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Objective: The objective of this study was to evaluate the accuracy of pedicle screw place-
ment in patients undergoing percutaneous pedicle screw fixation with robotic guidance,
using a newly developed 3-dimensional quantitative measurement system. The study also
aimed to assess the clinical feasibility of the robotic system in the field of spinal surgery.
Methods: A total of 113 patients underwent pedicle screw insertion using the CUVIS-spine
pedicle screw guide system (CUREXO Inc.). Intraoperative O-arm images were obtained,
and screw insertion pathways were planned accordingly. Image registration was performed
using paired-point registration and iterative closest point methods. The accuracy of the ro-
botic-guided pedicle screw insertion was assessed using 3-dimensional offset calculation
and the Gertzbein-Robbins system (GRS).

Results: A total of 448 screws were inserted in the 113 patients. The image registration suc-
cess rate was 95.16%. The average error of entry offset was 2.86 mm, target offset was 2.48
mm, depth offset was 1.99 mm, and angular offset was 3.07°. According to the GRS grad-
ing system, 88.39% of the screws were classified as grade A, 9.60% as grade B, 1.56% as
grade C, 0.22% as grade D, and 0.22% as grade E. Clinically acceptable screws (GRS grade
A or B) accounted for 97.54% of the total, with no reported neurologic complications.
Conclusion: Our study demonstrated that pedicle screw insertion using the novel robot-as-
sisted navigation method is both accurate and safe. Further prospective studies are neces-
sary to explore the potential benefits of this robot-assisted technique in comparison to con-
ventional approaches.

Keywords: Robot-assisted spine surgery, Pedicle screws, Dimensional measurement accuracy

gained popularity in minimally invasive surgery, they can pose
risks of radiation exposure to both patients and operating room

In the field of spine surgery, the precise placement of pedicle  staff."* It has been reported that fluoroscopically guided pedicle

screws is crucial. While percutaneous pedicle screw systems have  screw insertion in minimally invasive surgery leads to a 2-fold
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higher dose of radiation compared to pedicle screw insertion in
open surgery.’ Robotic-assisted surgical systems have been de-
veloped to simplify pedicle screw insertion, streamline surgical
workflows, reduce operative times, minimize surgical compli-
cations, improve clinical outcomes, lower radiation exposure,
and potentially decrease costs by reducing hospital stays.**

Inserting thoracolumbar pedicle screws is technically demand-
ing, and inaccurate screw placement can lead to serious com-
plications such as neurological, vascular, or visceral injuries.”
The rate of screw misplacement ranges from 4.9% to 13.3%, and
can increase up to 15.7% when evaluated with computed tomog-
raphy (CT) scans.® As a result, navigation and robotic-assisted
surgery have been developed to enhance accuracy and reduce
complications.>"* Various robotic systems for spine surgery have
been developed and tested including SpineAssist, Renaissance,
Mazor X (Mazor Robotics Inc., Caesarea, Israel), Mazor X Stealth
Edition (Medtronic, Minneapolis, MN, USA), ExcelsiusGPS
(Globus Medical, Inc., Audubon, PA, USA), ROSA Spine (Med-
tech, Montpellier, France), Tian]Ji (Beijing Tinavi Medical Tech-
nology Co., Beijing, China), and Cirq (Brainlab, Munich, Ger-
many)."”'® Previous studies comparing navigated robot-assisted
technology with the freehand technique have demonstrated im-
proved accuracy in screw placement and reduced radiation ex-
posure.”'*'! However, when measuring the accuracy of robot-
ic-guided pedicle screw placement using 3-dimensional (3D)
quantitative methodology, there is still a risk of error.*

In our previous studies, we assessed the accuracy of pedicle
screw placement using a novel navigation-based spine surgery
robotic system in porcine and cadaver models. We confirmed
the system’s safety and accuracy in executing planned trajecto-
ries and screw path.'*” Building on the successful results from
animal experiments and cadaver studies, we implemented the
robot-assisted spine surgery system in clinical practice. Recog-
nizing the higher accuracy and safety requirements in human
surgeries compared to animal experiments, we conducted com-
prehensive verification of the spine surgery robotic system be-
fore using it on patients who required precise pedicle screw in-
sertion.

