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Objective: This study aimed to compare the accuracy of robotic spine surgery and conven-
tional pedicle screw fixation in lumbar degenerative disease. We evaluated clinical and ra-
diological outcomes to demonstrate the noninferiority of robotic surgery.
Methods: This study employed propensity score matching and included 3 groups: robot-as-
sisted mini-open posterior lumbar interbody fusion (PLIF) (robotic surgery, RS), c-arm 
guided minimally invasive surgery transforaminal lumbar interbody fusion (C-arm guid-
ance, CG), and freehand open PLIF (free of guidance, FG) (54 patients each). The mean fol-
low-up period was 2.2 years. The preoperative spine condition was considered. Accuracy 
was evaluated using the Gertzbein-Robbins scale (GRS score) and Babu classification (Babu 
score). Radiological outcomes included adjacent segmental disease (ASD) and mechanical 
failure. Clinical outcomes were assessed based on the visual analogue scale, Oswestry Dis-
ability Index, 36-item Short Form health survey, and clinical ASD rate.
Results: Accuracy was higher in the RS group (p < 0.01) than in other groups. The GRS score 
was lower in the CG group, whereas the Babu score was lower in the FG group compared 
with the RS group. No significant differences were observed in radiological and clinical out-
comes among the 3 groups. Regression analysis identified preoperative facet degeneration, 
GRS and Babu scores as significant variables for radiological and clinical ASD. Mechanical 
failure was influenced by the GRS score and patients’ age.
Conclusion: This study showed the superior accuracy of robotic spine surgery compared 
with conventional techniques. When combined with minimally invasive surgery, robotic 
surgery is advantageous with reduced ligament and muscle damage associated with tradi-
tional open procedures.
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INTRODUCTION

Spinal fusion is the primary treatment for degenerative dis-
eases accompanied by spinal instability. The current standard 

for spinal fusion is posterior lumbar interbody fusion (PLIF) 
and pedicle screw fixation. Accurate screw insertion is crucial 
for a successful fusion procedure. Misplaced screws can lead to 
not only unstable fusion but also direct damage including neu-
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rovascular injuries and bony structure destruction, affecting the 
clinical outcomes of patients.1,2

The conventional open surgical approach offers the advantage 
of direct visualization. However, extensive exposure is associated 
with significant tissue damage involving the muscles, ligaments, 
and facet joints. This can lead to severe postoperative pain and 
adjacent segment degeneration, requiring frequent reoperations.3,4 
To address these drawbacks, minimally invasive surgery (MIS) 
techniques such as transforaminal lumbar interbody fusion (TLIF) 
and percutaneous pedicle screw fixation have become popular. 
The entry and trajectory of screws for percutaneous placement 
can be determined by the tactile perception of the puncture nee-
dle on repeated and continuous fluoroscopic imaging. Although 
these MIS methods make use of image-guided systems, the place-
ment of screws still requires human involvement, which reduc-
es the accuracy of screw placement.5,6 Additionally, the increase 
in radiation exposure during continuous fluoroscopic imaging 
for screw verification raises concerns about patient and surgeon 
health.7,8

Robot-assisted surgery has attracted attention as an alterna-
tive treatment method due to the limitations of conventional 
and MIS procedures. Robotic systems allow accurate screw in-
sertion by precisely following the preoperative planning and 
trajectory plan without the need for extensive tissue exposure 
or human intervention. This method significantly reduces radi-
ation exposure and minimizes human subjectivity; thus, it is 
the most optimal approach for precise screw placement. Vari-
ous studies have demonstrated the accuracy of robot-assisted 
surgery.8-10

Our institution has also used a robotic surgical system known 
as CUVIS-spine (CUREXO Inc., Seoul, Korea) for the past  
3 years. This is the first study incorporating clinical outcomes 
from the CUVIS-spine, a novel robotic spine surgery platform. 
We aimed to confirm its accuracy in robotic spine surgery and 
its noninferiority compared with conventional surgical methods 
by examining the radiological outcomes and the clinical improve-
ment of spinal fusion patients. Comparing both C-arm guided 
and freehand screw insertion, widely used in the field of spine 
surgery, can help in selecting the surgical method.

MATERIALS AND METHODS

1. Study Design and Patient Eligibility Criteria
The design and protocol of this propensity score-matched 

retrospective cohort study were approved by the Institutional 
Review Board (IRB) of Yonsei University Severance Hospital 

(IRB No. 1-2020-0025). This trial was conducted in accordance 
with the principles outlined in the 2013 Declaration of Helsinki. 
Written informed consent was obtained from all patients in-
cluded in this research. The STROBE (STrengthening the Re-
porting of OBservational studies in Epidemiology) statement 
was applied.

