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Abstract
This study was performed to prospectively compare the clinical and radiographic outcomes between robot-assisted minimally 
invasive transforaminal lumbar interbody fusion (RA MIS-TLIF) and fluoroscopy-assisted minimally invasive transforaminal 
lumbar interbody fusion (FA MIS-TLIF) in patients with degenerative lumbar spinal diseases. One hundred and twenty-
three patients with lumbar degenerative diseases (lumbar spinal stenosis with instability and spondylolisthesis [degenera-
tive spondylolisthesis or isthmic spondylolisthesis]) who underwent MIS-TLIF in our hospital were included in this study. 
Sixty-one patients underwent RA MIS-TLIF (Group A) and 62 patients underwent FA MIS-TLIF (Group B). Group A was 
further divided into Subgroup AI (46 single-level procedures) and Subgroup AII (15 double-level procedures). Group B was 
further divided into Subgroup BI (45 single-level procedures) and Subgroup BII (17 double-level procedures). The clinical 
outcome parameters were the visual analog scale (VAS) score, Oswestry Disability Index (ODI) score, operative time, number 
of intraoperative fluoroscopies, blood loss, postoperative hospital stay, and postoperative complications. The radiographic 
change measures were the accuracy of screw placement, facet joint violation (FJV), fusion status, and change in disc height 
at the proximal adjacent segment at the 2-year follow-up. There were no significant differences in the VAS and ODI scores, 
blood loss, or postoperative hospital stay between Groups A and B (p > 0.05). The operative time was longer in Group A 
than B (p = 0.018). The operative time was longer in Subgroup AI than BI (p = 0.001). However, there was no significant 
difference between Subgroups AII and BII (p > 0.05). There was no significant difference in the number of intraoperative 
fluoroscopies for patients between Groups A and B (p > 0.05). Although the number of intraoperative fluoroscopies for 
patients was significantly higher in Subgroup AI than BI (p = 0.019), there was no significant difference between Subgroups 
AII and BII (p > 0.05). The number of intraoperative fluoroscopies for the surgeon was significantly lower in Group A than 
B (p < 0.001). For surgeons, the difference in the average number of intraoperative fluoroscopies between Subgroups AI 
and AII was 2.98, but that between Subgroups BI and BII was 10.73. In Group A, three guide pins exhibited drift and one 
patient developed a lateral wall violation by a pedicle screw. One pedicle screw perforated the anterior wall of the vertebral 
body and another caused an inner wall violation in Group B. The rate of a perfect screw position (grade A) was higher in 
Group A than B (p < 0.001). However, there was no significant difference in the proportion of clinically acceptable screws 
(grades A and B) between the two groups. The mean FJV grade was significantly higher in Group B than A (p < 0.001). 
During at 2-year postoperative follow-up, there was no significant difference in the fusion status between the two groups 
(p > 0.05); however, the decrease in disc height at the proximal adjacent segment was significantly less in Group A than B 
(p < 0.001). Robot-assisted percutaneous pedicle screw placement is a safer and more accurate alternative to conventional 
freehand fluoroscopy-assisted percutaneous pedicle screw insertion in MIS-TLIF.
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Introduction

Harms and Rolinger [1] first reported transforaminal lumbar 
interbody fusion (TLIF) in 1982. As a development of TLIF, 
Foley and Lefkowitz [2] first described minimally invasive 
TLIF (MIS-TLIF) to reduce the incidence and severity of 
intraoperative paraspinal muscle injury. Compared with con-
ventional open TLIF, MIS-TLIF has demonstrated less intra-
operative blood loss, shorter hospitalization, earlier rehabilita-
tion, fewer complications, less initial postoperative pain, and 
less analgesic medication use with similar clinical outcomes 
and fusion rates [3–5].

