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Background:  The differences in clinical and radiographic outcomes between 3-dimensional computer navigation (NAV) 
and fluoroscopic-guided (FLUO) minimally invasive transforaminal lumbar interbody fusion (MIS-TLIF) are currently unclear, 
with different studies showing different advantages of each technique. This study aimed to compare the clinical and radiographic 
outcomes of NAV and FLUO MIS-TLIF. Furthermore, we determined the correlation between radiographic findings and 
predictable clinical outcomes.

Methods:  Between January 2016 and October 2018, 97 consecutive patients who had undergone MIS-TLIF with the 
lumbosacral degenerative disease in our institute were retrospectively reviewed. Radiographic outcomes (angle of screw 
convergence, screw-to-pedicle diameter ratio, %screw depth, screw penetration, %fusion, and facet joint violation) were 
analyzed by 2 independent orthopedists using thin-slice computed tomography. Clinical outcomes were assessed with Oswestry 
Disability Index (ODI), visual analog scale (VAS), and satisfaction score. The association between radiographic and clinical 
outcomes was then analyzed to determine the predictable variable outcomes.

Results:  Sixty-one patients (270 screws) in the FLUO group and 36 patients (172 screws) in the NAV group were 
compared. The NAV group showed a significantly higher %screw depth (89.04% ± 6.07% vs 85.18% ± 7.54%; P = 0.011), 
larger angle of screw convergence (27.7° ± 3.93° vs 18.44° ± 7.54°; P < 0.001), lower incidence of pedicle penetration (0% vs 
3.7%; P = 0.016), and less facet joint violation (1.0% vs 8.1%; P = 0.003). The clinical results revealed a significantly better 
VAS and ODI in the NAV group at 6 and 12 months. The %screw depth correlated with the VAS back pain score at the 1-year 
follow-up.

Conclusions:  NAV MIS-TLIF showed superior screw placement accuracy, better screw convergence and depth, and 
lower cranial facet joint violation than FLUO MIS-TLIF. Furthermore, better clinical scores were revealed in the NAV group at 
the 6-month and 1-year follow-up.

Level of Evidence:  3.

Minimally Invasive Surgery

Keywords: MIS-TLIF, computer-3D navigation, screw accuracy, clinical outcome, radiographic analysis, lumbosacral 
degenerative disease, facet joint violation, screw convergence, screw depth

INTRODUCTION

Minimally invasive transforaminal lumbar inter-
body fusion (MIS-TLIF) can decrease the rate of 
morbidities related to open surgery, improve clinical 
outcomes, and reduce back muscle injury.1,2 However, 
the drawbacks of fluoroscopic-guided (FLUO) instru-
mentation include Kirschner wire complications, 
incorrect positioning of screws, which can cause 
spinal nerve root injury, and concerns about radiation 
exposure.2–6 Optimal screw selection is dependent on 
other surrogate measures, such as lateral radiographs, 

preoperative computed tomography (CT), and magnetic 
resonance imaging to ensure precision and safety.7 Per-
cutaneous pedicle screw insertion requires reliance on 
2-dimensional image guidance; therefore, a higher rate 
of screw misplacement due to a lack of visibility of 
anatomical landmarks can occur.4,5,8As it provides the 
surgeon with a 3-dimensional (3D) intraoperative visual 
approximation of the anatomy, 3D computer navigation 
(NAV) can theoretically reduce the surgeon’s radiation 
exposure, improve screw placement accuracy, potenti-
ate the ability to maximize the screw diameter relative 
to the pedicle, and reduce potential injury to critical 
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neurovascular structures.4–6,9,10 Combined, these advan-
tages could lead to better clinical outcomes. However, 
the differences in the clinical outcomes between FLUO 
and NAV MIS-TLIF are currently unclear.2,9,11

The purpose of the present study is to compare 
the radiographic and clinical outcomes between the 
newer NAV and conventional FLUO MIS-TLIF pro-
cedures. Furthermore, we wanted to establish a cor-
relation between each technique and radiographic 
and clinical outcomes.