To the best of our knowledge, there have been limited multi-
center studies investigating the 3D quantitative accuracy assess-
ment of spine robots. The objective of our multicenter retrospec-
tive study was to evaluate the accuracy and safety of robot-as-
sisted spinal surgery in patients, utilizing a unique methodolo-
gy for calculating 3D offsets.

https://doi.org/10.14245/ns.2346552.276

MATERIALS AND METHODS

1. Patient Population

The study enrolled a total of 116 consecutive patients who
underwent robot-guided pedicle screw fixation between Sep-
tember 2020 and June 2022. The study was conducted at multi-
ple centers and received approval from the Institutional Review
Boards (IRBs) of Yonsei University Severance Hospital (IRB
No. 1-2020-0025) and Pusan National University Yangsan Hos-
pital (IRB No. 05-2023-118). The study adhered to the princi-
ples outlined in the Declaration of Helsinki. Informed consent
was waived as the study was retrospective, and patient records
were anonymized for analysis.

The inclusion criteria for the study were patients aged 19 and
older with a diagnosis of thoracolumbar degenerative stenosis,
degenerative or spondylolytic spondylolisthesis, or degenerative
scoliosis. Patients with prior thoracolumbar surgery or radio-
therapy, metastatic spinal tumors, infectious spondylitis, trau-
matic vertebral fractures, or inability to undergo robot-guided
screw insertion were excluded. Two different surgical techniques,
posterior lumbar interbody fusion (PLIF) and oblique lateral
interbody fusion (OLIF), were used for interbody fusion. The
procedures were performed by 3 experienced spinal neurosur-
geons. Intraoperative imaging was performed using either O-
arm system (Medtronic, Dublin, Ireland) for 3D CT scans or
the C-arm system (OEC 9900 Elite, GE Healthcare, Chicago,
IL, USA) for 2-dimensional (2D) digital spot fluoroscopy.

Demographic information such as age, sex, body mass index
(BMI), bone mineral density (BMD) and preoperative diagno-
sis were collected from the patients. Perioperative data includ-
ing operative time, duration of robot procedure, time per robot
screw, intraoperative estimated blood loss, dose of intraopera-
tive radiation exposure, and length of hospital stay were also
collected. The duration of the robot procedure was defined as
the time from skin incision to the placement of pedicle screws.
The dose of intraoperative radiation exposure was measured
using the dose length product, which is the product of the vol-
ume CT dose index (CTDIvol) and the scan length. Overall,
The data collected included patient demographics, surgical de-
tails, and perioperative parameters to assess the effectiveness
and safety of the procedure.

2. Surgical Robotic System

CUVIS-spine (CUREXO Inc., Seoul, Korea) is a surgical ro-
botic system that utilizes image-guided navigation to provide
precise spatial positioning and orientation of anatomical struc-
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tures for surgeons during pedicle screw insertion surgeries. The
main components of CUVIS-spine include a robotic arm, an
optical tracking system (Polaris Vega, NDI, Waterloo, ON, Can-
ada) and a real-time surgical planning system (Fig. 1). During
the surgery, a patient marker is attached to the surgical site and

scanned along with the surgical tools, enabling image-robot

¥ Manipulator

registration. The system registers the intraoperative images, ei-
ther 2D or 3D, with the robotic system using information from
the optical markers in the operative field. Surgeons can then
plan the pedicle screw insertion path for each target on the in-
traoperatively scanned images directly through a touch screen
monitor. The navigated surgical instruments are guided by the

N
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Fig. 1. CUVIS-spine (CUREXO Inc., Seoul, Korea); robotic arm (A) and main console (B). OTS, optical tracking system; NDI,

Nothern Digital Incorporated; SUI, surgical use interface.

Fig. 2. Robot surgical procedure: skin incision (A), muscle dilation (B), drilling the entry point (C), tapping (D), screw insertion
guided robot arm (E) (photos of cadaver lab).
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robotic manipulator to the planned target position and visual-
ized on the intraoperative images with the planning informa-
tion (Fig. 2, Supplementary Fig. 1). The system also provides
real-time feedback on the lateral repulsive force generated when
the surgical tool encounters the bone surface, displaying its di-
rection and level on the screen to aid in more accurate target-
ing. Additionally, the movement of the patient marker is con-
tinuously monitored in real-time to correct the target position
and posture as needed.