We included 162 patients who underwent surgical treatment 
for lumbar degenerative disease from September 2020 to July 
2022. The participants were tracked for a mean of 2.2± 0.6 years 
(with a minimum of 1-year follow-up). We conducted a com-
prehensive review of electronic medical records (EMRs) and 
imaging data to evaluate baseline characteristics and follow-up 
outcomes.

The inclusion criteria were as follows: (1) a single surgical level, 
(2) persistent low back pain or radiating leg pain with neuro-
genic claudication lasting for more than 3 months, (3) lumbar 
degeneration evident on magnetic resonance imaging (MRI), 
(4) unresponsiveness to conservative treatment for a duration 
exceeding 3 months, (5) a general state of health suitable for 
withstanding anesthesia during surgery, and (6) a minimum 
follow-up period of 12 months. The exclusion criteria included: 
(1) unclear or suspicious symptoms, (2) previous instrumented 
spine surgery, (3) fractures or dislocations, (4) structural dam-
age or deterioration of vertebral bodies, and (5) presence of in-
fections or metastatic diseases.

We initially identified 54 patients who fulfilled the criteria for 
robot-assisted mini-open PLIF surgery (RS group, performed 
by SY). Subsequently, to facilitate propensity score matching 
(PSM), we enrolled 200 patients for each of the C-arm guided 
MIS-TLIF (CG group, performed by JYP) and freehand open 
PLIF (FG group, performed by DKC) surgeries, who satisfied 
the inclusion criteria. Each surgeon has been performing lum-
bar spinal fusion surgeries using the assigned approach for many 
years. We conducted PSM to ensure an equal number of patients 
in each group (54 patients) for analysis.

2. Surgical Techniques
All patients were operated on in the prone position under gen-

eral anesthesia with confirmation of the spinal level by fluoros-
copy. Three skilled surgeons conducted each surgical procedure. 
Each surgeon has more than 25 years of clinical experience in 
university hospitals.

1) Robot-assisted mini-open PLIF (robotic surgery, RS group)11

A skin incision ranging from 6 to 8 cm was made in the mid-
dle of the lesion site. A monopolar cautery was used to separate 
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the fascia and paraspinal muscle from the spinous process and 
bilateral lamina subperiosteally. Subsequently, a high-speed drill 
and surgical tools were used for subtotal laminectomy. The sur-
gical process included bilateral facetectomy, discectomy, and 
the placement of an interbody cage. A percutaneous reference 
tracker was positioned on the spinal process, followed by C-arm 
scanning and automatic registration. Then, surgeons plan the 
screw trajectories, with the robot subsequently guiding itself to-
ward the chosen trajectory and indicating the entry point and 
direction. The guiding cannula was closely approached to the 
skin. Surgeons drilled the guidewires through the guiding tube 
into the pedicle. A fluoroscopic scan confirmed their position. 
Finally, pedicle screws were percutaneously inserted along the 
guidewires for fixation (Fig. 1).

2) C-arm guided MIS-TLIF (C-arm guidance, CG group)12

Paramedian incisions measuring 3 to 4 cm in length were 
created on the symptomatic side. Subsequently, a series of soft 
tissue dilators were introduced through the incision, reaching 
down to the facet complex. Facetectomy, discectomy, bone graft-
ing, and the placement of an interbody cage were carried out 
using a tubular retractor. Further paramedian incisions were 
made on the opposite side, and pedicle screws were percutane-
ously inserted with the assistance of a C-arm fluoroscopic sys-
tem.

3) Freehand open PLIF (free of guidance, FG group)13

Freehand open PLIF is the most conventional and fundamen-
tal posterior fusion method. The PLIF procedure in the RS group 
was identical to that in the FG group. The only difference was 

the need for a larger skin incision (around 8–10 cm) along the 
midline for screw insertion. In comparison with mini-open PLIF, 
a more extensive muscle dissection was performed in order to 
expose the facet joints, allowing for confirmation of the screw 
entry point and creating a sufficient medial angle. When insert-
ing the screws freehand, the margin of the pedicle wall was di-
rectly visualized through laminectomy, facetectomy, and dis-
cectomy before insertion. Subsequently, the screw position was 
confirmed by intraoperative x-ray.

3. Evaluation
1) Preoperative spinal condition

Basic spinal alignment parameters, including pelvic tilt, pel-
vic incidence, lumbar lordosis, and sacral slope, were measured. 
Computed tomography (CT) and MRI were employed to assess 
disc and facet degeneration in the adjacent segments of the op-
erational level. The disc condition was graded on the Pfirrmann 
scale14 from 1 to 5, and the facet condition was measured on a 
scale of 0 to 3 following Weishaupt et al.15 To determine pedicle 
diameter, the width and height were measured. We performed 
the measurement procedure by selecting the most comparable 
preoperative and follow-up axial images at the same spinal level 
for comparison using anatomic landmarks.