MATERIALS AND METHODS

Patients and Design

We performed a single-center retrospective review 
of patients who had undergone 1- or 2-level MIS-TLIF 
from January 2016 to December 2018 with either flu-
oroscopic guidance (FLUO group) or O-arm naviga-
tion (NAV group). This study was approved by the 
human committee of the Faculty of Medicine, Chu-
lalongkorn University Institutional Review Board; 
the approval number is 583/62. The written informed 
consent was waived. Patients who had incomplete 
clinical data or no postoperative CT at 12 months 
were excluded. Thirty-six patients who met the inclu-
sion criteria in the NAV group were enrolled. For the 
150 initial patients in the FLUO group, we performed 
propensity matching to the NAV group based on age, 
sex, body mass index, preoperative diagnosis, and 
operative level, which resulted in 61 eligible patients 
as historical controls. All surgeries were performed by 
a single experienced surgeon. Assuming a minimum 
clinical difference in pain scores of 2 cm measured 
by visual analog scale (VAS) with a common SD of 
1, our study would have >95% power to detect this 
difference at any follow-up visits at 90% power and a 
2-sided significance level of 5%.12

Surgical Technique

MIS-TLIF Using Fluoroscopy

Patients were placed in the prone position on a 
radiolucent table. The lumbar area of interest was 
identified. A parasagittal incision was opened under a 
FLUO image. Under an anteroposterior fluoroscopic 
view, the Jamshidi needle was docked at the lateral 
border of the pedicle and advanced into the pedicle. 
Under lateral fluoroscopic view, Kirschner wires 
were replaced through the Jamshidi needles into the 
vertebral body. The same procedure was repeated at 
the contralateral site and lower vertebrae. Sequential 

dilation was performed through the paraspinal 
muscles. A table-mounted working tubular retractor 
(METRx II System Tube or MAST QUADRANT 
System) was placed and docked under fluoroscopic 
guidance. Surgery was performed under an operat-
ing microscope (Carl Zeiss Inc.). Following a total 
facetectomy, radical discectomy, and endplate prepa-
ration, the cage trial was serially inserted under fluo-
roscopic guidance until the proper size was attained. 
An appropriate sized CAPSTONE PEEK Interbody 
Spacer filled with mixed autogenous bone graft and 
demineralized bone matrix (DBM) was inserted. Per-
cutaneous pedicle screws (CD Horizon Sextant II) 
were placed into the pedicle guided by the Kirschner 
wire. A subfascial rod was passed then radivac drain 
was placed, and the incision was closed.

MIS-TLIF Using CT-Guided Navigation

The patient was placed in the prone position on 
a radiolucent table. The navigation reference frame 
was embedded in the posterior superior iliac crest. 
The first spin was performed by the O-arm to create a 
3D image, and the images were transferred automat-
ically to the StealthStation System. Surgical instru-
ments were registered for intraoperative navigation. 
The incision was made with the help of the naviga-
tion pointer and then serial dilators and insert tubular 
retractor on the side of decompression toward the 
facet joint. An operating microscope was used during 
laminotomy and discectomy. CAPSTONE PEEK 
Navigated Trials with the green NavLock tracker 
were inserted into the disc space until the desired disc 
space height is established. The appropriate sized 
Interbody Spacer cage, filled with mixed autogenous 
bone graft and DBM, was inserted into disc space. 
Then, the second O-arm spin was obtained for screw 
placement. Using an “awl-tipped tap,” penetrated 
through the pedicle into the vertebral body, percu-
taneous pedicle screws were inserted as determined 
from the visualized 3D image from the second spin. 
A contoured rod was passed underneath the fascia. 
A third 3D image was obtained for measuring the 
desired position.

Outcome Measurement

Demographic data (sex, age, body mass index, 
diagnosis, and level of operation), intraoperative 
parameters (blood loss, operative time, and radiation 
dose), clinical scores, and radiographic outcomes 
were described as percentage, mean, and SD.
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Clinical Evaluation

The clinical data included the VAS (back and legs), 
Oswestry Disability Index (ODI), and satisfaction 
score, which were evaluated at 1 day and 3, 6, and 12 
months postoperative. Each was recorded by 1 inde-
pendent interviewer.