Percutaneous pedicle screw fixation plays a vital role in the 
clinical results of MIS-TLIF. Misplaced percutaneous pedicle 
screws may cause visceral injuries, neurological deficits, and 
adjacent segmental degeneration [6–8]. Until now, the free-
hand fluoroscopy-guided method has remained the principal 
method for pedicle screw insertion [9]. In recent years, there 
has been explosive growth in navigation, imaging, and robot-
assisted technologies in spine surgery, especially in minimally 
invasive spine surgery [10]. Computer-assisted image guid-
ance systems were first described in 1995 as computed tomog-
raphy (CT)-based navigation systems [11]. Thereafter, intra-
operative CT and three-dimensional C-arm were also used 
for navigation assistance in spine surgery [12]. With the use 
of navigation systems, the accuracy of pedicle screw place-
ment has improved significantly compared with freehand tech-
niques or C-arm fluoroscopic guidance [13]. The first robotic 
guidance system was described in 2004 [14]. The robotic 
guidance unit is mounted directly onto the patient’s bony 
anatomy (e.g., spinous process, iliac crest) and directly indi-
cates preoperatively planned trajectories maneuvered after an 
automated registration process between the patient’s location 
relative to the robotic guidance unit [15]. No intraoperative 
radiation exposure is necessary once the registration process 
is completed at the beginning of the surgery. The advantages 
of robot-guided techniques include increased accuracy, short-
ened surgical time, and reduction of intraoperative radiation 
exposure for both patients and surgeons [16, 17].

This study was performed to compare the clinical out-
comes and radiographic changes during 2 years of follow-up 
between robot-assisted percutaneous pedicle screw insertion 
and freehand fluoroscopy-assisted percutaneous pedicle screw 
insertion for patients undergoing MIS-TLIF.

Methods

Inclusion and exclusion criteria

This study was approved by the ethics committee of Qilu 
Hospital of Shandong University [KYLL-2021(KS)-055] 

and performed in accordance with the Helsinki Declaration. 
The inclusion criteria were lumbar degenerative diseases, 
including spondylolisthesis and lumbar spinal stenosis with 
instability (slip distance of > 5 mm or range of motion of > 
10° on flexion and extension radiographs), and the require-
ment for interbody fusion and pedicle fixation. The exclusion 
criteria were a history of lumbar surgery, pure lumbar disc 
herniation without bony spinal canal stenosis, and any other 
neurological lesions or diseases that might affect precise 
preoperative and postoperative clinical assessments. Writ-
ten informed consent was obtained from all patients before 
enrollment.

Patients’ characteristics

The patients with surgical indications for lumbar degen-
erative disease from 2019 to 2020 in our single institution 
were prospectively enrolled. Indication for surgery was made 
on the basis of the correlating clinical symptoms and the 
evidence on recent plain radiography, computed tomogra-
phy, and magnetic resonance imaging. Prior to surgery, it 
was decided to perform MIS-TLIF either in the way using 
a robotic navigation, or by way of the freehand technique. 
These 2 described techniques were alternated regularly 
between each consecutive week. Therefore, each consecu-
tive week patients received only one from the described 
techniques. All surgical procedures were performed by a 
same surgical team.

Surgical procedures

Robot‑assisted MIS‑TLIF (RA MIS‑TLIF) procedure

RA MIS-TLIF at L4/5 is described in brief as an example 
of this surgical procedure. Implantation of percutaneous 
pedicle screws was assisted by a spinous process-mounted 
miniature device (TiRobot; TINAVI Medical Technologies 
Co., Ltd., Beijing, China). The three-dimensional images 
were acquired by a C-arm scanner (Siemens Healthineers, 
Erlangen, Germany), and registration was performed via 
automatic recognition using the calibrator. Screw trajecto-
ries were planned on the TiRobot, which included the opti-
mal positioning and dimensions of the implants in the axial, 
coronal, and sagittal views. Next, the robot steered toward 
the chosen trajectory and indicated the entry point and direc-
tion of the pedicle screw trajectory. The surgeons drilled the 
guide pin through the guiding tube into the bilateral pedicles 
percutaneously. A skin incision (about 2.5 cm long) was 
made between L4 and L5 K-wires on the left side. Serial 
dilators were consecutively passed to split the paraspinous 
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muscles, and a minimally invasive retractor of appropri-
ate size was placed to expose the L4/5 facet joint. Next, 
the facet joint and hypertrophied ligamentum flavum at the 
fusion segment were removed for complete decompression. 
The intervertebral discs and cartilage endplate were then 
removed, and interbody fusion with bone chips and a cage 
were performed. Finally, the cannulated pedicle screws were 
inserted through K-wires, and the set screws were placed 
and given a final tightening. Figure 1 illustrates the opera-
tive technique.