2) Accuracy
Accuracy was evaluated by the Gertzbein-Robbins scale16 

(GRS) and superior facet joint violation assessment as described 
by Babu et al.17 (Babu) postoperatively. The proposed parame-
ters (GRS and Babu) were analyzed using the postoperative CT 
scan image. Accuracy can be categorized according to radio-

Fig. 1. (A) CUVIS‐spine (CUREXO Inc., Seoul, Korea) robotic arm (left) and main console (right). (B) The real-time monitor-
ing allows surgeons to observe variations in the target.

A B
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logical parameters; however, as this was the primary outcome 
of our study, we have dedicated a separate section to this. PACS 
(ZeTTA PACS, TaeYoung Soft Co., Seoul, Korea) was used to 
obtain measurement data. The screw position was classified 
into 5 grades: grade A (screw entirely within the pedicle), grade 
B (pedicle cortical breach of less than 2 mm), grade C (pedicle 
cortical breach of 2 mm or more but less than 4 mm), grade D 
(pedicle cortical breach of 4 mm or more but less than 6 mm), 
and grade E (pedicle cortical breach of 6 mm or more) (Fig. 2). 
The grades A and B screw positions were considered clinically 
acceptable, whereas all other grades indicated improper place-
ment. The Babu parameter describes the extent of proximal 
facet joint involvement. The criteria for grading the violation of 
the facet joints are as follows: grade 0 indicates that the screw is 
not within the facet; grade 1 suggests that the screw is in the lat-
eral facet but not within the facet articulation; grade 2 implies the 
penetration of the facet articulation by the screw; grade 3 indi-
cates that the screw travels within the facet articulation (Fig. 3). 
We conducted GRS assessment for 216 screws and Babu classi-
fication for 108 upper instrumented screws in each of the 3 groups 
consisting of 54 patients. To comprehensively assess the collec-
tive impact of these graded screws within a single patient, we used 
the sum of scores (GRS total and Babu total) assigned to each 
screw. Higher scores indicated higher accuracy levels. For GRS 
total, grade A received 5 points, and grade E received 1 point. 
For Babu total, grade 0 was assigned 4 points, and grade 3 re-
ceived 1 point. Two neurosurgeons, blinded to the study, assessed 
the CT scans to determine the grading based on the radiologi-
cal slice showing the greatest deviation from the pedicle. This 

evaluation considered the axial, coronal, and sagittal views. Ad-
ditionally, we explored the orientation of failure in the place-
ment of pedicle screws.

3) Radiological parameters
Radiological results were analyzed, which involved using 

Weiner classification18 for radiological adjacent segmental dis-
ease (ASD) and mechanical failure. Radiological instability at 
the adjacent level was assessed using specific criteria and grad-
ed as 0, 1, 2, or 3. Grade 0 indicates no degeneration, with a 
normal disc height, no spur formation, and no listhesis. Grade 
1 implies mild degeneration, characterized by less than 25% 
narrowing of the disc height, small spur formation, and no lis-
thesis. Grade 2 suggests moderate degeneration, with 25%–75% 
narrowing of the disc height, moderate spur formation, and lis-
thesis ranging from 3 to 5 mm. Grade 3 indicates advanced or 
high-grade degeneration, featuring more than 75% narrowing 
of the disc height, large spur formation, and listhesis exceeding 
5 mm. These criteria were used to evaluate radiological insta-
bility at the adjacent level. The occurrence of radiological ASD 
was defined as grades 2 and 3 according to Weiner’s classifica-
tion. Mechanical failure was assessed based on the presence of a 
halo, screw pull-out, instrument fracture, and cage subsidence. 
Two neurosurgeons (mentioned in the accuracy section) re-
viewed the same PACS system.

4) Clinical outcomes
We reviewed outpatient medical records and questionnaires 

based on EMRs. Clinical ASD refers to symptomatic ASD, en-

Fig. 2. Computed tomography scans demonstrating the Gertzbein-Robbins classification. (A) Grade A: screw precisely within 
the pedicle; (B) grade B: pedicle cortical breach of < 2 mm; (C) grade C: pedicle cortical breach of < 4 mm; (D) grade D: pedicle 
cortical breach of < 6 mm; and (E) grade E: pedicle cortical breach of ≥ 6 mm.

A B C D E

( < 2 mm)

1.6 mm

3.1 mm

5.2 mm
7.8 mm

( < 4 mm) ( < 6 mm) ( ≥ 6 mm)
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compassing the concept of surgical ASD. This is defined as the 
emergence of clinical symptoms and signs attributed to the de-
generation of adjacent segments.19 We evaluated the occurrence 
of clinical ASD by assessing the presence of related symptoms 
in the outpatient follow-up and examining readmission and re-
operation rates in the EMR. Patient-reported outcome mea-
sures (PROMs), which included the visual analogue scale, Os-
westry Disability Index, and 36-item Short Form health survey, 
were obtained at both baseline and 12 months after surgery, al-
lowing us to confirm any clinical improvement.