Radiographic Evaluation

For radiographic evaluation, postoperative thin-slice 
CT was performed at 12 months. The measurements 
included:

1.	 The angle of medial convergence (C), defined as 
the angle between the screw trajectory line and 
the vertical axis (Figure 1B)

2.	 The screw-to-pedicle diameter ratio (SD:PW), 
defined as the ratio of the screw diameter 
(SD) to pedicle width (PW) in CT axial slices 
(Figure 1A)

3.	 The %screw depth in relation to the body (SL/b), 
defined as the proportion between the screw 
length (SL) and body length (b) (Figure 1B)

4.	 Cage subsidence, defined as at least a 2mm sink 
of the cage into the vertebral endplate

5.	 The severity was then classified using the 
subsidence grading severity according to Marchi 
et al13 (Figure 2)

6.	 The grade of screw perforation, as classified 
by the severity of screw perforation grading 
(Gertzbein system), with Grade 0: screw within 
pedicle (no breach), Grade 1: screw thread 
breach of pedicle <2 mm, Grade 2: screw breach 
2–4 mm, and Grade 3: screw breach >4 mm 
(Figure 3)3

7.	 Cage size, collected from medical records
8.	 Bony fusion, defined as solid trabecular bridging 

between the adjacent endplate, either inside or 
outside the cage in thin-slice CT

Figure 1.  Postoperative thin-slice computed tomography performed at 12 months. (A) PW = pedicle width, (B) b = body length, SL = screw length (% SD = [SL/b] 
× 100), and C = angle of medial convergence.

Figure 2.  Cage subsidence grading (0–3).
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9.	 Facet joint violation, recorded if there was any 
cranial facet involvement of the pedicle screw in 
any axial cut CT scan (Figure 4)

The measurements were performed twice each by 2 
orthopedists working independently. Inter- and intraob-
server reliability was calculated by interclass correla-
tion coefficients (ICCs).

Statistical Analyses

All data were analyzed by descriptive statistics, 
summarized as frequency, percentage, or mean. The 
difference between both groups in clinical, intraoper-
ative, and radiographic outcomes was analyzed by an 
independent t test and Fisher’s exact test. Pearson’s cor-
relation coefficient was used to analyze the association 
between radiographic and clinical outcome variables.

All P values were 2-sided with statistical significance 
set at the 0.05 α level. All analyses were performed in 
SPSS Version 23.0 by an independent statistician.

Figure 3.  The grading system (Gertzbein). (A) Grade 0: screw within pedicle, (B) Grade 1: screw thread breach of pedicle <2 mm, (C) Grade 2: significant breach 
2–4 mm, and (D) Grade 3: significant breach >4 mm.

Figure 4.  Facet joint violation. (A) Intra-articular pedicle screw that penetrates the facet joint transversely, interposed between the superior and inferior facet at the 
cephalad level. (B) Screw did not transverse the facet joint; extra-articular screw.
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RESULTS

Patient Characteristics

The O-arm navigation procedures were done between 
January 2018 and December 2018 after the technique 
was available, while the historical controls were all 
enrolled patients with FLUO MIS-TLIF between 
January 2017 and December 2017 who met the inclu-
sion criteria.

A total of 97 patients (64 women, 33 men, and 442 
screws) with degenerative lumbosacral disease who 
underwent MIS-TLIF were included in the study. Sixty-
one patients (270 screws) underwent surgery using 
conventional FLUO MIS-TLIF, and 36 patients (172 
screws) underwent surgery using NAV MIS-TLIF. The 
mean age was 65.89 ± 9.69 years in the NAV group 
and 65.67 ± 9.23 years in the FLUO group, which was 
equally matched based on sex, preoperative diagnosis, 
and operative level. Operative time was not significantly 
different between the 2 groups (173.91 ± 52.93 minutes 
in the FLUO group and 163.64 ± 52.06 minutes in the 
NAV group, P = 0.36; Table 1). The mean cumulative 
radiation exposure in the FLUO group was 38.26 ± 5.66 
mGy compared to 11.49 ± 2.13 mGy in the NAV group.

Radiographic Evaluation of Outcomes

The measurement of radiographic parameters by 
both orthopedists showed good reliability (intraob-
server ICC: 0.869 and interobserver ICC: 0.887). 
Radiographic outcomes measured via a CT scan at 12 

months postoperative are shown in Table 2. The cage 
size in the NAV group (24.78 ± 1.74) showed a sig-
nificantly larger than the FLUO group (23.61 ± 1.93, 
P = 0.003). There was a significantly higher %screw 
depth in the NAV group (89.04% ± 6.07%) compared 
with the FLUO group (85.18% ± 7.54%, P = 0.001). 
In addition, the angle of screw convergence in the NAV 
group was significantly higher compared to the FLUO 
group (27.7° ± 3.93° vs 18.44° ± 11.55° respectively, 
P < 0.001). Regarding accuracy, there was no medial 
pedicle penetration in the NAV group, whereas 10 

Table 1.  Patient demographic data.

