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Single-position oblique lumbar
interbody fusion with navigation:
improved efficiency and screw
accuracy compared to dual-position
with fluoroscopy

Hangeul Park®8, Hui Son??, Jun-Hoe Kim?', Sum Kim3, Young-Rak Kim*, Chang-Hyun Lee®%,
Chun Kee Chung® & Chi Heon Kim™57*

Dual-position oblique lumbar interbody fusion with fluoroscopy (D-OLIF) requires repositioning

the patient to a prone position for pedicle screw insertion. Recently, single-position surgery with
navigation has been introduced. However, there are concerns regarding pedicle screw accuracy and
achieving appropriate sagittal balance in single-position OLIF with navigation (S-OLIF). The purpose
of this study is to evaluate the clinical and radiological outcomes of S-OLIF compared to D-OLIF. A
retrospective analysis was conducted on 102 patients who underwent single-level OLIF at a single
institution. The patients were divided into two groups: 55 in the S-OLIF group and 47 in the D-OLIF
group. The numeric rating scale for back and leg, Oswestry disability index, and walking distance
improvements showed no significant difference. However, the EuroQol 5-dimension 5-level index
showed higher improvement in the S-OLIF (P =0.029). The segmental lordosis, lumbar lordosis, and C7
sagittal vertical axis showed no significant difference. S-OLIF had significantly fewer cases of pedicle
screw malposition (P =0.045). Additionally, the surgery time was shorter in the S-OLIF (P =0.002). In
conclusion, S-OLIF exhibited clinical and radiological outcomes comparable to D-OLIF, with the added
advantages of reduced surgery time and enhanced accuracy in pedicle screw placement.

Lumbar interbody fusion has become a widely utilized surgical technique for treating various lumbar spine
conditions, such as degenerative disc disease, spondylolisthesis (SPL), and spinal stenosis. Among the mini-
mally invasive approaches, oblique lumbar interbody fusion (OLIF) offers several advantages, such as reduced
muscle trauma, shorter hospital stays, and faster recovery compared to the posterior approach®*. Furthermore,
it presents a lower risk of vascular, bowel, and reproductive injuries in comparison to the anterior approach>*.
In the dural-position OLIF with fluoroscopy (D-OLIF), the patients are repositioned from a lateral decubitus to
a prone position for the insertion of pedicle screws”®. However, the recent advancements in intraoperative navi-
gation systems have allowed the placement of pedicle screws in the lateral position without requiring a position
change”’. Single-position OLIF with navigation (S-OLIF) streamlines the surgical workflow, reduces operative
time, and potentially lowers the risk of complications associated with patient repositioning'®. Additionally,
S-OLIF may result in less intraoperative blood loss and shorter hospital stays, contributing to improved patient
outcomes and faster postoperative recovery”®. Despite these benefits, concerns remain about the lateral posi-
tion for pedicle screw insertion, as surgeons may be less familiar with this approach, potentially leading to the
risk of screw misplacement!. Moreover, compared to the prone position, the lateral decubitus position may not
provide sufficient segmental lordosis (SL) and lumbar lordosis (LL), which could be a limitation in improving
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sagittal imbalance'? The objective of this study is to evaluate the clinical and radiological outcomes of S-OLIF
compared to D-OLIF in patients with lumbar spine disorders.

Methods

Study population

A retrospective analysis of prospectively collected data was conducted on a total of 122 patients who underwent
OLIF for SPL, lumbar spinal stenosis (LSS), foraminal stenosis (FS), and lumbar disc herniation (LDH) at our
institution from July 2015 to June 2023. S-OLIF was started in November 2020 when an intraoperative surgical
navigation system was installed. There were 61 patients in both the S-OLIF and D-OLIF groups. Patients who
had previous fusion surgery at the index level (S-OLIF, n=2; D-OLIF, n= 1) were excluded. Additionally, those
who underwent multilevel OLIF (S-OLIF, n=3; D-OLIFE, n=13) and one patient who underwent fluoroscopy-
guided S-OLIF were excluded. Consequently, a total of 55 patients in the S-OLIF group and 47 patients in the
D-OLIF group were included in the analysis (Supplementary Fig. S1). Demographic data, including age, sex,
body mass index (BMI), diagnosis, clinical symptoms, surgery level, and comorbidities, were collected through
retrospective medical record review. Follow-up visits were scheduled at 1, 3, 6, 12, and 24 months after surgery.
Preoperative spine X-rays, computed tomography (CT), and magnetic resonance imaging (MRI) were performed
for all patients. Immediate postoperative MRI was conducted after surgery, and spine X-rays were taken at each
follow-up visit, with CT done at 6 or 12 months postoperatively. During outpatient visits, patients completed
self-reports for the Oswestry disability index (ODI)*?, EuroQol 5-dimension 5-Level (EQ-5D-5L) index', and
numeric rating scale (NRS)" for both leg and low back pain. Surgical parameters, including total anesthesia time,
total surgery time, time from anesthesia to skin incision, and estimated blood loss (EBL), were collected from
anesthesia records. The institutional review board of Seoul National University Hospital waived the requirement
for informed consent and approved the study protocol and chart review. All investigations were conducted in
accordance with our institutional review board of Seoul National University Hospital guidelines and regulations.
(Approval No. 2101-080-1187).