Fluoroscopy‑assisted MIS‑TLIF (FA MIS‑TLIF) procedure

Freehand FA MIS-TLIF at L4/5 is described in brief as an 
example of this surgical procedure. With use of fluoroscopic 
C-arm guidance, Jamshidi needles were inserted into the 
bilateral L4 and L5 pedicles with a freehand technique, and 
K-wires were then inserted through the needles. The rest of 
the procedure was identical to RA MIS-TLIF.

Assessment of clinical outcomes

The visual analog scale (VAS) score for back pain and leg 
pain and the Oswestry Disability Index (ODI) score were 
evaluated preoperatively and 3 days and 2 years postop-
eratively. The mean VAS and ODI scores were compared 
between the two groups. The operative time, number of 
intraoperative fluoroscopies, blood loss, postoperative hos-
pital stay, and postoperative complications related to the 
surgeries were investigated and compared.

Assessment of radiographic changes

The accuracy of screw placement was assessed on post-
operative CT. The pedicle screw positions were assessed 
with the Gertzbein and Robbins scale [16, 18]. Each screw 
position was classified as grade A (screw completely within 
the pedicle), grade B (pedicle cortical breach of < 2 mm), 
grade C (pedicle cortical breach of ≥ 2 to < 4 mm), grade 

Fig. 1   Procedures of the TiRobot system. A Installing the spinous process clamp and percutaneous reference tracker. B Obtaining three-dimen-
sional images and planning. C Inserting the guiding tube. D Inserting the guide pin
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D (pedicle cortical breach of ≥ 4 to < 6 mm), or grade E 
(pedicle cortical breach of ≥ 6 mm) (Fig. 2). Grade A and B 
screw positions were considered clinically acceptable, while 
all other grades indicated misplacement.

Postoperative superior facet joint violation (FJV) was 
assessed according to Babu et al. [19], and the degree of 
violation was classified into four grades (Fig. 3).

Disc degeneration at the proximal adjacent segment 
was evaluated by measurement of the disc height in the 
lateral standing X‐ray image preoperatively and 2 years 

postoperatively; the 2-year postoperative results were com-
pared with the preoperative values. Disc height was meas-
ured using the modified method described by Son et al. [20] 
(Fig. 4).

The fusion status (interbody fusion) was graded by two 
methods using X‐ray examination at 2 years postoperatively. 
Each level and each side were judged individually. Inter-
body fusion was graded by the Brantigan, Steffee, and Fraser 
(BSF) classification outlined in Table 1 [21, 22].

Fig. 2   Computed tomography scans demonstrating the Gertzbein and 
Robbins classification. Grade A, screw completely within the pedicle; 
Grade B, pedicle cortical breach of < 2 mm; Grade C, pedicle corti-

cal breach of ≥ 2 to < 4 mm; Grade D, pedicle cortical breach of ≥ 4 
to < 6 mm; and Grade E, pedicle cortical breach of ≥ 6 mm

Fig. 3   Criteria for grading violation of facet joint. Grade 0, screw not in facet; Grade 1, screw in lateral facet but not in facet articulation; Grade 
2, penetration of facet articulation by screw; and Grade 3, screw travels within facet articulation
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Statistical analysis

Statistical analyses were performed using SPSS version 
25.0 (IBM Corp., Armonk, NY, USA). All continuous data 
are expressed as mean ± standard deviation. Differences 
between the two groups were determined by the independ-
ent-sample T test. The Chi-square test was performed to 
analyze categorical variables. The significance level was 
set to be 0.05.

Results

Patient population

In total, 123 patients were included in the current study. 
Group A comprised 61 patients treated with robot-assisted 
MIS-TLIF (RA MIS-TLIF) (16 men, 45 women; average age, 
57.46 years). Group A was further divided into Subgroup 
AI (single-level RA MIS-TLIF, n = 46) and Subgroup AII 
(double-level RA MIS-TLIF, n = 15). Group B comprised 
62 patients treated with fluoroscopy-assisted MIS-TLIF (FA 

MIS-TLIF) (21 men, 41 women; average age, 57.69 years). 
Group B was further divided into Subgroup BI (single-level 
FA MIS-TLIF, n = 45) and Subgroup BII (double-level FA 
MIS-TLIF, n = 17). The patients’ characteristics are sum-
marized in Table 2. There were no significant differences in 
age, sex, or body mass index between the two groups. All 
patients were followed up for 2 years postoperatively.