Patient Data FLUO MIS-TLIF (N = 61) NAV MIS-TLIF (N = 36) P Value

Age 65.67 ± 9.23 65.89 ± 9.69 0.913
Sex
 � Female 41 (67.2%) 23 (63.9%) 0.825
 � Male 20 (32.8%) 13 (36.1%) 0.825
Body mass index 25.22 ± 2.96 24.86 ± 3.31 0.660
Diagnosis
 � Spondylolisthesis 24 (39.3%) 22 (61.1%) 0.058
 � Spinal stenosis 7 (11.5%) 2 (5.6%) 0.477
 � Spinal canal stenosis 17 (27.9%) 8 (22.2%) 0.634
 � Herniated nucleus pulposus 12 (19.7%) 3 (8.3%) 0.159
 � Degenerative scoliosis 0 (0%) 1 (2.8%) 0.371
 � Degenerative disc disease 1 (1.6%) 0 (0%) 1.000
Level
 � L3-4 3 (4.9%) 2 (5.6%) 0.745
 � L3-5 7 (11.5%) 6 (16.6%) 0.703
 � L4-5 38 (62.3%) 20 (55.6%) 0.612
 � L4-S1 6 (9.8%) 4 (11.1%) 0.800
 � L5-S1 7 (11.5%) 4 (11.1%) 0.258
Blood loss (mL) 171.03 ± 157.75 124.44 ± 147.42 0.157
Operative time (min) 173.91 ± 52.93 163.64 ± 52.06 0.360
Length of stay (d) 5.2 ± 2.41 5.03 ± 2.46 0.751
Radiation dose (mGy) 38.26 ± 5.66 11.49±2.13 < 0.05

Abbreviations: FLUO, fluoroscopic-guided; MIS-TILF, minimally invasive transforaminal lumbar interbody fusion; NAV, 3-dimensional computer navigation.
Data presented as mean ± SD or n (%).

Table 2.  Comparison of radiographic outcomes between the 2 groups.

Raidographic 
Parameters

FLUO MIS-
TLIF (N = 61)

NAV MIS-TLIF 
(N = 36) P Value

Screw-to-pedicle ratio 0.7 ± 0.13 0.66 ± 0.09 0.079
% Screw depth 85.18 ± 7.54 89.04 ± 6.07 0.011a

Angle of medial 
convergence

18.44 ± 11.55 27.7±3.93 <0.001a

% Screw penetration (n = 270) (n = 172)
 � Anterior 47 (17.4%) 16 (9.7%) 0.027a

 � Lateral 5 (1.9%) 4 (2.4%) 0.684
 � Medial 10 (3.7%) 0 (0%) 0.012a

 � Superior 1 (0.4%) 1 (0.6%) 0.724
Cage size 23.61 ± 1.93 24.78 ± 1.74 0.003a

Cage location
 � Anterior 24 (44.4%) 30 (55.6%) 0.471
 � Posterior 49 (74.2%) 17 (25.8%) 0.471
Cage subsidence (>2 

mm)
39 (63.9%) 23 (63.9%) 0.996

Fusion 55 (90.2%) 33 (91.7%) 0.481

Abbreviations: FLOU, fluoroscopic-guided; MIS-TILF, minimally invasive 
transforaminal lumbar interbody fusion; NAV, 3-dimensional computer navigation.
Data presented as mean ± SD or n (%).
aStatistically significant (P < 0.05)
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screws (2.3%) had medial penetration in the FLUO 
group (P = 0.016). One screw in the FLUO group 
showed Grade 3 medial pedicle penetration, which 
required reoperation. Anterior cortex penetration was 
observed with 47 screws (17.4%) in the FLUO group 
(Grades 1 and 2), which was significantly higher than 
in the NAV group (16 screws, 9.3%; P = 0.035). Nev-
ertheless, anterior cortex penetration was found at the 
S1 level in a majority in both NAV and FLUO groups, 
which may have been caused by aiming to perform 
bicortical fixation. However, the mean penetration dis-
tance from the anterior cortex of S1 to the tip of the 
screw was also revealed to be longer in the FLUO group 
(6.26 ± 1.82 mm) compared with the NAV group (1.38 
± 4.34 mm, P < 0.001). The maximum anterior pene-
tration from the S1 anterior cortex was 12.27 mm in the 
FLUO group, compared to 5.48 mm in the NAV group. 
Furthermore, facet joint violation in the NAV group was 
observed with only 1 screw (0.2%), compared to 22 
screws in the FLUO group (5%; P = 0.003). There were 
no statistically significant differences between groups 
in the fusion and subsidence rate at 12 months postop-
erative (Table 2).