3. Accuracy Assessment

After the placement of pedicle screws using CUVIS-spine,
postoperative CT images were obtained to evaluate the accura-
cy of screw placement. The images were segmented to isolate
the instrumented vertebrae in both pre- and postoperative im-
ages. Paired-point registration was then performed using ana-
tomical markers on the vertebral surfaces to align the 2 sets of
images. This alignment was achieved using an iterative closest
point registration algorithm to minimize the differences between
the 2 sets of points and reconstruct 2D or 3D surfaces (Supple-

Registration Evaluation

Capture

Adjust

i

mentary Fig. 2). The resulting image registration errors were
calculated as the difference between the original planned path
of the screws based on intraoperative O-arm scans and the trans-
formed path of the screws on the postoperative CT images (Fig.
3). Successful registration was defined as an error of less than 2
mm.

To compare the planned screw trajectories with the actual in-
serted screw positions, image overlay analysis was performed.
Additionally, quantitative 3D measurements of screw offsets,
including the anterior-most portion of the screw (target), the
posterior-most portion of the screw (entry), depth, and angula-
tion of the screw were obtained from CT scans. Depth offset
was calculated as the distance between the planned target posi-
tion and the transposed target on the planned screw path. An-
gular offset was calculated as the difference in angle between
the vector of the planned screw and the placed screw. The 3D
distances and angles between the placed screw position and the
intended trajectory were measured (Fig. 4).

To evaluate the accuracy of each screw, the Gertzbein-Rob-
bins system (GRS) was used based on postoperative CT scans
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Fig. 3. Images comparing postoperative computed tomography scans and the preplanned path.
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Fig. 4. Screw head, tip, and angle offset accuracy assessment.
A, 3-dimensional (3D) distance of placed screw head from in-
tended trajectory; B, 3D distance of placed screw tip from in-
tended trajectory; C, distance of placed target position on the
planned path from planned target position; D, 3D angular off-
set of placed screw path from planned path.

of the spine with coronal and sagittal image reconstruction.”
According to the GRS classification, screw position was catego-
rized as follows: within the pedicle (group A), cortical breach of
less than 2 mm (group B), cortical breach of 2 mm or more but
less than 4 mm (group C), cortical breach of 4 mm or more but
less than 6 mm (group D), and cortical breach of 6 mm or more
(group E). Slight deviations with breaches of less than 2 mm
were considered clinically acceptable. All measurements were
independently performed by 2 blinded neurosurgeons, and any
disagreements were resolved through further image review to
reach a consensus.

4. Statistical Analysis

The statistical analysis was performed using IBM SPSS Statis-
tics ver. 26.0 (IBM Co., Armonk, NY, USA). Descriptive statis-
tics were used to provide a summary of the demographic and
clinical characteristics of the patients in this study. Continuous
variables were expressed as means accompanied by their corre-
sponding standard deviations, while categorical variables were
presented as frequencies and percentages. The patients were
categorized into 2 groups based on the screw insertion techni-
que and interbody fusion method. To compare the GRS grade
distribution between the groups, a Fisher exact test was per-
formed. To assess the statistical significance of the mean offset
differences between the groups, an independent t-test was per-
formed. A p-value threshold of less than 0.05 was considered
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statistically significant. The learning curve of robot-guided ped-
icle screw placement was evaluated using logarithmic curve fit-
ting regression analysis from 2 perspectives: operation time and
offset. The fitting equation y=aln (x) + b [where x is the num-
ber of cases, and y represents the time per screw or offset] re-
flected the trend of robot procedure time and offset changing
with the number of operation cases.

RESULTS

The results showed that a total of 116 patients underwent ro-
bot-assisted spine surgery from 2020 to 2022. Among these
cases, 3 were aborted due to technical difficulties, and 113 pa-
tients were ultimately enrolled in the study. The average age of
the patients was 68.0+7.9 years, with 79 (69.9%) being female.
The mean BMI was 24.7 + 3.4 kg/m* and the mean BMD was
-0.9+ 1.5. The mean intraoperative estimated blood loss was
392.6 mL and the average length of hospital stay was 9.3 days.
Out of the enrolled patients, 5 underwent PLIF with open screw
placement under robot assistance, 56 underwent PLIF with per-
cutaneous screw placement, and 52 underwent OLIF with per-
cutaneous screw placement. Among the PLIF cases, 6 patients
underwent intraoperative C-arm scan for image registration with
the robot system.