Single-position oblique lumbar interbody fusion with navigation

Patients were positioned in the right lateral decubitus position with their hips and knees flexed at approximately
30 degrees. An intraoperative CT was conducted using the O-arm™ surgical imaging system (Medtronic, Min-
neapolis, MN, USA) after inserting the navigation reference frame at the left posterior superior iliac spine (PSIS).
The images were then transferred to the StealthStation™ S8 navigation system (Medtronic, Minneapolis, MN,
USA) for guidance during the surgery. Pedicle screws were inserted first, followed by an anterior approach?®.
The surgical approach involved making a skin incision and tapping after verifying the entry point for the pedicle
screw using the navigation probe. Pedicle screws were inserted under the guidance of the navigation system. The
navigation probe was used to confirm the index disc. For levels above L5, a 6 cm oblique skin incision was made
anteriorly and posteriorly from the anterior margin of the index disc. The external oblique, internal oblique,
and transverse abdominal muscles were dissected, and the endoabdominal fascia was gently detached from
the iliac crest to access the retroperitoneal space. Major structures like the peritoneum, ureter, common iliac
artery, and vein were protected and retracted anteriorly. The psoas muscle was detached from the vertebra and
retracted posteriorly to expose the mid-point of the index disc. For the L5-S1 level, an oblique skin incision of
6 cm is made two finger-breadths anterior to the anterior superior iliac spine (ASIS), between the vertical line
projected perpendicular to the floor from mid-point of the L5-S1 disc pace and the extension line of the S1 upper
endplate. Avoiding injury to the abdominal wall nerves (especially the iliohypogastric and ilioinguinal nerves)
and repairing the aponeurosis of the abdominal muscles are important to prevent abdominal wall hernia. If the
inferior epigastric vessel is encountered during the approach, it could be ligated; however, the iliohypogastric
and ilioinguinal nerves should not be ligated. A notable difference is the absence of the three-layered muscles
(external oblique, internal oblique, and transverse abdominal muscle) in the lower abdominal wall. For the
approach to L2-L5 from the flank, the three layers of muscle are split to approach the retroperitoneal space, and
an approximation of the split muscles with sutures is sufficient for closure. However, for the L5-S1 approach,
the aponeurosis of the three muscles is joined, and these layers are often not easy to discern and may need to be
split as one or two layers. These layers should be very tightly closed with sutures to prevent abdominal hernia.
Additionally, the L5-S1 disc space is approached between the left and right common iliac vessels to avoid injury
to the iliac vein, its branches, and the lumbar plexus'’. The differences in skin incision and approach for the
two procedures are presented in Supplementary Fig. S2. After annulotomy, the disc was removed, and endplate
preparation was done. A trial cage was inserted into the disc space under navigation guidance. The final case
was filled with an appropriate fusion facilitating material and it was inserted, targeting the anterior one-third of
the disc space. Alignment reduction was achieved using the previously placed pedicle screws, and the surgical
wounds were closed.

Dual-position oblique lumbar interbody fusion with fluoroscopy

The patients were placed in the same position as in S-OLIF, and the index disc was confirmed using C-arm
fluoroscopy. In D-OLIF, the anterior approach was performed first, followed by the insertion of pedicle screws.
Following a similar procedure as S-OLIF, the skin was incised, muscles and fascia were dissected, and retractors
were placed to expose the mid-point of the index disc. Disc removal and endplate preparation were performed,
followed by sequential insertion of the trial cage and final cage filled with fusion facilitating materials, all guided
by C-arm fluoroscopy. Then, the abdominal wound was closed, and the patient was repositioned from the lateral
to the prone position for pedicle screw insertion. Pedicle screws were inserted under the guidance of C-arm
fluoroscopy. Alignment reduction was carried out, and the wound was closed.
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Clinical outcomes

Pain relief and functional improvement were evaluated by assessing changes in NRS-back, NRS-leg, ODI, EQ-
5D-5L index, and walking more than 15 min without neurogenic intermittent claudication (NIC). Walking
distance was measured by converting 15 min of walking into 1 km. Efficiency of operative time was analyzed
by comparing total anesthesia time, total surgery time, and time from anesthesia to skin incision. Postoperative
outcomes included a comparison of the types and rates of complications between the S-OLIF and D-OLIF groups.
Additionally, the learning curve of S-OLIF was evaluated by comparing total surgery time, EBL, cumulative
incidence of complications, and pedicle screw misplacement.