4. Statistical Analysis
We performed the Shapiro-Wilk test to determine if continu-

ous variables followed a normal distribution, which showed a 
normal distribution. The average values and standard deviations 
are used to present these variables. On the other hand, categori-
cal variables are presented them as counts and percentages (%). 
To compare groups, we performed PSM, based on the patient 
demographics (age, body mass index, and bone mineral densi-
ty) and preoperative spinal condition (surgical level, pedicle di-
ameter, and articular degeneration). Those factors are known 
to be associated with accuracy, ASD, and mechanical failure.20-23 
We used appropriate statistical methods such as analysis of vari-

ance and the chi-square test. Survival analysis and log-rank test 
were employed to account for the difference in follow-up peri-
ods between ASD rate and mechanical failure, ensuring an ex-
amination of the disparities in each group. We conducted Cox 
regression analyses not only for comparisons among groups but 
also for the entire patient cohort. We aimed to identify poten-
tial factors influencing radiological and clinical ASD, and me-
chanical failure by hazard ratios (HRs).

Statistical significance was defined as a 2-sided p-value less 
than 0.05. All statistical analyses were conducted using R ver. 
4.1.0 (The R Foundation for Statistical Computing, Vienna, 
Austria).

RESULTS

Following PSM, 54 patients for each of the RS, CG, and FG 
groups were included in the final analysis. The demographics, 
baseline PROMs, surgery-related outcomes, complications, and 
preoperative spinal condition in the 3 groups are presented in 
Table 1, most of which showed no significant differences. The 
RS group required a longer operative time (243.3± 43.6 minutes, 
p< 0.001) and shorter hospital stay (8.5± 1.6 days, p< 0.001).

Fig. 3. The Babu classification for grading the proximal violation of the facet joints. The violated screw has been marked with a 
red circle. Grade 0: a screw position outside the facet joint; grade 1: location of the screw in the lateral facet but not within the 
facet articulation; grade 2: penetration of the facet articulation by the screw; and grade 3: screw trajectory within the facet artic-
ulation.
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Table 1. Baseline patient characteristics and surgical related outcomes

Characteristic RS (N = 54) CG (N = 54) FG (N = 54) p-value*

Demographic
Sex 0.883

Male 16 (29.6) 14 (25.9) 14 (25.9)
Female 38 (70.4) 40 (74.1) 40 (74.1)

Age (yr) 68.5 ± 7.2 68.0 ± 6.6 65.5 ± 6.8 0.057
BMI (kg/m2) 24.1 ± 3.0 24.7 ± 2.1 24.6 ± 2.9 0.402
BMD -1.6 ± 1.2 -1.7 ± 1.4 -1.6 ± 0.8 0.946

Baseline PROMs
VAS for back pain 5.7 ± 2.5 5.9 ± 2.0 5.7 ± 2.1 0.916
VAS for leg pain 7.0 ± 2.5 6.9 ± 2.0 7.0 ± 2.2 0.948
ODI 44.4 ± 14.0 45.6 ± 17.0 45.9 ± 17.3 0.881
SF-36 PCS 35.4 ± 14.7 36.1 ± 16.0 35.9 ± 14.2 0.969
SF-36 MCS 54.5 ± 17.2 55.4 ± 15.4 53.5 ± 17.8 0.834

Operation level 0.973
L2/L3 3 (5.6) 2 (3.7) 2 (3.7)
L3/L4 10 (18.5) 8 (14.8) 11 (20.4)
L4/L5 38 (70.4) 42 (77.8) 39 (72.2)
L5/S1 3 (5.6) 2 (3.7) 2 (3.7)

Preoperative spinal condition
Spinal alignment

PI (°)  25.7 ± 7.5 26.6 ± 7.3 25.6 ± 7.1 0.749
LL (°) 30.4 ± 10.7 30.7 ± 11.1 32.2 ± 10.4 0.648
PT (°) 56.1 ± 13.0 57.3 ± 12.7 57.8 ± 12.5 0.772
SS (°) 40.1 ± 13.0 41.3 ± 12.7 41.8 ± 12.5 0.772

Pedicle diameter
Width (mm) 13.9 ± 2.5 13.7 ± 2.4 13.9 ± 2.2 0.858
Height (mm) 14.5 ± 1.5 14.5 ± 1.6 14.3 ± 1.5 0.646

Adjacent degeneration
Disc degeneration 2.5 ± 0.7 2.6 ± 0.9 2.6 ± 0.8 0.468
Facet degeneration 1.3 ± 0.8 1.2 ± 0.8 1.3 ± 0.7  0.902