Clinical outcomes

Perioperative clinical results

The operative time was significantly longer in Group A than 
in Group B (p = 0.018). The operative time was also sig-
nificantly longer in Subgroup AI than in Subgroup BI (p 
= 0.001), but there was no significant difference between 
Subgroup AII and Subgroup BII (p > 0.05). There was no 
significant difference in blood loss or the postoperative hos-
pital stay between Group A and Group B (p > 0.05).

There was no significant difference in the number of 
intraoperative fluoroscopies for patients between Group A 
and Group B (p > 0.05). Although the number of intraop-
erative fluoroscopies for patients was significantly higher in 
Subgroup AI than in Subgroup BI (p = 0.019), there was no 
significant difference between Subgroup AII and Subgroup 
BII (p > 0.05). The number of intraoperative fluoroscopies 
for the surgeon was significantly lower in Group A than in 
Group B (p < 0.001). For surgeons, the difference in the 
average number of intraoperative fluoroscopies between 
Subgroup AI and Subgroup AII was 3.08, but that between 
Subgroup BI and Subgroup BII was 10.47.

Two‑year follow‑up

There were no significant differences in the VAS score for 
back and leg pain or the ODI score preoperatively between 
Group A and Group B (p > 0.05). In both Group A and 
Group B, postoperative back and leg pain and the ODI score 
were significantly improved (p < 0.05). There were no sig-
nificant differences in the VAS score for back and leg pain 
or the ODI score at 3 days postoperatively or at the 2-year 
follow-up between Group A and Group B (p > 0.05). All the 
clinical results are shown in Tables 2 and 3.

Fig. 4   Measurement of intervertebral disc height. Disc height = [a 
(mm) + b (mm)]/2

Table 1   Classification of interbody fusion success: Brantigan, Steffee, Fraser (BSF)

BSF-1: Radiographical pseudoarthrosis is indicated by collapse of the construct, loss of disc height, vertebral slip, broken screws, displacement 
of the carbon cage, or significant resorption of the bone graft, or lucency visible around the periphery of the graft or cage

BSF-2: Radiographical locked pseudoarthrosis is indicated by lucency visible in the middle of the cages with solid bone growing into the cage 
from each vertebral endplate

BSF-3: Radiographical fusion: bone bridges at least half of the fusion area with at least the density originally achieved at surgery. Radiographi-
cal fusion through one cage (half of the fusion area) is considered to be mechanically solid fusion even if there is lucency on the opposite side
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Radiographic changes and related complications

A detailed listing of the pedicle screw placement accuracy 
grades is provided in Table 3. The rate of perfect screw posi-
tion (grade A) was higher in Group A (85.4%) than in Group 
B (69.5%; p < 0.001). However, there was no significant 
difference in the proportion of clinically acceptable screws 
(grades A and B) between the two groups (97.1% and 95.0%; 
p > 0.05). The mean grade of FJV in Group B was sig-
nificantly higher than that in Group A (p < 0.001). At the 
2-year postoperative lumbar CT examination, the decrease 
in disc height at the proximal adjacent segment was sig-
nificantly less in Group A than in Group B (p < 0.001). In 
addition, there was no significant difference in the interbody 
fusion status between Group A and Group B (p > 0.05). All 
the radiographic changes are shown in Tables 4 and 5. A 
patient undergoing RA MIS-TLIF and a patient undergoing 
FA MIS-TLIF are shown in Figs. 5 and 6.

In Group A, three guide pins exhibited drift and one 
patient developed a lateral wall violation by a pedicle screw. 
All these phenomena were adjusted accordingly during the 
surgery. One pedicle screw perforated the anterior wall of 
the vertebral body in Group B, and this was adjusted during 

the surgery; however, the patient experienced abdominal 
pain for 3 days. In addition, an inner wall violation by a pedi-
cle screw occurred in Group B, which irritated the exiting 
nerve root and required immediate surgical revision. Aside 
from the above, no other complications were reported in 
either group.