A total of 448 screws were placed in the 113 enrolled patients,
with an average of 4.2 screws were inserted in 2.2 vertebrae per
case. The mean duration of the robot-assisted procedure was
68.9 minutes, and the mean time per screw was 5.9 minutes.
Demographic data including surgical parameters are provided
in Table 1. The postoperative CT images were used to assess all
inserted pedicle screws. As shown in Table 2, 448 screws in 113
patients were distributed from T11 to S1, with L4 and L5 account-
ing for 79.9% of the total. The image registration success rate
was 95.16%. Table 3 presents the descriptive statistics of mean
offset values and GRS classification based on the screw inser-
tion technique in the cohort of patients who underwent robot-
assisted spinal surgery. A total of 29 screws were inserted using
an open approach in the setting of robot assistance and catego-
rized into the open group. The remaining 419 screws were clas-
sified as the percutaneous group. The overall mean offsets were
as follows: entry offset 2.86+ 1.64 mm, target offset 2.48 +1.74
mm, depth offset 1.99+2.13 mm, and angular offset 3.07 +2.31
mm. While the open group exhibited slightly higher mean off-
sets (entry, target, depth) compared to the percutaneous group,
the percutaneous group showed a slightly higher mean angular
offset. However, the difference between the groups did not reach

https://doi.org/10.14245/ns.2346552.276
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Table 1. Demographic characteristics of patient cohorts (n=113)

Characteristic Value
Age (yr) 68.0£7.9
Sex, male:female 34:79
BMI (kg/m?) 247434
BMD (T score) -0.9+1.5
Estimated blood loss (mL) 392.6+281.7
Length of hospital stay (day) 9.3+4.1
Vertebrae per case (n) 2.2+0.5
Screws per case (n) 42+1.1
Operative time (min) 292.9+94.2
Duration of robot procedure (min) 68.9+34.0
Time per screw (min) 59+3.3
Dose of intraoperative radiation exposure 622.6+3154

(mGycm)

Values are presented as mean + standard deviation or number.
BMI, body mass index; BMD, bone mineral density.

statistical significance. According to the GRS grading system,
396 screws (88.39%) were classified as grade A, 43 screws (9.60%)
as grade B, 7 screws (1.56%) as grade C, 1 screw (0.22%) as grade
D, and 1 screw (0.22%) was grade E. Clinically acceptable screws
(GRS grade A or B) accounted for 97.99%. There was a statisti-
cally significant difference between the open and the percuta-
neous groups in terms of GRS grades.

In Table 4, the descriptive statistics and p-values for the type
of interbody fusion are presented. The mean entry offset was
2.66+1.36 mm for PLIF and 3.08+1.89 mm for OLIE, with a
statistically significant difference (p=0.009). There were no sta-
tistically significant differences observed in the mean target off-
set (p=0.362) and depth offset (p=0.191) between the 2 groups.
However, the mean angular offset differed significantly, with PLIF
having a mean of 2.33+1.57 mm and OLIF having a mean of
3.87+2.69 mm (p<0.001). Additionally, the GRS grade distri-
bution showed a statistically significant difference between the

Table 2. Segmental distribution and 3-dimensional assessment of screw accuracies using offset measurements

Level Overall Entry offset (mm) Target offset (mm) Depth offset (mm) Angular offset (°)
T11 5(1.1) 1.11£0.72 1.58+0.97 1.43+£1.84 2.35+1.53
T12 5(1.1) 2.70+1.29 3.54+1.82 2.35+3.10 2.68+2.81
L1 4(0.9) 5.16+3.34 8.24+6.56 347+1.47 6.72+6.74
L2 13(2.9) 1.65+£0.72 1.57+£0.82 0.84+1.09 2.15£1.53
L3 58 (12.9) 3.07+£2.18 2.19+£1.30 1.77£2.05 3.64+3.43
L4 191 (42.6) 2.97+1.63 2.53+£1.67 1.89+£1.93 3.13+£2.06
L5 167 (37.3) 2.76+1.37 2.44+1.57 2.17+£2.26 2.87+1.89
S1 5(1.1) 2.76+1.50 3.12+0.89 4.64+4.63 1.26+1.16
Total 448 (100) 2.86+1.64 2.48+1.74 1.99+£2.13 3.07+£2.31

Values are presented as number (%) or mean + standard deviation.