Clinical Evaluation of Outcomes

In the clinical aspect (Table 3), the preoperative back 
and leg VAS and ODI scores were not significantly dif-
ferent between the 2 groups. The mean VAS (back) in the 

NAV group was significantly lower than in the FLUO 
group at 12 months postoperative (P = 0.004). Further-
more, the mean VAS (legs) was also significantly lower 
in the NAV group compared to that of the FLUO group 
at 6 months (P < 0.001) and 12 months postoperative 
(P = 0.019). The mean ODI improvement in the NAV 
group was significantly better than in the FLUO group 
at 6 and 12 months postoperative (P = 0.003 and 0.009, 
respectively). However, the satisfaction score was not 
significantly different between the 2 groups at any time-
point within the 12 months of follow-up.

Correlation Between Radiographic Parameters 
and Clinical Outcomes

The correlation analysis of the radiographic parame-
ters and clinical outcomes is shown a significant differ-
ence in %screw depth among the 2 groups was the only 
parameter to show a correlation with the VAS (back) 
score at the 12-month postoperative follow-up (P = 
0.022, r = −0.26).

DISCUSSION

NAV MIS-TLIF showed superior screw placement 
accuracy, better screw convergence and depth, larger 
cage size, and lower cranial facet joint violation com-
pared to FLUO MIS-TLIF. Furthermore, better clinical 
scores were revealed in the NAV group at the 6- and 
12-month follow-ups. Correlation analysis revealed that 
the difference in %screw depth between the 2 groups 
correlated with the VAS (back) score at the 12-month 
postoperative follow-up. The navigation availability 
was started in January 2018 so that the fluoroscopic 
arm constitutes a historical “control.” This may simply 
constitute an improvement of the surgeon in their tech-
niques. We, therefore, included the patients in fluo-
roscopic groups after 100 cases of experience of the 
surgeon to reduce this bias.

In recent years, advanced imaging has become 
widely used in minimally invasive procedures. The 
superiority of navigation-based systems is clear regard-
ing the accuracy, especially in abnormal spine anatomy 
with degenerative changes.4,5,9 Furthermore, Dusad et 
al showed that NAV significantly reduced the surgeon’s 
radiation exposure by up to 9.96 times.5 This is concor-
dant with our study results, which revealed a reduction 
in radiation exposure of the patients by at least 3-fold 
compared to FLUO, whereas the surgeon and surgical 
team would receive far less radiation exposure because 
they can leave the operating room while spinning the 
O-arm.

Table 3.  Comparison of clinical results over time between the 2 groups.

Clinical Scores

FLUO MIS-TLIF NAV MIS-TLIF

P ValueMean ± SE Mean ± SE

VAS of back score
 � Pre-OP 6.48 ± 0.43 7.14 ± 0.45 0.312
 � 1 mo 1.13 ± 0.23 0.78 ± 0.26 0.325
 � 3 mo 0.72 ± 0.2 0.48 ± 0.22 0.454
 � 6 mo 0.83 ± 0.25 0.43 ± 0.23 0.361
 � 1 y 0.63 ± 0.2 0.11 ± 0.11 0.025a

VAS leg score
 � Pre-OP 6.9 ± 0.38 7.56 ± 0.39 0.261
 � 1 mo 1.32 ± 0.27 1.14 ± 0.23 0.649
 � 3 mo 1.11 ± 0.29 0.58 ± 0.21 0.143
 � 6 mo 1.07 ± 0.29 0.13 ± 0.12 < 0.001a

 � 1 y 0.78 ± 0.26 0.11 ± 0.11 0.019a

ODI
 � Pre-OP 49.07 ± 2.06 53.83 ± 1.91 0.123
 � 1 mo 11.86 ± 1.74 11.69 ± 1.89 0.949
 � 3 mo 8.26 ± 2 4.39 ± 1.73 0.200
 � 6 mo 6.86 ± 1.86 0.67 ± 0.67 0.003a