Discussion

Clinical outcomes

Previous studies have shown the great clinical effects of 
robot-assisted percutaneous pedicle screw insertion in TLIF 
[16, 23, 24]. In the present series, the VAS and ODI scores at 
the 2-year follow-up were significantly lower than the preop-
erative scores in both Group A and Group B. There was no 
significant difference between the two groups at the 2-year 
follow-up. In addition, there was no significant difference 
in blood loss or the postoperative hospital stay between the 
two groups.

The operative time was longer in Group A than in Group 
B. The increase in surgical time in Group A can be partly 

Table 2   Summary of patients 
and clinical outcomes

Data are given as (n) or mean ± SD; P < 0.05 was considered significant

Group A Group B P value

Number of cases (n) 61 62 –
Sex (male/female) 16/45 21/41 0.356
Age (year) 57.46 ± 8.68 57.69 ± 9.15 0.884
BMI 24.46 ± 3.45 25.23 ± 3.62 0.270
Level (n) –
 Single-level 46 45 –
 Double-level 15 17 –

Operative time (minutes) 160.25 ± 12.13 154.35 ± 15.00 0.018
Intraoperative fluoroscopy (n) –
 Patients 95.46 ± 4,76 94.87 ± 6.02 0.000
 Surgeon 13.28 ± 3.09 94.87 ± 6.02 0.549

Estimate blood loss (ml) 78.85 ± 33.52 82.90 ± 20.91 0.422
Postoperative hospital stay (days) 4.16 ± 0.71 3.94 ± 0.70 0.075
VAS of back pain –
 Preoperative 6.92 ± 0.95 6.78 ± 1.00 0.416
 3 days after operation 2.79 ± 0.84 2.45 ± 0.92 0.186
 2 years after operation 0.90 ± 0.60 0.71 ± 0.66 0.094

VAS of leg pain –
 Preoperative 7.70 ± 0.94 7.56 ± 0.84 0.384
 3 days after operation 2.82 ± 0.98 2.60 ± 1.11 0.239
 2 years after operation 0.54 ± 0.57 0.44 ± 0.50 0.275

ODI –
 Preoperative 70.90 ± 7.67 71.00 ± 7.77 0.944
 3 days after operation 30.38 ± 4.06 29.97 ± 3.95 0.572
 2 years after operation 15.23 ± 3.18 14.89 ± 3.11 0.547
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attributed to the learning curve of robot-assisted surgery and 
the intraoperative preparation phase. However, there was no 
significant difference between Subgroup AII and Subgroup 
BII, and even the average operative time was shorter in Sub-
group AII than in Subgroup BII. This may indicate that a 
longer operation segment is associated with a higher effi-
ciency of using robot assistance.

Spinal surgery is 10 to 12 times more radioactive than 
non-spinal surgery; therefore, an important goal of robotic 
research is to reduce radiation exposure for both patients 
and surgeons [25]. The difference between minimally FA 
RA-MIS-TLIF and purely FA MIS-TLIF was only the use of 
robot assistance in the process of pedicle screw placement. 
Recent studies have shown that the use of robot navigation in 
minimally invasive surgery can significantly reduce radiation 
exposure and residence time [16, 26]. In the present study, 
the radiation exposure for spinal surgeons was significantly 
lower in Group A than in Group B, and the medical staff left 
the room during the robot scanning and imaging, effectively 

reducing the radiation exposure. In addition, the number of 
intraoperative fluoroscopies for patients was significantly 
higher in Subgroup AI than in Subgroup BI, but there was no 
significant difference between Subgroup AII and Subgroup 
BII. Comprehensive analysis of the above results demon-
strated that compared with FA MIS-TLIF, a longer opera-
tion segment was associated with less radiation exposure for 
patients and surgeons in RA MIS-TLIF.

Accuracy of screw placement

The success of spinal pedicle screw fixation mainly depends 
on the accuracy of screw placement. High screw accuracy 
restores the normal curvature of the spine and thus main-
tains stability. Recent studies have suggested that the use 
of robotic guidance significantly increases the accuracy of 
screw placement [16, 27–30]. Lieberman and Phillips [31, 
32] also demonstrated that robot-assisted percutaneous pedi-
cle screw placement had fewer cortical breaches and screw 