Radiologic outcomes

The LL was measured by determining the Cobb angle between the upper endplate of L1 and the upper endplate
of S1'#°_ Similarly, the SL was measured by determining the Cobb angle between the upper endplate of the upper
vertebral body at the index level and the lower endplate of the lower vertebral body at the index level”. Sagittal
balance was evaluated by drawing the C7 plumb line and measuring the vertical distance between the posterior
superior corner of S1 and the C7 plumb line®. Sagittal vertical axis (SVA) imbalance was defined as exceeding
-40 mm to + 40 mm?*"*%. Changes in LL and SL was compared by measuring the angles on standing X-rays taken
before and after the surgery. Additionally, the improvement of sagittal balance was compared. For cases of SPL,
improvement in vertebral body slippage was evaluated by measuring changes in the vertebral body slippage
ratio based on the upper endplate of the lower vertebral body before and after surgery®. The improvement in
the foraminal area was evaluated using a spine MRI taken immediately after the surgery. During the follow-up
period after surgery, screw accuracy was evaluated using spine CT and screw misplacement was assessed using the
Gertzbein-Robbins grading scale?*. The interbody fusion grade was evaluated according to the criteria proposed
by Bridwell et al’s study?*, with fusion grade 1 and 2 being defined as successful fusion?. The disc height was
measured by averaging the anterior border disc height and posterior border disc height*”*. Case malposition
was defined as the situation where the center of the cage is outside the anterior one-third of the disc space®.
Additionally, cage subsidence was defined as the presence of cortical bone destruction of 2 mm or more at any
endplate, as observed on follow-up spine CT***!. Instrument failure was evaluated based on the occurrence of
screw loosening, screw fracture, and rod fracture observed on follow-up spine X-rays and spine CT*%

Statistics

All statistical analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, New York, USA), and a P
value < 0.05 was considered statistically significant. Continuous variables were compared using an independent
t-test, and the significance of categorical variables was tested using either the chi-square test or Fisher’s exact
test. Scatter plots and cumulative distribution were analyzed using linear regression or non-linear regression,
with the goodness of fit evaluated using the R-squared value. The regression model that best represented the data
trend and had the highest R-squared value was selected to create the regression graph.

Results

Out of a total of 102 patients, there were 55 patients in the S-OLIF group and 47 patients in the D-OLIF
group. The mean age of patients in the S-OLIF group was 66.6 + 9.7 years, while in the D-OLIF group, it was
67.8+£9.2 years. Among the patients, 38 (69.1%) and 28 (59.6%) were female, respectively. Due to S-OLIF being
initiated at our institution in November 2020, the follow-up periods for the two groups were different (P <0.001).
In both groups, the most frequent diagnosis was SPL and among them, grade 1 was the most prevalent. The most
common surgical level was L4-5. There were no significant differences in BMI, current smoker ratio, osteoporosis,
and diabetes mellitus between the two groups. The baseline characteristics of the patients are presented in Table 1.

Comparison of clinical outcomes between two groups

In both groups, NRS-back, NRS-leg, ODI, and walking more than 15 min without NIC improved from preopera-
tive to the last follow-up, but there were no significant differences between the two groups (P =0.749, 0.148, 0.677,
and 0.150, respectively). Conversely, the EQ-5D-5L index improved in both groups from preoperative to the last
follow-up, with a higher score in the S-OLIF group at 0.75+0.12 compared to 0.67 £0.18 in the D-OLIF group
(P=0.029). The serial changes in clinical parameters during preoperative and follow-up periods are presented
in Fig. 1. There were 19 complications (34.6%) and 11 complications (23.4%) in each group, but there was no
significant difference between the two groups (P=0.115). Only the incidence of genitofemoral nerve irritation
signs was higher in the S-OLIF group than in the D-OLIF group (P=0.019). There were no cases of large ves-
sel injury, ureter injury, hernia, or secondary surgery during the follow-up period in either group. The specific
complications, including symptoms, treatments, and outcomes, that occurred in the S-OLIF and D-OLIF groups
are presented in Supplementary Table S1. The length of hospital stay was little longer in the S-OLIF group, with
4.9 £1.6 days compared to 4.0 £ 1.0 days in the D-OLIF group (P =0.001). The clinical outcomes of the patients
are presented in Table 2. Additionally, the clinical outcomes of the three patients who underwent multilevel
S-OLIF are presented in Supplementary Table S2.