Surgical related outcomes
Hospital stay (day) 8.5 ± 1.6 10.4 ± 2.3† 10.1 ± 2.4‡ < 0.001
Operation minute 243.3 ± 43.6 103.0 ± 24.9† 155.3 ± 41.9‡,§ < 0.001
Complications

Wound infection 0 (0) 1 (1.9) 3 (5.9) 0.166
Root injury 1 (1.9) 1 (1.9) 0 (0) 0.603
Pedicle fracture 0 (0) 1 (1.9) 1 (1.9) 0.603

Values are presented as number (%) or mean ± standard deviation.
RS, robotic surgery; CG, C-arm guidance; FG, free of guidance; BMI, body mass index; BMD, bone mineral density; PROMs, patient-reported 
outcome measures; VAS, visual analogue scale; ODI, Oswestry disability index; SF-36, 36-item Short Form health survey; PCS, physical com-
posite score; MCS, mental composite score; PI, pelvic incidence; LL, lumbar lordosis; PT, pelvic tilt; SS, sacral slope.
Higher disc and facet degeneration indicated severe preoperative degenerative condition.
All the above group comparisons were confirmed by a post hoc test.
*From analysis of variance or chi-square test. †Significant difference (p < 0.05) between RS and CG groups. ‡Significant difference (p < 0.05) be-
tween RS and FG groups. §Significant difference (p < 0.05) between CG and FG groups.
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1. Accuracy
A detailed list of the pedicle screw placement accuracy grades 

is presented in Table 2. In the classification according to the GRS, 
the proportions of grades A and B screws indicating acceptable 
positioning in the RS, CG, and FG groups were 98.6%, 92.6%, 
and 95.8%, respectively (grade A: 92.1%, 72.2%, and 83.8%). In 
the classification according to the Babu scale, the proportions 
of grade 0 in the RS, CG, and FG groups were 84.3%, 77.8%, 
and 63.0%, respectively. Based on GRS and Babu total (the over-
all effect of the screws on a single patient), the RS group showed 
significantly higher accuracy (GRS total, p< 0.001, RS/FG vs. 
CG; Babu total, p< 0.001, RS/CG vs. FG). The direction of screw 
deviation was most frequently observed in the lateral direction. 
Among screws graded as C, D, E, there were no caudal devia-
tions, and in terms of medial deviations, 2 were identified in 
the FG group (Table 3).

2. Radiological Parameters
Significant differences were not observed among the 3 groups 

in Weiner classification, radiological ASD, and mechanical fail-

ure (Table 4). In addition, survival analysis did not reveal sig-
nificant differences among the groups (p > 0.05). The overall 
radiological ASD-free survival for RS, CG, and FG was estimat-
ed as a mean of 784.4, 801.6, and 808.0 days, respectively. For 
mechanical failure-free survival, the values were 800.7, 790.3, 
and 807.0 days (Fig. 4). In Cox regression conducted for radio-

Table 2. Accuracy results using GRS and Babu classification

Variable RS (N = 216) CG (N = 216) FG (N = 216) p-value*

Gertzbein-Robbins scale (GRS) < 0.001

A 199 (92.1) 156 (72.2) 181 (83.8)

B 14 (6.5) 44 (20.4) 26 (12.0)

A+B 213 (98.6) 200 (92.6) 207 (95.8)

C 2 (0.9) 10 (4.6) 8 (3.7)

D 1 (0.5) 2 (0.9) 1 (0.5)

E 0 (0) 4 (1.9) 0 (0)

Total 19.6 ± 0.8 18.4 ± 1.8† 19.2 ± 1.1§ < 0.001

RS (N = 108) CG (N = 108) FG (N = 108) p-value*

Babu classification (proximal facet joints violation) 0.002

0 91 (84.3) 84 (77.8) 68 (63.0)

1 13 (12.0) 18 (16.7) 29 (26.9)

2 3 (2.8) 6 (5.6) 9 (8.3)

3 1 (0.9) 0 (0) 2 (1.9)

Total 7.6 ± 0.9 7.4 ± 0.9 7.0 ± 1.1‡,§ < 0.001

Values are presented as mean ± standard deviation or number (%).
RS, robotic surgery; CG, C-arm guidance; FG, free of guidance.
Total, sum of scores assigned to each graded screws within a single patient.
GRS: 5 points for grade A, 4 points for grade B, 3 points for grade C, 2 points for grade D, and 1 point for grade E (ranging from 4–20).
Babu: 4 points for grade 0, 3 points for grade 1, 2 points for grade 2, and 1 point for grade 3 (ranging from 2–8).
Higher GRS and Babu total scores indicated higher accuracy levels.
All the above group comparisons were confirmed by a post hoc test.
*From analysis of variance or chi-square test. †Significant difference (p < 0.05) between RS and CG groups. ‡Significant difference (p < 0.05) be-
tween RS and FG groups. §Significant difference (p < 0.05) between CG and FG groups.