Table 3   Summary of patients and clinical outcomes in subgroups

Data are given as (n) or mean ± SD; P < 0.05 was considered significant

Subgroup AI Subgroup AII Subgroup BI Subgroup BII P value

Subgroup AI 
VS BI

Subgroup 
AII VS 
BII

Number of cases (n) 46 15 45 17 – –
Sex (male/female) 10/36 6/9 15/30 6/11 0.215 0.784
Age (year) 56.57 ± 8.67 60.20 ± 8.39 56.47 ± 9.45 60.94 ± 7.62 0.959 0.795
BMI 24.57 ± 3.64 24.10 ± 2.86 25.34 ± 3.46 24.93 ± 4.10 0.307 0.948
Level (n) –
 Single-level 46 – 45 – – –
 Double-level – 15 – 17 – –

Operative time (minutes) 157.28 ± 11.82 169.33 ± 7.99 148.56 ± 13.00 169.71 ± 6.95 0.001 0.889
Intraoperative fluoroscopy (n) –
 Patients 93.93 ± 3.61 100.13 ± 4.85 92.00 ± 4.12 102.47 ± 2.65 0.019 0.096
 Surgeon 12.52 ± 2.83 15.60 ± 2.75 92.00 ± 4.12 102.47 ± 2.65 0.000 0.000

Estimate blood loss (ml) 75.22 ± 26.81 90.00 ± 48.26 78.22 ± 22.49 95.29 ± 7.17 0.564 0.658
Postoperative hospital stay (days) 4.15 ± 0.79 4.20 ± 0.41 3.93 ± 0.75 3.94 ± 0.56 0.179 0.150
VAS of back pain –
 Preoperative 7.09 ± 0.89 6.40 ± 0.99 6.84 ± 0.98 6.59 ± 1.06 0.219 0.609
 3 days after operation 2.76 ± 0.79 2.87 ± 0.99 2.51 ± 0.90 2.29 ± 0.99 0.162 0.754
 2 years after operation 0.96 ± 0.63 0.73 ± 0.46 0.76 ± 0.68 0.59 ± 0.62 0.147 0.462

VAS of leg pain –
 Preoperative 7.74 ± 0.88 7.60 ± 1.12 7.49 ± 0.90 7.76 ± 0.66 0.182 0.612
 3 days after operation 2.78 ± 0.92 2.93 ± 1.16 2.58 ± 1.12 2.65 ± 1.12 0.341 0.483
 2 years after operation 0.52 ± 0.55 0.60 ± 0.63 0.47 ± 0.51 0.35 ± 0.49 0.619 0.224

ODI –
 Preoperative 71.24 ± 7.16 69.87 ± 9.25 69.64 ± 7.54 74.59 ± 7.42 0.304 0.120
 3 days after operation 30.41 ± 3.98 30.27 ± 4.45 29.27 ± 3.92 31.82 ± 3.49 0.170 0.276
 2 years after operation 15.17 ± 3.06 15.40 ± 3.62 14.51 ± 3.08 15.88 ± 3.06 0.306 0.686
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placement deviations than freehand screw placement. The 
present study showed that the accuracy of robot-assisted per-
cutaneous pedicle screw insertion was significantly higher 
than that of freehand fluoroscopy-assisted percutaneous 
pedicle screw insertion, which is consistent with some pre-
vious studies. In addition, the related complications were 
less in Group A.

However, robot navigation does not mean 100% accu-
racy. In this study, three guide pins exhibited drift and one 
patient developed a lateral wall violation by a pedicle screw 
in robot-assisted group. Some studies have shown that inser-
tion of the guide wire through the skin may result in drift on 
the bone surface, which may lead to an inaccurate drilling 
process [33]. To minimize this risk, we inserted the cannula 
and rotated the guide wire prior to bone contact to enter the 
pedicle on a preset trajectory. It is also critical to improve 
the accuracy of pedicle placement by controlling the tidal 
volume and reducing intraoperative lumbar and back move-
ment during robot navigation. Overall, the TiRobot can 
improve the accuracy and safety of percutaneous pedicle 
screw placement.