Table 3. Descriptive statistics of mean offset values and GRS classification according to the screw insertion technique in patients

who underwent robot-assisted spinal surgery

Variable Overall (n=448) Open (n=29) Percutaneous (n=419) p-value
Entry offset (mm) 2.86t1.64 2.99+£1.92 2.85+1.62 0.714
Target offset (mm) 2.48+1.74 2.94+1.92 245+1.72 0.144
Depth offset (mm) 1.99+£2.13 2.83+£2.52 1.93£2.10 0.072
Angular offset (mm) 3.07+2.31 2.34+191 3.12+2.33 0.081
GRS grade <0.001

Grade A 396 (88.4) 22 (75.9) 374 (89.3)

Grade B 43 (9.6) 4(13.8) 39(9.3)

Grade C 7 (1.6) 2(6.9) 5(1.2)

Grade D 1(0.2) 1(3.4) 0(0.0)

Grade E 1(0.2) 0(0.0) 1(0.2)

Values are presented as mean + standard deviation or number (%).

GRS, Gertzbein-Robbins system.
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Table 4. Descriptive statistics of mean offset values and GRS
classification according to the type of interbody fusion in pa-
tients who underwent robot-assisted spinal surgery

Variable PLIF (n=234) OLIF (n=214) p-value
Entry offset (mm) 2.66+1.36 3.08+1.89 0.009
Target offset (mm) 2.41+1.39 2.56£2.05 0.362
Depth offset (mm) 1.86+2.15 2.13+2.11 0.191
Angular offset (mm) 2.33+1.57 3.87+2.69 <0.001
GRS grade 0.023

Grade A 217 (92.7) 179 (83.6)

Grade B 14 (6.0) 29 (13.6)

Grade C 2(0.9) 5(2.3)

Grade D 1(0.4) 0(0)

Grade E 0(0) 1(0.5)

Values are presented as mean + standard deviation or number (%).
PLIE, posterior lumbar interbody fusion; OLIF, oblique lateral inter-
body fusion; GRS, Gertzbein-Robbins system.
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PLIF and OLIF groups (p=0.023).

Most of the clinically unacceptable screws (GRS grade C, D
or E) showed lateral cortical breach (8/9 screws, 88.89%). One
screw classified as GRS grade E which was misplaced laterally
at right L4 pedicle is shown in (Supplementary Fig. 3). No pa-
tients experienced iatrogenic neurovascular damage or postop-

1034 www.e-neurospine.org

erative infection, and there were no cases of symptomatically
misplaced screws requiring revision. The 3D offsets gradually
decreased with an increasing number of operation cases (Fig. 5).
The time per screw also showed a tendency to decrease with an
increasing number of cases (y=-1.594 In(x) + 11.001, R*=0.308)
(Fig. 6).
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DISCUSSION

According to the previous studies, the conventional techniques
used in pedicle screw placement cause screw misplacement, with
rates ranging from 3% to 55%.” As precise pedicle screw inser-
tion is one of the most important factors in spine surgery, navi-
gation systems and robotic assistance techniques have gained
popularity to improve accuracy. Since the bone-mounted min-
iature SpineAssist (Mazor Robotics Ltd.) became the first U.S.
Food and Drug Administration-approved robotic system for
spine surgery in 2004, various robots have been developed and
clinical trials using CT-based navigation systems have been con-
ducted."” However, according to a prospective randomized com-
parison to conventional freehand screw insertion, the accuracy
assessment by Gertzbin-Robbins classification indicates that
the conventional freehand technique (A+B, 93%) is superior to
the robotic-guided technique (A+B, 85%).” A prospective ran-
domized controlled trials (RCTs) performed by Kim et al.** re-
ported that there was no significant difference between robot-
assisted techniques and conventional freehand techniques in
terms of accuracy of the screw placement. Meanwhile, Fan et
al."® performed a meta-analysis based on 5 RCTs and several co-
hort studies and found that the robot-assisted technique showed
significantly higher accuracy of pedicle screw placement than
the freehand technique. Therefore, controversies regarding the
accuracy and safety of robot-assisted pedicle screw placement
remain. In our study, using the CUVIS-spine robot with a navi-
gation system, we observed breached pedicles in 11.61% of screws
in 113 consecutive patients, with the majority of breaches being
less than 2 mm. Clinically acceptable screws, categorized as GRS
grade A or B, accounted for 97.99% of our results, which is com-
parable or superior to previous studies using other robotic sys-
tems.