Table 3. Direction of screw deviation

Deviation
No. of screws

RS CG FG

Cranial 0 (0) 4 (1) 0 (0)

Caudal 0 (0) 0 (0) 0 (0)

Medial 5 (0) 6 (0) 16 (2)

Lateral 12 (3) 50 (15) 19 (7)

Total 17 (3) 60 (16) 35 (9)

The orientation of malposition is specified for all screws that were 
not entirely intrapedicular (grades B–E). The numbers within the 
parentheses represent screws that are clinically unacceptable (grades 
C–E).
RS, robotic surgery; CG, C-arm guidance; FG, free of guidance.
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logical ASD and mechanical failure in all patients, significant 
explanatory variables were identified. In the case of radiological 
ASD, GRS, Babu total and preoperative facet degeneration dem-
onstrated an effect. The HRs of GRS and Babu total were 0.78 
(0.68–0.89, p < 0.001) and 0.43 (0.34–0.53, p < 0.001), respec-
tively. Preoperative facet degeneration also exhibited a significant 
HR (1.71; 95% confidence interval [CI], 1.11–2.62; p= 0.014). 
Mechanical failure, GRS total, and age had a significant effect 
(HR, 0.84 and 1.11; p< 0.05). Table 5 summarize the results of 
Cox regression.

Table 4. Postoperative radiological and clinical outcomes 
among groups

Variable RS 
(N = 54)

CG 
(N = 54)

FG 
(N = 54) p-value*

Radiological outcome

Weiner classification 0.326

0 35 (64.8) 24 (44.4) 27 (50.0)

1 9 (16.7) 18 (33.3) 13 (24.1)

2 7 (13.0) 6 (11.1) 9 (16.7)

3 3 (5.6) 6 (11.1) 5 (9.3)

Radiological ASD† 0.651

None 44 (81.5) 42 (77.8) 40 (74.1)

Failure 10 (18.5) 12 (22.2) 14 (25.9)

Mechanical failure‡ 0.788

None 49 (90.7) 47 (87.0) 47 (87.0)

Failure 5 (9.3) 7 (13.0) 7 (13.0)

Clinical outcome

Post operative PROMs

VAS back 3.4 ± 2.2 3.1 ± 1.3 3.6 ± 1.6 0.258

VAS leg 3.6 ± 2.8 3.2 ± 1.3 3.3 ± 1.7 0.535

ODI 28.1 ± 15.8 24.6 ± 15.1 24.2 ± 12.4 0.366

SF-36 PCS 51.8 ± 20.7 59.4 ± 15.5 54.2 ± 14.9 0.078

SF-36 MCS 60.6 ± 19.8 58.2 ± 13.1 58.9 ± 16.9 0.760

Clinical ASD 0.899

None 51 (94.4) 51 (94.4) 50 (92.6)

Failure 3 (5.6) 3 (5.6) 4 (7.4)

Values are presented as number (%) or mean ± standard deviation.
RS, robotic surgery; CG, C-arm guidance; FG, free of guidance;  ASD, 
adjacent segmental disease; PROMs, patient-reported outcome mea-
sures; VAS, visual analogue scale; ODI, Oswestry disability index; 
SF-36, 36-item Short Form health survey; PCS, physical composite 
score; MCS, mental composite score.
*From analysis of variance or chi-square test. †Radiological ASD was 
defined as grades 2 and 3 according to Weiner classification. ‡Me-
chanical failure was assessed based on the presence of a halo, screw 
pull-out, instrument fracture, and cage subsidence.

Fig. 4. The Kaplan-Meier survival curves for each group were 
compared using the log-rank test. (A) Radiologic adjacent 
segment disease (ASD). (B) Mechanical failure. (C) Clinical 
ASD. RS, robotic surgery; CG, C-arm guidance; FG, free of 
guidance.
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3. Clinical Outcomes
All clinical results were improved during the follow-up peri-

od in all groups. Postoperative PROMs and clinical ASD rates 
did not significantly differ among the 3 groups (Table 4). Simi-
larly, no differences were observed in the survival analysis. The 
overall clinical ASD-free survival for RS, CG, and FG was esti-
mated as a mean of 799.4, 790.3, and 807.0 days, respectively 
(Fig. 4). In most cases of clinical ASD, conservative treatment 
was provided, and extensive fusion surgery was performed only 
in 2 cases in the FG group. We conducted Cox regression in a 
similar manner for clinical ASD, which revealed that GRS, Babu 
total and preoperative facet degeneration were significant ex-
planatory variables (HR, 0.75, 0.47, and 2.72; p< 0.05) (Table 5).