Comparison of radiological outcomes between two groups

Postoperatively, the bilateral foraminal area expanded in both groups, and disc height increased at the last
follow-up for both groups, but there were no significant differences between the two groups (P =0.881, 0.980,
and 0.131, respectively). SL increased to 16.6 + 8.7 degrees in the S-OLIF group (preoperative; 11.7 +£8.6) and
17.6 £8.5 degrees in the D-OLIF group (preoperative; 13.4+8.9). The LL increased to 47.6 + 13.4 degree in the
S-OLIF group (preoperative; 42.1 +15.3) and 47.9 + 13.8 degree in the D-OLIF group (preoperative; 42.8 + 14.1).
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S-OLIF (n=55) D-OLIF (n=47) P value

Age (year), mean +SD (range) 66.6+10.1 (21-84) 67.8+9.2 (49-88) 0.525
Female, n (%) 38(69.1) 28 (59.6) 0.316
Follow-up period (months), mean + SD (range) 9.6+6.0 (10.7-24.5) 17.8+8.0 (3.0-28.7) <0.001
Diagnosis, n (%)

Spondylolisthesis 48 (87.3) 27 (57.5) 0.001
Lumbar disc herniation 1(1.8) 3(6.4) 0.332
Lumbar spinal stenosis 5(9.1) 14 (29.8) 0.007
Foraminal stenosis, n (%) 3(5.5) 1(2.1) 0.332
Spondylolisthesis grade 1, n (%) 31 (64.6,n=48) 24 (88.9,n=27) 0.022
Spondylolisthesis grade 2, n (%) 16 (33.3,n=48) 3(11.1,n=27) 0.034
Spondylolisthesis grade 3, n (%) 1(1.8,n=48) 0(0,n=27) 1.000
Surgery level, n (%)

L2-3 0(0) 1(2.1) 0.461
L3-4 4(7.3) 6(12.8) 0.507
L4-5 39 (70.9) 23 (48.9) 0.023
15-S1 12 (21.8) 17 (36.2) 0.109
History of previous posterior decompression surgery | 2 (3.6) 2(4.3) 1.000
Body mass index (kg/m?), mean + SD (range) 24.5+3.7 (15.6-37.4) |24.9+2.9 (19.2-32.9) 0.592
Current smoker, n (%) 3(5.5) 5(10.6) 0.465
Osteoporosis, n (%) 9(28.2,n=32) 8(24.2,n=33) 0.722
Diabetes mellitus, n (%) 10 (18.2) 14 (29.8) 0.168

Table 1. Demographics of patients. S-OLIF single-position oblique lumbar interbody fusion with navigation,
D-OLIF dual-position oblique lumbar interbody fusion with fluoroscopy, SD standard deviation.

However, there was no significant difference between the two groups (P=0.536, and 0.914, respectively). C7 SVA
imbalance improved in both groups and especially in SPL patients, vertebral body slippage improved in both
groups (P=0.617 and 0.784). Figure 2 presented a representative case of D-OLIF showing the improvement in
radiologic parameters. Figure 3 presented a representative case of S-OLIF showing the improvement in radiologic
parameters. There were no cases of cage malposition in either group. Overall, pedicle screw misplacement was
significantly higher in the D-OLIF group (8 out of 92, 8.70%) compared to the S-OLIF group (2 out of 144, 1.39%)
(P=0.045). Notably, in the S-OLIF group, all misplacements were cortical breaches less than 2 mm, whereas in
the D-OLIF group, the majority (7 out of 8, 87.5%) had cortical breaches greater than 2 mm. The radiological
outcomes of the patients are presented in Table 3. Additionally, the radiological outcomes of the three patients
who underwent multilevel S-OLIF are presented in Supplementary Table S3.

Operative time efficiency of single-position oblique lumbar interbody fusion with navigation

After anesthesia and before the skin incision, a navigation CT was taken. Consequently, the time between anes-
thesia to skin incision was longer in the S-OLIF group, with 61.7 + 14.6 minutes compared to 54.1 + 14.5 minutes
in the D-OLIF group (P = 0.010). However, the total anesthesia time and total surgery time were shorter in the
S-OLIF group (P = 0.006 and 0.002, respectively). The surgical parameters of the patients are presented in Table 4.

Learning curve of single-position oblique lumbar interbody fusion with navigation

The scatter plot of the S-OLIF group, arranged in chronological order from the first case, displayed a decreas-
ing trend in surgery time and EBL. However, these trends were not statistically significant (P=0.527 and 0.069,
respectively). Initially, S-OLIF demonstrated a lower cumulative complication rate compared to D-OLIF. How-
ever, in the mid-cases, S-OLIF showed a higher trend in cumulative complication occurrence than D-OLIE. From
the 41st case onwards, it became similar to D-OLIF’s cumulative complication rate and showed a decreasing
trend thereafter. (P <0.001) The screw misplacement rate in S-OLIF was lower than the cumulative screw mis-
placement rate of D-OLIF from the early cases. (P <0.001) The scatter plots and non-linear regression results
for surgery time, EBL, cumulative complications, and cumulative screw misplacement were presented in Fig. 4.