FJV and adjacent segment disease

Since FJV is closely associated with long-term adjacent 
segment disease complications, its avoidance during 

surgery has important clinical value. Previous reports have 
described a grading system for this phenomenon: if any 
part of the screw, tulip, or connecting rod is clearly within 
the facet joint or within 1 mm of the joint, the facet joint 
is considered violated [19, 34]. Previous studies have sug-
gested that the incidence of FJV ranges from 9.5 to 32.0% 
of screws [19, 35–37]. A recent study showed that the 
incidence and grade of proximal FJV in robot-assisted per-
cutaneous pedicle screw insertion were lower than those in 
fluoroscopic-guided pedicle screw placement [38]. In this 
study, the FJV grade was significantly lower in the robot-
assisted percutaneous group than in the freehand fluor-
oscopy-assisted percutaneous group. This difference can 
be explained by the mechanism of intraoperative robotic 
guidance. Babu et al. [19] suggested that the FJV grade 
was higher for freehand fluoroscopy-assisted percutane-
ous pedicle screw insertion because it depended on radio-
graphic and limited tactile feedback for determination of 
the screw entry site and trajectory. In contrast, the robotic 
system mechanically guides the surgeons to the preplanned 
trajectory and provides three-dimensional images. The 
screw insertion point was relatively lateral in the robot-
assisted group of our study, which reduced the occurrence 
of FJV. In addition, the soft tissue resistance of percutane-
ous guide pin insertion via the robotic arm was less than 
that of the freehand technique. Therefore, the FJV grade 
was significantly lower in the robot-assisted percutaneous 
group than in the freehand fluoroscopy-assisted percuta-
neous group. However, because of the lack of real-time 
dynamic monitoring in the first-generation robot system, 
deep implantation of some screws is an important cause 
of FJV. Related studies have shown that tulip violation 
also damages biomechanical structures of the facet joint, 
and such a situation should be carefully avoided during 
surgery [39]. Therefore, the screws should not be inserted 
too deeply during percutaneous screw placement. A proper 
distance between the tulip and superior facet joint is the 
key to preventing the tulip from impinging on the articular 
process.

There is increasing focus on the impact of the top of 
the construct screws on the development of post-fusion 
adjacent segment disease [40, 41]. Previous studies have 
suggested that violation of adjacent facet joints by pedi-
cle screw insertion may be a large contributor to ASD 
[39, 42]. The destruction of the proximal facet will affect 
the stability of the spine, thus accelerating the degenera-
tion and development of lesions of adjacent segments of 
the disc [43]. Kim et al. [23] found that the decrease in 
disc height at the proximal adjacent segment was sig-
nificantly less in the robot-assisted group than in the 
freehand fluoroscopy-assisted group (p = 0.039). In 
this study, because the FJV grade in the robot-assisted 
group was significantly lower than that in the freehand 

Table 4   Radiological measurements

Data are given as (n) or mean ± SD; P < 0.05 was considered signifi-
cant

Group A Group B P value

Screw grade (n [%]) –
 A 234 (85.4) 196 (69.5) 0.000
 B 32 (11.7) 72 (25.5) 0.000
 A + B 266 (97.1) 268 (95.0) 0.216
 C 7 (2.6) 11 (3.9) 0.370
 D 0 2 (0.7) –
 E 1 (0.4) 1 (0.4) 0.984
 Total 274 282 –

FJV grade (n [%]) –
 Grade 0 246 (89.8) 175 (62.1) 0.000
 Grade 1 20 (7.3) 78 (27.7) 0.000
 Grade 2 6 (2.2) 24 (8.5) 0.001
 Grade 3 2 (0.7) 5 (1.8) 0.270

Mean facet violation grade 0.24 ± 0.58 0.50 ± 0.73 0.000
BSF’s classification (n [%]) –
 BSF‐1 0 0 –
 BSF‐2 7 (11.5) 9 (14.5) 0.616
 BSF‐3 54 (88.5) 53 (85.5) 0.616

Change in disc height at the 
proximal adjacent segment 
(mm)

0.69 ± 0.30 0.93 ± 0.37 0.000
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fluoroscopy-assisted group, the decrease in disc height 
at the proximal adjacent segment was significantly less 
in Group A than in Group B during the 2-year follow-up.

Interbody fusion

Accurate radiographic assessment of fusion success is 
important to identify patients who might benefit from 
further surgery. Fusion assessment with plain X-ray 
films and helical CT scans showed equal accuracy after 
posterior lumbar interbody fusion confirmed by surgi-
cal exploration [22]. In the present study, both groups 
showed similar radiological fusion rates on X-ray at the 
2-year follow-up after surgery, which is similar to the 
findings of previous studies. Chang et  al. [24] found 
no significant difference in the fusion rate between the 
robot-assisted percutaneous fully endoscopic group and 
freehand fluoroscopy-assisted group. Kim et al. [23] also 
found no significant difference in the fusion rate at 1 year 
after surgery between the robot‐assisted and freehand 
posterior lumbar interbody fusion groups.