It is important to investigate quantitative accuracy data to im-
prove surgical precision and minimize screw malposition in spine
surgery.* However, most of the previous studies demonstrated
only GRS grade as the assessment of screw accuracy based on
postoperative CT scans, and few studies have assessed quantita-
tive measurements comparing preoperatively planned screw
paths with the actual inserted screw paths. Godzik et al.* report-
ed mean 3D accuracy of 5.0+2.4 mm, mean 2D accuracy of
2.6+ 1.1 mm, and mean angular offset of 5.6°+4.3° among 17
patients (70 screws). In comparison, our study found lower er-
rors in intraoperative 3D image-based planning, with mean en-
try offset of 2.86 + 1.64 mm, target offset of 1.99 +2.13 mm, depth
offset of 1.86+2.15 mm, and angular offset of 3.07+2.31 mm.

https://doi.org/10.14245/ns.2346552.276

Furthermore, we performed a comparative analysis to evalu-
ate the difference in accuracy between the open and percutane-
ous approaches for screw insertion. In the initial stages of clini-
cal application of this new robotic system, there was a lack of
confidence in its accuracy. Therefore, we performed the initial
5 cases using an open approach with a layer-by-layer verifica-
tion to ensure precision. However, we discovered that this ap-
proach actually introduced additional sources of error rather
than improving accuracy. The pushing effect exerted by the sur-
rounding musculature caused greater errors than anticipated er-
rors which could arise from bone surface skiving. Consequent-
ly, we shifted to using the percutaneous approach exclusively,
which yielded more accurate results with reduced errors. The
reason behind this improvement can be attributed to the percu-
taneous approach’s ability to evenly distribute resistance from
the surrounding structures along the screw path, thereby mini-
mizing errors. Based on our findings, we advocate for the prin-
ciple of using percutaneous approach for the robot-assisted screw
insertion in thoracolumbar area. In cases where an open appro-
ach is necessary, we emphasize the importance of maximizing
muscle exposure to minimize resistance caused by the screw-
inserting instrument. Additionally, when using muscle retrac-
tors during open procedures, minimizing retractor movement
after registration is crucial to avoid introducing errors.

We also conducted a comparative analysis to identify the dif-
ference in offset and GRS between the PLIF and OLIF groups.
However, we would like to clarify that these 2 different inter-
body fusion methods were conducted exclusively at different
institutions. Additionally, although there may be differences in
interbody cage insertion methods, it is important to note that
both groups underwent pedicle screw insertion using the same
prone position with robot-assisted technique. According to our
results, there were statistically significant differences between
the PLIF and OLIF groups in entry offset, angular offset, and
GRS. But it should be noted that these differences may be at-
tributed to variations in the surgical institutions and surgeons
involved, rather than solely the interbody fusion method. There-
fore, careful interpretation of these results is warranted.

The robotic system we used in our study has several unique
features that contributed to our relatively better results in terms
of offsets. One notable feature is the real-time force navigation
and patient displacement information provided by the system.
The force navigation capability allows the system to detect the
orientation and degree of lateral force from the surrounding
tissue exerted on the surgical instrument in real time as it con-
tacts the bone surface. This information helps the surgeon en-
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sure that the instruments are being inserted along the planned
path, thereby increasing the accuracy of screw placement. Ad-
ditionally, the system can detect patient displacement, such as
movement due to breathing, during the surgical procedure, which
further enhances the accuracy of screw placement.

The real-time alarm system in the robotic system enables the
surgeon to promptly respond to any force or displacement be-
yond acceptable levels. If such an event is detected, the surgeon
can make adjustments, such as re-planning the screw path, ad-
justing the entry point or insertion angle, or enlarging the pilot
hole using a larger end mill drill, to avoid errors. The surgeons
expertise and experience play a crucial role in minimizing er-
rors during the procedure, and the haptic feedback provided by
the system during screw insertion is another important element
in avoiding errors. This feedback is based on the surgeon’s per-
ception and experience, which complements the robotic sys-
tem’s capabilities. Overall, the combination of the robotic sys-
ter's real-time force navigation and patient displacement infor-
mation, along with the surgeon’s decision-making and haptic
feedback, contributes to improved accuracy in pedicle screw
placement and helps minimize errors during the surgical pro-
cedure.

In terms of real-time feedback on lateral repulsive forces, the
CUVIS-spine distinguishes itself from other spine robots. How-
ever, it is worth noting that some disadvantages of the CUVIS-
spine relative to other robotic systems exist. Unlike other robotic
systems, CUVIS-spine does not provide a dedicated tool using
proprietary screws, which could enhance convenience. In other
words, this system offers an open platform that allows for the
use of various screw options, albeit without the dedicated tool,
which may be considered a minor inconvenience.