Discussion

In this study, we compared clinical and radiological outcomes between S-OLIF and D-OLIE. At the last follow-up,
the S-OLIF group showed significantly better functional improvement based on the EQ-5D-5L index. However,
there were no significant differences in other outcome measurements between the two groups. The S-OLIF
group had a slightly longer hospitalization period due to two specific cases with paralytic ileus and genitofemoral
nerve irritation, respectively. Overall complication occurrence did not differ significantly between the groups,
but S-OLIF showed a higher incidence of genitofemoral nerve irritation signs. The use of navigation in S-OLIF
might have led to increased psoas muscle retraction compared to D-OLIF because it provides real-time feedback
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Figure 1. Serial follow-up of patents reported clinical outcomes. (A) The graph represents the numeric

rating scale (NRS) for back pain in single-position oblique lumbar interbody fusion with navigation (S-OLIF)
and dual-position oblique lumbar interbody fusion with fluoroscopy (D-OLIF) patients at preoperative and
postoperative follow-ups (1 month, 3 months, 6 months, 12 months, and 24 months). (B) The graph represents
the NRS for leg pain in S-OLIF and D-OLIF patients at preoperative and postoperative follow-ups (1 month,

3 months, 6 months, 12 months, and 24 months). (C) The graph represents the Oswestry disability index (ODI)
in S-OLIF and D-OLIF patients at preoperative and postoperative follow-ups (1 month, 3 months, 6 months,
12 months, and 24 months). (D) The graph represents the EuroQol 5-dimension 5-Level (EQ-5D-5L) index

in S-OLIF and D-OLIF patients at preoperative and postoperative follow-ups (1 month, 3 months, 6 months,
12 months, and 24 months).

on the center point of the disc. There were no significant differences in measurements of radiological outcomes.
Specifically, SL and LL increased in both groups after surgery, but there were no significant differences between
the two groups. However, the accuracy of pedicle screw placement was higher in the S-OLIF group.

General concept and strength of oblique lumbar interbody fusion

OLIF is one of the approaches used in lateral lumbar interbody fusion (LLIF), involving access to the retroperito-
neal space through the gap between the anterior vessels and the psoas muscle®. The interbody device utilized in
OLIF allows for effective distraction to achieve foraminal decompression, ensuring the acquisition of a lordotic
angle and promoting rapid fusion*. When compared to another LLIF known as direct lumbar interbody fusion
(DLIF), OLIF has demonstrated a reduction in the risks of psoas muscle injury and lumbar plexus injury, along
with improved sagittal balance correction®*?. Moreover, OLIF has shown a lower incidence of sympathetic
chain injury and major vessel injury compared to anterior lumbar interbody fusion (ALIF)***’. In comparison
to transforaminal lumbar interbody fusion (TLIF), OLIF has shown no difference in patient-reported outcomes.
However, OLIF exhibits superior disc height restoration and faster fusion. Additionally, OLIF requires a shorter
surgical duration and results in lower EBL when compared to minimally-invasive TLIF.

Advantages of using intraoperative navigation in fusion surgery
The use of navigation in S-OLIF offers several advantages, including precise and accurate insertion of cages and
pedicle screws*>*°. Real-time feedback provided by the navigation system allows surgeons to follow optimal
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S-OLIF (n=55) D-OLIF (n=47) P value
NRS-back, mean + SD (range)
Preoperative 6.8+2.3 (0-10) 6.6+2.7 (0-10) 0.713
Last follow-up 3.3+2.1(0-8) (n=54) 3.1+2.4 (0-8) (n=39) 0.749
NRS-leg, mean + SD (range)
Preoperative 7.0+2.1 (0-10) 7.4+2.6 (0-10) 0.492
Last follow-up 3.2+2.3(0-8) (n=54) 4.0+2.7 (0-8) (n=39) 0.148
ODI (%), mean + SD (range)
Preoperative 54.2+17.3 (17.8-86.7) 53.3+19.4 (20-91.1) 0.797
Last follow-up 28.2+14.7 (2.2-64.4) (n=51) 29.6+16.6 (6.7-68.9) (n=39) 0.677
EQ-5D-5L index, mean + SD (range)
Preoperative 0.45+0.19 (0-0.83) 0.46+0.24 (0.05-0.85) (n=45) | 0.891
Last follow-up 0.75+0.12 (0.38-0.90) (n=54) | 0.67+0.18(0.03-0.86) (n=37) | 0.029
Walking more than 15 min without NIC, n (%)
Preoperative 5 (10, n=50) 9 (22.5,n=40) 0.104
Last follow-up 37 (92.5, n=40) 10 (76.9,n=13) 0.150
Complications, n (%) 19 (34.6) 11(23.4) 0.218
Ipsilateral transient psoas weakness 2(3.6) 1(2.1) 1.000
Peritoneal injury 1(1.8) 1(2.1) 1.000
Paralytic ileus 2(3.6) 2(4.3) 1.000
Ipsilateral sympathetic chain symptoms 5(9.1) 6(12.8) 0.551
Irritation of ipsilateral genitofemoral nerve 9(16.4) 1(2.1) 0.019
Large vessel injury 0(0) 0(0)
Ureter injury 0(0) 0(0)
Hernia 0(0) 0(0)
Secondary surgery, n (%) 0(0) 0(0)
Length of hospital stay (day), mean +SD (range) 49+1.6 (3-12) 4.0+1.0 (3-6) 0.001