Limitations

This study has three main limitations. First, this study was 
conducted at a single center and included a relatively small 
number of patients. The sample size will be increased 
in the follow-up study to improve the accuracy of the 
results. Second, only patients who underwent single-level 
and double-level lumbar surgery were included in this 
study; longer surgical segments are needed to confirm the 
findings.

Conclusion

Robot-assisted percutaneous pedicle screw placement is a 
safer and more accurate alternative to conventional freehand 
fluoroscopy-assisted percutaneous pedicle screw insertion 
in MIS-TLIF. Compared with freehand fluoroscopy-assisted 
percutaneous pedicle screw insertion, a longer operation 
segment is associated with better clinical outcomes in robot-
assisted percutaneous pedicle screw placement.

Table 5   Radiological measurements in subgroups

Data are given as (n) or mean ± SD; P < 0.05 was considered significant

Subgroup AI Subgroup AII Subgroup BI Subgroup BII P value

Subgroup AI 
vs BI

Subgroup 
AII vs 
BII

Screw grade (n [%]) –
 A 161 (87.5) 73 (81.1) 133 (73.9) 63 (61.8) 0.001 0.003
 B 19 (10.3) 13 (14.4) 37 (20.6) 35 (34.3) 0.007 0.002
 A + B 180 (97.8) 86 (95.6) 170 (94.4) 98 (96.1) 0.093 0.856
 C 3 (1.6) 4 (4.4) 7 (3.9) 4 (3.9) 0.188 0.856
 D 0 0 2 (1.1) 0 – –
 E 1 (0.5) 0 1 (0.6) 0 0.988 –
 Total 184 90 180 102 – –

FJV grade (n [%])
 Grade 0 166 (90.2) 80 (88.9) 109 (60.6) 66 (64.7) 0.000 0.000
 Grade 1 12 (6.5) 8 (8.9) 46 (25.6) 32 (31.3) 0.000 0.000
 Grade 2 5 (2.7) 1 (1.1) 20 (11.1) 4 (3.9) 0.002 0.222
 Grade 3 1 (0.5) 1 (1.1) 5 (2.8) 0 0.094 –

Mean facet violation grade 0.27 ± 0.62 0.19 ± 0.47 0.56 ± 0.80 0.39 ± 0.57 0.000 0.008
BSF’s classification (n [%]) –
 BSF‐1 –
 BSF‐2 5 (10.9) 2 (13.3) 6 (13.3) 3 (17.6) 0.718 0.737
 BSF‐3 41 (89.1) 13 (86.7) 39 (86.7) 14 (82.4) 0.718 0.737

Change in disc height at the proxi-
mal adjacent segment (mm)

0.68 ± 0.31 0.69 ± 0.26 0.88 ± 0.34 1.06 ± 0.43 0.006 0.007
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Fig. 5   The patient was diagnosed with L4 spondylolisthesis, and 
RA MIS-TLIF was performed. The anteroposterior and lateral X-ray 
of the entire spine, the flexion–extension X-ray of the lumbar spine, 
computed tomography and magnetic resonance imaging of the lum-

bar spine at pre-operation (a–g). The anteroposterior and lateral X-ray 
and computed tomography of the lumbar spine at immediately post-
operation (h–j). The anteroposterior and lateral X-ray and the flex-
ion–extension X-ray image at 2-year follow-up (k–n)

Fig. 6   The patient was diagnosed with L4 spondylolisthesis, and 
FA MIS-TLIF was performed. The anteroposterior and lateral X-ray 
of the entire spine, the flexion–extension X-ray of the lumbar spine, 
computed tomography and magnetic resonance imaging of the lum-

bar spine at pre-operation (a–g). The anteroposterior and lateral X-ray 
and computed tomography of the lumbar spine at immediately post-
operation (h–j). The anteroposterior and lateral X-ray and the flex-
ion–extension X-ray image at 2-year follow-up (k–n)
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