DISCUSSION

As society ages, spine surgeons increasingly encounter chal-
lenging surgeries required for degenerative patients, including 
revisions and severe scoliosis treatment. Particularly in elderly 
patients, complications related to screws, such as nerve and vas-
cular injuries, could be life-threatening.24 In these circumstanc-
es, the need for robot-assisted techniques is warranted. Robot-
assisted spine surgery is rapidly gaining popularity, primarily 
due to its accuracy and other advantages including safety and 
decreased radiation exposure. Additionally, the use of robots 
could reduce the fatigue of surgeons, allowing them to maintain 
consistent performance.25,26 At present, the application of robot-
ics in spinal surgery is predominantly focused on pedicle screw 

insertion. However, research is being conducted in areas such 
as bony resection, including laminectomy and facetectomy, as 
well as deformity correction and tumor removal.27,28

There might be differences in the performance of various 
platforms; nevertheless, this study primarily focused on a spe-
cific platform, CUVIS-spine (CUREXO Inc.). Notably, com-
pared with other robotic systems, this platform allows real-time 
detection. It can navigate forces in real time, providing details 
on the lateral force and patient displacement during surgery. 
This ensures accurate screw positioning by identifying and ad-
dressing any deviations from the intended path. The real-time 
alarm system allows immediate corrections for excessive force 
or displacement, empowering surgeons to adjust the screw path 
or entry points as needed. The robotic system’s functions, the 
surgeon’s skill, and haptic feedback may collectively enhance 
precision in pedicle screw placement, reducing errors through-
out the surgical process.29

In this study, we conducted a comprehensive review of the 
accuracy, radiological results, and clinical outcomes of robot-
assisted surgery through a comparison with conventional sur-
gical methods (C-arm TLIF and freehand open PLIF). We ini-
tially performed PSM to ensure no significant differences among 
the 3 groups concerning not only demographics but also pre-
operative spinal conditions. An overlooked aspect in previous 
studies, this matching process allows our research to provide 
more reliable information, as it addresses factors that may in-
fluence the accuracy of screws, ASD rate and the occurrence of 
mechanical failure. Due to the registration process and naviga-
tion setup time, the surgical time was observed to be longer in 
the RS group. The RS group had a shorter hospitalization period, 
which mainly resulted from hospital policy. Therefore, making 
it an unreliable indicator of postoperative recovery or daily life 
transition, which primarily depends on patient functional im-
provement. In cases of root injury within the complications, it 
was not a violation caused by screws, but rather all damages oc-
curred during foraminotomy.

Various studies have demonstrated the accuracy of robot-as-
sisted surgery, and our research findings also confirmed a high 
level of accuracy in the RS group, considering the pedicle diam-
eter. This comprehensive consideration enhances the objectivity 
of the data. When examining clinically acceptable screws, in-
cluding grades A and B, based on the GRS, similar levels of ac-
curacy were evident across all 3 groups. Interestingly, contrary 
to expectations, the FG group exhibited a higher level of accu-
racy compared with that of the CG group. Some studies have 
reported results similar to ours in this regard, which may be at-

Table 5. Factors with significant hazard ratios for ASD and 
mechanical failure

Variable HR 95% CI p-value

Radiological ASD

GRS total 0.78 0.68–0.89 < 0.001

Babu total 0.43 0.34–0.53 < 0.001

Preoperative facet degeneration 1.71 1.11–2.62 0.014

Mechanical failure

GRS total 0.84 0.71–0.99 0.041

Age 1.11 1.02–1.21 0.011

Clinical ASD

GRS total 0.75 0.59–0.95 0.020

Babu total 0.47 0.31–0.70 < 0.001

Preoperative facet degeneration 2.72 1.16–6.37 0.021

ASD, adjacent segmental disease; HR, hazard ratio; CI, confidence 
interval; GRS, Gertzbein-Robbins scale; total, sum of scores assigned 
to each graded screws within a single patient.
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tributed to the ability to directly visualize the anatomy of the 
pedicle. In addition, it is possible to confirm the margin and 
perform insertion through tactile sensation. Verification of the 
screw threads after insertion is also part of the process, thus en-
suring accuracy.9,30,31 The lower accuracy observed in the CG 
group may be attributed to the lateral entry point adjustment to 
avoid facet violation and concerns about the dural structure, 
which did not seem to offer sufficient convergence. In Table 3, 
the CG group showed a higher proportion (83.3%) of lateral 
deviation, suggesting a pattern of screw malposition in the CG 
group. The Babu scale was used as a measure of accuracy, which 
could indicate proximal facet violation. The RS group demon-
strated superiority, whereas the FG group was inferior compared 
with other groups. To create the entry point for screws outside 
the facet joints in open surgery, extensive skin incision and mus-
cle dissection are required. Even with a longer incision to create 
an entry point outside the facet joints without violation, there is 
often tension on the muscles and fascia, making it challenging 
to achieve convergence. In most cases, screw insertion unavoid-
ably includes a portion of the facet that is closer to vertical align-
ment rather than the ideal convergence. Certainly, since this 
study does not specifically focus on the entry point, offset, and 
trajectory, it may be challenging to assess the fixation patterns 
of screws for each surgical method. Further research addressing 
these tendencies seems necessary.