Table 2. Comparison of clinical outcomes between single-position oblique lumbar interbody fusion with
navigation and dual-position oblique lumbar interbody fusion with fluoroscopy. S-OLIF single-position
oblique lumbar interbody fusion with navigation, D-OLIF dual-position oblique lumbar interbody fusion with
fluoroscopy, NRS numerical rating scale, SD standard deviation, ODI Oswestry disability index, EQ-5D-5L
EuroQol 5-dimension 5-level, NIC neurogenic intermittent claudication.

trajectories and depths, reducing the risk of instrument malposition or misplacement and improving overall
surgical outcomes*!. Notably, a study reporting on cage insertion with navigation guidance achieved an impres-
sive success rate of 94.86% in achieving appropriate cage placement*’. Additionally, when using navigation
for pedicle screw insertion, the reported accuracy rate was 90.76%, surpassing the accuracy of pedicle screw
placement guided by fluoroscopy at 85.48%*. Furthermore, when pedicle screws were inserted using navigation
guidance in the lateral position, the screw malposition rate was as low as 1.8% to 3.5%>”. In contrast, D-OLIF
requires patient repositioning from lateral to prone position for pedicle screw insertion, leading to longer sur-
gery times and potentially increased pressure on anterior elements, raising the risk of complications**-**. In this
study, a single spine neurosurgeon performed both the anterior approach for cage insertion and the pedicle screw
insertion sequentially. However, simultaneous procedures by two surgeons, with one focusing on the anterior
approach and the other on the posterior approach, can further shorten the surgery time?. Additionally, navigation
can be particularly beneficial in cases of severe obesity or significant degenerative changes, where identifying
anatomical landmarks using fluoroscopy is challenging*. To accurately guide the insertion of the cage and pedicle
screw using fluoroscopy, orthogonal views are required. As a result, frequent fluoroscopy image acquisition is
essential during the process of cage and pedicle screw insertion*"*’. However, this frequent fluoroscopy imag-
ing can increase radiation exposure for both the surgeon and the patient*®. On the other hand, the utilization of
navigation can reduce the reliance on fluoroscopy during cage and pedicle screw insertion, thereby decreasing
radiation exposure for the surgeon and the patient*®. In cases where pedicle screw insertion is performed in
the lateral position, concerns about insufficient SL and LL compared to the prone position have been raised'?.
However, several studies have reported that repositioning from the lateral position to the prone position during
LLIF does not result in a significant increase in LL**~*. Ouchida et al.* conducted a comparison of LL generated
in single-position LLIF and repositioning interbody fusion. In single-position LLIF, the gain in LL was measured
to be 4.2 degrees. After repositioning the patient to the prone position for pedicle screw insertion, the obtained
LL was 4.4 degrees. The study found no significant difference in lumbar lordosis between the two groups.
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Figure 2. A representative case of improved radiological parameters in dual-position oblique lumbar interbody
fusion with fluoroscopy. (A) The patient is a 75-year-old female with spondylolisthesis (SPL) grade 1 at the

L3-4 level. (B and C) Her pelvic incidence (PI) is measured at 72.9 degrees, while the lumbar lordosis (LL) is

18 degrees, resulting in a PI-LL mismatch of 54.9 degrees. The segmental lordosis (SL) at L3-4 is -1.8 degrees,
and positive sagittal imbalance is evident. (D) The patient underwent a dual-position oblique lumbar interbody
fusion with fluoroscopy (D-OLIF). A computed tomography (CT) performed one year after surgery confirmed
cage subsidence, but showed successful fusion and no instrument failure. (E and F) The postoperative one-year
follow-up X-ray shows that vertebral body slippage has been reduced. The LL measures 26.2 degrees. The SL has
increased to 7.1 degrees, and sagittal imbalance has improved.
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Figure 3. A representative case of improved radiological parameters in single-position oblique lumbar
interbody fusion with navigation. (A) The patient is a 77-year-old female with spondylolisthesis (SPL) grade