 � 1 y 5.21 ± 1.69 0.49 ± 0.49 0.009a

Satisfaction score
 � 1 mo 8.81 ± 0.23 9.31 ± 0.14 0.068
 � 3 mo 8.82 ± 0.23 9.42 ± 0.16 0.081
 � 6 mo 8.93 ± 0.23 9.35 ± 0.15 0.302
 � 1 y 9.16 ± 0.18 9.39 ± 0.16 0.495

Abbreviations: FLUO, fluoroscopic-guided; MIS-TILF, minimally invasive 
transforaminal lumbar interbody fusion; NAV, 3-dimensional computer navigation.
aStatistically significant (P < 0.05).
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Mathew et al14 found that O-arm NAV pedicle screw 
insertion was associated with a low incidence of pedicle 
breach (1%). This was similar to the results of our study, 
which revealed an absence of medial pedicle breach in 
the NAV group, but a breach rate of 3.7% in the FLUO 
group (P = 0.016). Therefore, the O-arm navigated 
system can guide the safe insertion of a large screw 
without critical pedicle penetration. Similarly, Torres et 
al9 demonstrated that the NAV system afforded safe and 
accurate screw placement with larger diameter screws 
(≥7 mm).

For anterior perforation mainly at the S1 screw, the 
mean perforating distances were longer in the FLUO 
group compared to the NAV group. When referring 
to a previous study, the closest major vascular struc-
ture to the S1 anterior cortex was 13–15 mm.15,16 The 
increased safety in the NAV group is supported by the 
maximum penetration being only 5.48 mm from the S1 
anterior cortex. In contrast, the FLUO group showed a 
12.27 mm distance as the maximum penetration. This 
issue should be kept in mind when performing bicorti-
cal fixation using the FLUO technique.

In a previous biomechanics study, Barber et al indi-
cated that a good pull-out strength of the pedicle screw 
was significantly related to greater than 30° of screw 
convergence.17 In addition, Karami et al found that 
increasing screw depth led to more stiffness and reduced 
loosening.18 In our study, the NAV group showed supe-
riority in increased screw convergence and higher 
%screw depth, which allowed the surgeon to create the 
best construct stability without risking breach.10,17,18 
Concordantly with clinical outcomes, deeper screw 
insertion was correlated with a more favorable VAS 
(back) at the 12-month follow-up, which might be 
due to more stable fixation. The larger cage size might 
affect the improvement in VAS (leg) at 6- and 12-month 
follow-up due to the indirect decompression effect.

Regarding facet joint violation, Teles et al discovered 
an increased facet joint violation in percutaneous min-
imally invasive techniques in comparison to the open 
technique.19 Furthermore, Ohba et al indicated that 
facet joint violation was significantly lower in NAV 
compared with FLUO, which may result in a decrease 
in adjacent segment degeneration.20 Similarly, in our 
findings, facet joint violation was higher in the FLUO 
group than in the NAV group. Despite the similarities 
in percutaneous technique, NAV screw fixation avoided 
facet joint violation due to clear visibility with a 3D 
image during screw insertion. The lower rate of cranial 
facet violation could theoretically reduce the incidence 
of adjacent segment degeneration.19

Adequate decompression is the most important factor 
for early postoperative clinical outcomes. The same 
surgical decompression technique in the 2 study groups 
(microscopic-assisted decompression) meant there was 
no difference in the immediate postoperative clinical 
results, as well as at the 1- and 3-month follow-ups. 
However, clinical results revealed a better VAS and ODI 
in the NAV group at the 6- and 12-month follow-ups. 
This may have resulted from the more stable construc-
tion (more convergence and increased %screw depth) 
using NAV pedicle screw placement.

There were some limitations to our study, includ-
ing its retrospective design, lack of randomization in 
patient enrollment, and a sample size that was too small 
to detect secondary outcomes. Further prospective, 
long-term studies are required for a better understand-
ing of the improvements in clinical outcomes afforded 
by navigated MIS-TLIF.

CONCLUSIONS

The NAV MIS-TLIF showed superior screw place-
ment accuracy, increased screw convergence and depth, 
and reduced cranial facet joint violation compared to 
FLUO MIS-TLIF. Furthermore, although not meeting 
the clinically significant criteria, more favorable clini-
cal scores (VAS back, VAS leg, and ODI) were revealed 
in the NAV group at the 6- and 12-month follow-ups.
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