One of the most significant advantages of robot-assisted spine
surgery is the lower radiation exposure, particularly for the sur-
geon.'****» Previous studies have shown that spine surgeons
can be exposed to radiation dose rates up to 12 times higher than
other nonspinal musculoskeletal surgeons, which raises con-
cerns about potential health risks associated with prolonged ra-

diation exposure."” For instance, Roguin et al.*®

reported cases
of brain and neck tumors occurring in physicians who performed
interventional procedures, with a disproportionate occurrence
of tumors on the left side of the brain (85% of cases) due to the
differential dose distribution of radiation exposure in interven-
tionists who routinely worked with the left side of the head in
closest proximity to the primary x-ray beam and scatter. Hyun
et al.” compared intraoperative radiation output recorded by

C-arm mSv output and thermoluminescent dosimeters worn
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by surgeons between a robotic-guided minimally invasive spine
surgery group and a fluoroscopic-guided open spine surgery
group. The results showed that the C-arm mSv output was sig-
nificantly lower in the robotic-guided group (0.13) compared
to the fluoroscopic-guided group (0.27) (p=0.015), and the av-
erage per-screw radiation recorded by thermoluminescent do-
simeters demonstrated a mean reduction of 62.5% in the use of
radiation in the robotic-guided spine surgery group.

In our study, we used an intraoperative O-arm navigation sys-
tem, except for only 6 cases where C-arm was used, which re-
sulted in minimal radiation exposure for the surgeon and the
operating room staff during the robotic-assisted spine surgery.
This lower radiation exposure is a significant advantage of us-
ing robotic assistance in spine surgery, contributing to the safe-
ty and well-being of the surgical team.

Another challenge associated with robotic technology is the
steep learning curve involved in mastering its use. Previous study
by Urakov et al.,”” which evaluated the feasibility of robot-as-
sisted pedicle instrumentation involving residents and fellows
in an academic environment, found no significant difference in
the speed of pedicle instrumentation based on the operators’
years of experience or dedication to spine surgery. However,
they noted a trend towards improved efficiency with more cas-
es performed. Schatlo et al.”® reported that achieving satisfacto-
ry accuracy in robotic spine surgery may require around 25 cases
per surgeon. In the first 10-20 cases, skilled supervision may be
necessary to avoid complications during screw insertion, as in-
experienced surgeons may face risks of inaccuracy.

Our results also showed a learning curve for robotic guidance,
with a gradual decline in offsets and duration of the robot-as-
sisted procedure over time. Based on the learning curves depict-
ed in Figs. 5 and 6, it is evident that there is little significant change
in accuracy and surgical time after the initial 10-20 surgeries.
This suggests that robotic-assisted surgery in this context offers
the advantage of standardization. Once surgeons become famil-
iar with the instruments used for screw insertion and adapt to
the surgical process, we believe that achieving proficiency can
be accomplished within approximately 10-20 surgeries.

However, there were several limitations in the analysis of the
learning curve in this study. One limitation was the inability to
include graphs for all 113 cases in Figs. 5 and 6. This was attrib-
uted to the multicenter nature of the research, which involved
surgeries conducted at different time points by different surgeons.
As a result, we selected a subset of 65 cases that met the criteria
for standardized surgical approaches, performed by the same

surgeon, allowing us to assess the learning curve associated with
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robot-assisted spinal surgery. Future studies with larger sample
sizes and diverse surgical settings are warranted to further vali-
date our findings and generalize them to a broader population
of patients undergoing robot-assisted spinal surgery. Secondly,
the learning curve represented the general trend of decreasing
surgical time as experience accumulates, but it did not provide
a specific threshold or number of cases for achieving proficien-
cy. To determine the necessary number of cases to achieve pro-
ficiency in robotic-assisted spine surgery, multiple factors need
to be considered, including individual surgeon skill, complexity
of cases, and the desired level of proficiency. It is essential to
combine the findings from this study with other factors such as
clinical judgment, additional performance metrics, and guide-
lines from professional societies to estimate the appropriate num-
ber of cases for achieving proficiency. Therefore, future studies
exploring the learning curve and feasibility aspects of the robot
procedure are required to investigate the differences among spine
surgeons with varying levels of expertise, including residents,
fellows, and professors.