Differences in accuracy could affect radiological and clinical 
outcomes. Therefore, we conducted an analysis in relation to 
typical issues encountered in fusion surgery, including ASD 
and mechanical failure. ASD can be broadly categorized into 
radiological ASD, which exhibits significant imaging abnormali-
ties, and clinical ASD, which shows symptomatic manifestations.32 
In studies with a mean follow-up duration of less than 5 years, 
ASD has been observed in 5%–25% of patients.33 Kim et al.34 
reported rates of 9.8% for radiological ASD and 1.6% for ASD 
requiring surgery during a follow-up period of 20.5 months. A 
comparison of the 3 groups showed no significant differences 
in terms of radiological ASD, clinical ASD, and mechanical fail-
ure. We conducted a relatively short-term study with a mean 
duration of 2.2 years. To maximize the application of all avail-
able follow-up data for comparison, we investigated the occur-
rence and time of events, and incorporated survival analysis 
into the study. In the log-rank test as well, there was no signifi-
cant difference observed among the 3 groups. Considering the 
low occurrence rate, it is unlikely that a significant difference 
would be observed in our study period. Therefore, Cox regres-
sion was conducted for the entire cohort of 162 patients. This 

allowed us to identify factors that may have a significant effect 
on patients experiencing ASD or mechanical failure. The results 
showed that GRS, Babu total and preoperative facet degenera-
tion primarily influenced ASD, whereas GRS total and age played 
a role in mechanical failure. For preoperative facet degeneration, 
numerous studies have investigated its association with ASD.34,35 
In a biomechanical study, Kim et al.36 reported that a facet vio-
lation model yielded an increase in the facet contact force and 
intradiscal pressure. Proietti et al.37 also found that screw inva-
sion of the facet joints increased the rate of degeneration of the 
facet joints at 6–8 months after percutaneous screw placement. 
The issue of screw loosening in mechanical failure is known to 
be caused by pull-out strength. Increasing the major diameter 
with a longer insertion depth can enhance strength. Biomechan-
ical studies have been conducted to continuously reduce pull-
out forces.38 In the case of robot-assisted surgery, through plan-
ning, an optimal size can be confirmed in advance, and inser-
tion can be performed without breaches. The mechanisms un-
derlying the influence of age remain unclear. There is substan-
tial research indicating that the muscle condition may signifi-
cantly influence the occurrence of ASD and mechanical fail-
ure,34 which is presumed to be related to factors such as frailty, 
accompanied by sarcopenia and consequent back muscle atro-
phy. However, various mechanisms associated with aging re-
quire further research. A comparison of postsurgical PROMs, 
which could indicate clinical improvement, did not reveal sig-
nificant differences among the 3 groups. However, the follow-
up period was limited. As established in a previous study,39 if 
there were differences in terms of ASD or mechanical failure, 
they would likely be reflected in the extent of clinical improve-
ment.

Nevertheless, we compared each surgery in a blinded man-
ner. However, it should be noted that our study was retrospec-
tive, and there may be potential bias associated with robot-as-
sisted surgeries due to their inherent sensitivity toward accura-
cy, which may have influenced the results. Furthermore, there 
was a lack of data on radiation exposure, and the lack of stan-
dardization in materials such as screws, rods, and cages used in 
fusion surgery was also a limitation. It was challenging to pre-
cisely determine the repositioning within the surgical field based 
on the surgical records. Additional research is warranted con-
sidering that the evaluation of ASD and mechanical failure did 
not take into account factors such as the extent of muscle in-
volvement or adjacent disc degeneration. The results should be 
further validated in a prospective study with a larger patient 
population and an extended follow-up period.
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CONCLUSION

Owing to the ability to precisely insert screws within the ped-
icle and minimize facet joint invasion, robot-assisted surgery 
was proven to be the most superior in terms of accuracy. Al-
though the follow-up period was relatively short, no significant 
differences were observed among the groups. However, our 
study found that the overall accuracy of screw placement could 
influence ASD and mechanical failure. Ensuring precise screw 
insertion is crucial for maintaining clinical stability in patients 
over an extended period. In the open with freehand group, di-
rect visualization of the pedicle was possible with fewer breach-
es; however, there was proximal facet joint damage. On the oth-
er hand, in the C-ram guided MIS-TLIF group, joint surface 
damage was reduced; however, there were challenges with posi-
tioning in the pedicle. Therefore, screw fixation using a robot, 
which combines the advantages of both platforms, may be the 
most optimal insertion technique.
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