1 at the L4-5 level. (B and C) Her pelvic incidence (PI) is measured at 46.9 degrees, while the lumbar lordosis
(LL) is 22.7 degrees, resulting in a PI-LL mismatch of 24.2 degrees. The segmental lordosis (SL) at L4-5is 9.5
degrees, and positive sagittal imbalance is evident. (D) The patient underwent single-position oblique lumbar
interbody fusion with navigation (S-OLIF). Computed tomography (CT) performed one year one year after
surgery confirmed successful fusion, no instrument failure, and no cage subsidence. (E and F) The postoperative
one-year follow-up X-ray shows that vertebral body slippage has been reduced. The LL measures 36.1 degrees.
The SL has increased to 13.1 degrees, and sagittal imbalance has improved.
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S-OLIF (n=55) D-OLIF (n=47) P value

Foraminal area, right (mm?), mean + SD (range)

Preoperative 50.6+14.3 (24.6-86.6) (n=54) 52.2+13.3 (25.9-91.6) 0.553
Postoperative 70.8+22.6 (35.6-130.4) (n=52) | 71.6+21.5(42.4-132.4) (n=28) | 0.881
Foraminal area, left (mm?), mean +SD (range)

Preoperative 53.9+15.0 (27.6-90.4) (n=54) 54.5+14.6 (29.3-90.6) 0.828
Postoperative 77.7+21.0 (42.0-134.1) (n=52) | 77.8+19.0 (42.8-132.4) (n=28) | 0.980
Disc height (mm), mean + SD (range)

Preoperative 6.5+3.1(0.2-13.7) 7.9+3.6 (0.7-19.7) 0.043
Last follow-up 13.3+3.3(7.2-27.6) 124+2.1(7.1-17.2) 0.131
Segmental lordosis (degree), mean + SD (range)

Preoperative 11.7+8.6 (-8.1-29.1) 13.4+8.9 (- 6.8-34.7) 0.333
Last follow-up 16.6+8.7 (-7.2-36.5) 17.6+8.4 (- 1.8-38.7) 0.536
Lumbar lordosis (degree), mean + SD (range)

Preoperative 42.1+15.3 (9.4-74.8) 42.8+14.1 (9.0-64.9) 0.806
Last follow-up 47.6+13.4 (21.7-84.6) 47.9+13.8 (21.5-77.2) 0.914
C7 sagittal vertical axis imbalance, n (%)

Preoperative 24 (43.6) 15 (31.9) 0.225
Last follow-up 8 (25.8) 8 (25.8,n=31) 0.617
Vertebral body slippage (%), mean + SD (range)

Preoperative 22.6+9.5 (4.3-55.8) (n=48) 16.5+9.5 (1.3-37.0) (n=27) 0.010
Last follow-up 8.0+3.7 (2.0-19.4) (n=48) 7.6+5.9 (0.3-22.9) (n=27) 0.784
Successful interbody fusion, n (%) 32(88.9,n=36) 20 (87.0,n=23) 1.000
Case malposition, n (%) 0(0) 0(0, n=41)
Cage subsidence, n (%) 10 (27.8,n=36) 8 (34.8,n=23) 0.569
Pedicle screw misplacement, n (%) 2 (1.4,n=144) 8(8.7,n=92) 0.045
<2 mm cortical breach 2(100,n=2) 1(12.5,n=8) 0.067
<4 mm cortical breach 0(0,n=2) 5(62.5,n=8) 0.444
<6 mm cortical breach 0(0,n=2) 2(25,n=8) 1.000
>6 mm cortical breach 0(0,n=2) 0(0,n=8)
Instrument failure, n (%) 4(7.3) 2(4.3) 0.684

Table 3. Comparison of radiological outcomes between single-position oblique lumbar interbody fusion
with navigation and dual-position oblique lumbar interbody fusion with fluoroscopy. S-OLIF single-position
oblique lumbar interbody fusion with navigation, D-OLIF dual-position oblique lumbar interbody fusion with
fluoroscopy, SD standard deviation.

S-OLIF (n=55) D-OLIF (n=47) P value
Total anesthesia time (minute), mean + SD (range) 253.7+39.8 (180-385) | 285.7+68.5 (180-450) 0.006
Total surgery time (minute), mean + SD (range) 183.6+34.3 (125-275) 216.0+9.2 (125-350) 0.002
Efrl;ﬁ;a)etween anesthesia to skin incision (minute), mean +SD 61.7+14.6 (25-100) 54.1414.5 (35-105) 0.010
Estimated blood loss (ml), mean + SD (range) 167.1+99.6 (20-450) | 175.0+115.2 (50-500) (n=44) | 0.715

Table 4. Surgical parameters of single-position oblique lumbar interbody fusion with navigation and dual-
position oblique lumbar interbody fusion with fluoroscopy. S-OLIF single-position oblique lumbar interbody
fusion with navigation, D-OLIF dual-position oblique lumbar interbody fusion with fluoroscopy, SD standard
deviation.