Robotic assistance also offers the potential to lower the risk
of infection, neurovascular damage, or revision surgery, as dem-
onstrated in previous studies.”**?' Kantelhardt et al.**> showed
that only 1% of robotic procedures required revision surgery,
compared to a reoperation rate of 12.2% for conventional tech-
niques. The study also reported lower postoperative infection
rates of 2.7% in robot-guided procedures compared to 10.7% in
the conventional open surgery group. In our study, no patients
required revision surgery, and there were no cases of neurovas-
cular damage or infection. Late complications, such as pseudo-
arthrosis, screw loosening, screw pullout, screw breakage, or
late spinal instability, will be evaluated with a long-term follow-
up period in future studies.

The high cost of the instruments associated with spine robot-
ic systems is a significant limitation that can reduce the possi-
bility of wider use and development of this surgery. However,
the application of robotic assistance in spine surgery can be cost-
effective, resulting in decreased reoperation rates, decreased in-
traoperative and postoperative complication rates, and reduced
length of hospital stays." Further investigations are warranted
to thoroughly evaluate the cost effectiveness of robotic assistance
in spine surgery.

There are several limitations to consider in this study. Firstly,
the retrospective design of the study, rather than a RCT, is a no-
table limitation. Secondly, there is a lack of comparison with a
group that underwent screw insertion using the conventional
method. Instead, comparisons were made based on data from
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previous studies, focusing on numerical values. The absence of
a direct comparison with a conventional method group limits
our ability to assess the accuracy of the robot-guided system in
relation to traditional techniques. Future research should con-
sider including a control group that undergoes screw insertion
using the conventional method to provide a more comprehen-
sive evaluation of the robotic system’s accuracy. Thirdly, long-
term follow-up was not included, which limits our understand-
ing of potential complications that may arise in the delayed post-
operative period. While no immediate neurovascular complica-
tions were observed in our study, it is important to assess the
occurrence of complications over a longer duration. Finally, the
experience of surgeons using the robot-guided system could
potentially impact the outcomes. Although the multicenter de-
sign helps to mitigate this confounding factor to some extent,
future studies should aim to include surgeons with varying de-
grees of experience. Prospective studies evaluating the efficacy
of this robotic system in more complex cases, with long-term
follow-up, are warranted.

In contrast to previous studies that mainly focused on clinical
outcomes and gross descriptions such as GRS, one of the strengths
of our study lies in its precise implementation of 3D offset cal-
culations. Very few studies have conducted a thorough evalua-
tion of 3D offset calculations with such accuracy, specifically in
the context of the novel robotic technology. This makes our
manuscript highly relevant and significant, as it contributes to
the growing body of literature on the accuracy of robotic-assist-
ed spinal surgery. By providing detailed insights into the 3D
quantification of screw accuracy, our study addresses a critical
aspect of this emerging field and emphasizes the importance of
accuracy-based reports in evaluating the effectiveness of new
robotic technologies.

CONCLUSION

In conclusion, this study demonstrated the clinical safety and
high accuracy of robot-assisted pedicle screw placement, as as-
sessed with a novel spine surgery robot using 3D quantitative
offset measurement methodology. However, prospective RCTs
are needed to further investigate the potential benefits of this
robot-assisted method compared to conventional techniques.

NOTES

Supplementary Materials: Supplementary Figs. 1-3 can be
found via https://doi.org/10.14245/ns.2346552.276.
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Supplementary Fig. 1. The surgical robotic guidance system with image-guided navigation system. (A) The surgical instrument
is guided by the manipulator. The surgical planning information (B) is represented in the reference coordinate system (C). (D)
The optical tracking system supervises the robotic arm, the surgical instruments, and the reference markers in real-time. (E) All
real-time information is drawn on the screen.
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Three steps of registration with intraoperatively scanned O-arm image and postoperative CT image. (A)
By image segmentation procedure, the instrumented vertebrae were obtained in the pre- and postoperative images. (B) Paired-
point registration was performed using several anatomical markers on the vertebral surfaces. (C) Two different image sets went
through the iterative closest point registration algorithm which minimize the difference between 2 clouds of points and used to
reconstruct 2-dimensional or 3-dimensional surfaces from different scans.
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Supplementary Fig. 3. Postoperative computed tomography
scan shows misplaced right L4 pedicle screw which is classi-
fied as Gertzbein-Robbins grade E due to 6.1 mm of lateral
cortical breach.

WWWw.e-neurospine.org https://doi.org/10.14245/ns.2346552.276



