the commonly used O-arm navigation system.

In this study, we found that the accuracy of screw implanta-
tion and the protection of the facet joints in the robot group
were better than those in the navigation group. Most results
of the subgroup analysis of facet joint violation showed no
differences, which may be due to the fact that the overall sta-
tistical difference was diluted by the size of the subgroups.
Nevertheless, the robot group still had 1 intraoperative screw
revision (0.4%), although there was no statistical difference
in the revision rate between the 2 groups (P=0.222). In addi-
tion, there were no screw-related neurological complications
in the robot group. We found that the accuracy of screw im-
plantation in the Tinavi orthopedic robot was as high as 99.6%,
which is higher than that of the SpineAssist/Renaissance sys-
tem reported in previous studies (98.5%) [11,12]. The accura-
cy and other advantages and disadvantages of these 2 robots
can be compared in the future. Han et al. [18] designed a pro-
spective randomized controlled trial to compare the safety and
accuracy of pedicle screw placement using the TiRobot sys-
tem versus conventional fluoroscopy in thoracolumbar spinal
surgery. They found that in the Tinavi group, 95.3% of screws
were Grade A (perfectly positioned), the remaining screws
were Grade B (3.4%), and the proportion of clinically accept-
able screws was significantly greater in the Tinavi group than
in the free-hand group. The screw accuracy we report in the
current study is higher than the results of this prospective ran-
domized controlled trial.

DuJ. etal.:
Tivani orthopedic robot
© Med Sci Monit, 2020; 26: €924770

The clinical outcomes on the time for surgery, blood loss during
surgery, and the length of hospital stays in this study are not
very convincing. First, our main endpoint — accuracy of screw
implantation — included patients with a variety of diagnoses;
therefore, additional surgical procedures varied according to
the different major diagnoses. In particular, the proportion of
patients undergoing open surgery in the navigation group was
higher than that in the robot group, which likely caused the
average operation time, intraoperative blood loss, and post-
operative hospital stays in the navigation group to be higher
than those in the robot group, resulting in a huge deviation of
the research results, or even possibly false positives. Therefore,
the comparison of clinical results requires further prospective
study design for analysis. Second, data such as intraoperative
fluoroscopic dose could not be obtained because of the ret-
rospective research methods. In summary, the comparison of
clinical results does not provide relevant and reliable evidence
in the comparison of these 2 surgical techniques.

Previous literature shows that surgery guided by O-arm navi-
gation has the advantages of visibility, transparency, and pre-
dictability, and thus improves the accuracy and safety of sur-
gery [19]. O-arm navigation has a wide range of applications,
including cervical, thoracic, lumbar, trauma and pelvic surgery.
However, exposure to a large dose of radiation during surgery
is an inevitable problem with this system [20]. Lange et al. [21]
reported that the radiation dose of 3D scanning of thoraco-
lumbar vertebrae is about 3-8 mSV. Particularly, the limitation
of 0-arm scanning range in long segment screw implantation
requires 2 or more 3D scans and inputs to the navigation sys-
tem, increasing the operation time and radiation dose. In ad-
dition, scholars have observed a “drift” phenomenon — name-
ly, a relative shift in the anatomical position of the surgical
object in the 3D navigation image that occurs when the pedi-
cle screw is placed with the aid of navigation [22]. At present,
there is no evidence to prove that the drift phenomenon of
the O-arm navigation system is caused by software and hard-
ware failures or loopholes of the navigation system, but the
occasional occurrence of the drift phenomenon directly affects
the reliability of the O-arm navigation system.

The Tinavi robot system was designed by doctors from a clin-
ical perspective. The advanced bionic structure ensures the
flexibility and stability of the system. The comprehensive se-
curity protection mechanism can ensure the safe operation of
the robot with strong practicability, a high degree of freedom,
and good repeatability. Previous studies have reported that it
can also significantly reduce intraoperative radiation expo-
sure [23]. In addition, it can help young spinal surgeons rap-
idly improve their surgical techniques while shortening their
learning curve [24]. Safety is the premise of the application
and promotion of robotic surgery; nevertheless, clinicians of-
ten stop using robotic surgery because they are worried about
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its intraoperative safety. The Tinavi robot does not enter a pa-
tient’s body, it assists the doctor in completing an accurate
operation, and it has multiple safety strategies, including a
safety activity control area, safety control strategy, and emer-
gency operation brake light [25,26], which can fully meet sur-
gical safety requirements.

However, any technical equipment has certain disadvantages.
First, the Tinavi system is expensive to purchase, use, and main-
tain, making it difficult to gain popularity. Second, its technical
disadvantages include the 7 following: 1) Systematic errors in-
evitably occur in the process of 3D image data reconstruction
and image automatic registration. During surgery, the 3D im-
age obtained by the 3D system has a certain degree of distor-
tion due to the deflection of the electromagnetic field in the
imaging process [27]. This error does not change with the re-
placement of the equipment because it is determined by the
imaging principle of the image. 2) During the automatic reg-
istration of 3D images and the navigation system guiding the
robotic arm to move, systematic error of the surgical robot in-
creases due to the error of optical reflection between the in-
frared stereo camera and the tracker. 3) Respiratory manage-
ment (fluctuation of the chest) during surgery affects image
registration. 4) The guiding cannula can easily skid if the screw
implantation channel is not planned properly on the matching
3D image, such as in choosing the entry point on the slope of
the upper articular process, thereby creating a deviation [14].
5) The position of the cannula is affected by factors such as ex-
cessive soft tissue pressure, skidding of bone surface, and im-
proper drilling force during surgery. For example, the soft tissue
pressure is high in obese patients or patients with developed
lumbar and dorsal muscles, leading to cannula displacement,
or even dangerous medial deviation [16]. 6) The unstable in-
stallation of the robot during guiding pin insertion leads to a
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decrease in the accuracy of pin placement [28] because the
unstable fixation can lead to relative motion between the pa-
tient and the robot [15,16]. Some researchers [29] found that
the use of excessive force to the cannula also leads to the rel-
ative movement between the vertebral body and the instru-
ment, resulting in position deviation of the guide wire implan-
tation. 7) The Tinavi robot also has a learning curve, and, as
in open surgery, the operator’s experience has an unnegligi-
ble influence on robotic surgery [15].

There are some limitations in this study. We are still in the early
stage of using the Tinavi robot, so the sample size of the study
is insufficient. We need to increase the number of cases to en-
hance the credibility of the study’s conclusions. Use of a retro-
spective research method inevitably loses some clinical data
and, therefore, there is a possibility of selection bias. A prospec-
tive study design combined with more comprehensive evalu-
ation indicators is needed to analyze other clinical outcomes.

Conclusions

The Tinavi orthopedic robot meets doctors’ basic requirements
for surgical robots, and has high accuracy, good repeatabili-
ty, and strong stability. The Tinavi orthopedic robot can sig-
nificantly improve the surgical accuracy and safety of pedicle
screw fixation, as compared with that of O-arm navigation
technology, without increasing complications. Although there
are still many problems to solve, it shows great potential in
clinical application.
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