Learning curve of single-position oblique lumbar interbody fusion with navigation

Warren et al.** reported in a retrospective analysis of single-position LLIF that as the number of surgical cases
increased, the surgical time decreased. Additionally, they found no significant differences in complications or
clinical outcomes when comparing it to dual-position LLIF. Ultimately, the study suggested that surgeons with
prior experience in dual-position LLIF may encounter a steeper learning curve when performing single-position
LLIE Blizzard et al.* reported a retrospective analysis of minimally-invasive single-position LLIF or OLIF and
similarly reported that surgeons with prior experience in the traditional prone position technique for pedicle
screw insertion may not face a significant learning curve when inserting pedicle screws in the lateral position. In
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Figure 4. Learning curve parameters of single-position oblique lumbar interbody fusion with navigation. (A)
The scatter plot shows the single-position oblique lumbar interbody fusion with navigation (S-OLIF) cases over
time and their corresponding surgery times. The non-linear regression with third order polynomial model is
shown in red (R?=0.042). As the number of cases accumulated, the overall trend of surgery time showed a slight
decrease, but there was no statistical significance (P =0.527). (B) The scatter plot shows the S-OLIF cases over
time and their corresponding estimated blood loss (EBL). The non-linear regression with the inverse model is
shown in red (R2=0.061). As the number of cases accumulated, the overall trend of EBL showed a decrease, but
there was no statistical significance (P=0.069). (C) The scatter plot shows the S-OLIF cases over time and their
corresponding cumulative complication count. The non-linear regression with third order polynomial model is
shown in red (R?=0.979, P<.001). The cumulative complication rate for dual-position oblique lumbar interbody
fusion with fluoroscopy (D-OLIF) was depicted as a blue dashed line, and it was parallelly shifted to intersect
with the cumulative complication curve for S-OLIFE. After the 10th case of S-OLIF, the cumulative complication
rate increased compared to the cumulative complication rate of D-OLIF. However, from the 41st case of S-OLIF
onwards, the cumulative complication rate showed a decreasing trend. (D) The scatter plot shows the pedicle
screws of S-OLIF cases over time and their corresponding cumulative screw misplacement count. The non-
linear regression with third order polynomial model is shown in red (R?=0.850, P <0.001). The cumulative
screw misplacement rate for D-OLIF was depicted as a blue dashed line, and it was parallelly shifted to intersect
with the cumulative screw misplacement curve for S-OLIF. The screw misplacement rate in S-OLIF showed a
lower trend compared to the cumulative screw misplacement rate of D-OLIF from the early cases of S-OLIF
onwards.

this study, S-OLIF procedures were performed by surgeons experienced in D-OLIE. The S-OLIF group showed
a mean surgery time of 32.4 min shorter than D-OLIF. However, when analyzing the trend of surgery time in
S-OLIF cases chronologically, there was a slight decreasing trend, but it was not statistically significant. Simi-
larly, the trend of EBL over time in S-OLIF cases showed a decrease, but it was not statistically significant either.
The cumulative complication rate of S-OLIF initially had a lower occurrence rate compared to D-OLIF in the
early cases. However, it increased in the mid-cases and then decreased in the later cases, but it did not precisely
follow the concept of a learning curve for complication occurrence. Regarding pedicle screw accuracy, S-OLIF
had a lower occurrence rate of screw misplacement compared to D-OLIF from the early cases. Based on these
findings, it can be concluded that surgeons experienced in D-OLIF may not require a significant learning curve
or only a limited number of cases when performing S-OLIE which aligns with conclusions drawn in previous
studies on learning curves.
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Limitations

This retrospective analysis of prospective collected data was conducted at a single institution, and the sample size
of the study subjects was limited. Therefore, future large-scale prospective studies with an increased number of
subjects will be necessary. Additionally, due to the relatively short postoperative follow-up period, complications
such as adjacent segment disease potentially arising from fusion could not be evaluated. Lastly, since S-OLIF
was performed by surgeons with prior experience in D-OLIF, the learning curve for S-OLIF in surgeons without
prior D-OLIF experience could not be evaluated.

Conclusion

S-OLIF showed better functional outcomes compared to D-OLIF while achieving similar improvements in
sagittal balance and complication occurrence. S-OLIF also demonstrated shorter surgery time and allowed for
more accurate pedicle screw insertion compared to D-OLIF. Lastly, the learning curve for S-OLIF is almost non-
existent or requires only a small number of cases for surgeons experienced in D-OLIFE.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request.
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