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Abstract

Study Design: A systematic review and meta-analysis

Objective: The purpose of this systematic review and meta-analysis was to compare the efficacy of lateral lumbar interbody fusion (LLIF)
combined with posterior spinal fusion (PSF) with that of conventional PSF in the treatment of adult spinal deformity (ASD).

Methods: A comprehensive literature search was performed for relevant studies in PubMed, EMBASE, Web of Science, and the
Cochrane Library. Spinopelvic parameters, surgical data, complications, and clinical outcomes at the last follow-up were
compared between patients with ASD who underwent LLIF combined with PSF (LLIF+PSF group) and those who underwent
conventional PSF (only-PSF group).

Results: Ten studies, comprising 621 patients with ASD (313 in the LLIF+PSF group and 308 in the only-PSF group), were
included. The level of evidence was Ill for 7 studies and IV for 3 studies. There was no significant difference in the improvement
in the visual analog scale score, systemic complication rate, and revision rate between groups. In the LLIF+PSF group, we noted a
superior restoration of lumbar lordosis (weighted mean difference [WMD], 9.77; 95% confidence interval [CI] 7.10 to 12.44,
P < .001), pelvic tilt (WMD, —2.50; 95% Cl —4.25 to —.75, P = .005), sagittal vertical axis (WMD, —21.92; 95% ClI —30.73
to —13.11, P <.001), and C7 plumb line-center sacral vertical line (WMD, —4.03; 95% Cl| —7.52 to —.54, P = .024); a lower
estimated blood loss (WMD, —719.99; 95% CI —1105.02 to —334.96, P < .001) while a prolonged operating time (WMD,
104.89; 95% Cl 49.36 to 160.43, P <.001); lower incidence of pseudarthrosis (risk ratio [RR], .26; 95% Cl .08 to .79, P = .017)
while higher incidence of neurologic deficits (RR, 2.04; 95% CI 1.27 to 3.25, P = .003); and a better improvement in Oswestry
Disability Index score (WMD, —7.04; 95% CI —10.155 to —3.93, P <.001) and Scoliosis Research Society-22 total score (WMD, .27;
95% Cl .11 to 42, P = .001). The level of evidence in this systematic review and meta-analysis was II.

Conclusion: Compared with conventional PSF, LLIF combined with PSF was associated with superior restoration of sagittal
and coronal alignment, lower incidence of pseudarthrosis, better improvement in quality of life, and less surgical invasiveness in
the treatment of ASD, albeit at the cost of prolonged surgical times and substantially high incidence of lower extremity
symptoms. Surgeons should weigh the advantages and disadvantages of this procedure, and inform patients about its side effects.
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Introduction

With prolonged life expectancy, the prevalence of adult
spinal deformity (ASD) is up to 68% in the elderly pop-
ulation.! Adult spinal deformity is associated with degen-
eration of the lumbar disc and facet joints, leading to
malalignment in the sagittal and coronal planes.* Patients
with ASD commonly complain of axial low back pain,
radiculopathy, disability, and poor health-related quality of
life (HRQoL).*> The primary goals of surgical treatment are
to harmoniously restore balance, alleviate pain, and improve
the overall quality of life.®

Posterior spinal fusion (PSF) has traditionally been per-
formed for ASD, often with multilevel decompression, in-
terbody fusion, and even radical osteotomy.® Although
effective, the posterior approach enables less access to the
anterior column, which might compromise its ability to obtain
adequate spinal realignment and fusion.” Also, as a procedure
with major surgical invasiveness and a high morbidity
rate, PSF is often limited by patient age and medical
comorbidities.®*’ Since ASD mostly affects the elderly pop-
ulation, searching for less invasive treatment strategies is of
paramount importance.

Since first reported by Ozgur et al, lateral lumbar interbody
fusion (LLIF) has gained popularity as a less invasive technique
for various spinal degenerative diseases.'*'? LLIF allows for a
large bone graft area, high fusion rate, less bleeding, and lower
complication rate through the lateral surgical approach.'>'*
When combined with posterior instrumentation and fusion,
surgeons are convinced that LLIF could obtain promising
clinical results and reduce surgical invasiveness in ASD.">'®

Some investigations have been performed to directly
compare LLIF combined with PSF to conventional PSF for
ASD. However, the efficacy of LLIF in ASD treatment remains
controversial and has not yet been systematically confirmed.

The purpose of this systematic review and meta-analysis
was to compare spinopelvic parameters, surgical data, com-
plications, and clinical outcomes between LLIF combined
with PSF and conventional PSF for the treatment of ASD.

Materials and Methods

This study was designed according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines and
registered with PROSPERO (ID: CRD42021290684)."%-2°

Search Strategy

PubMed, EMBASE, Web of Science, and Cochrane Library
databases were searched using the following terms: (((lateral)
AND (interbody fusion)) AND ((posterior) OR (trans-
foraminal))) AND (((spinal deformity) OR (scoliosis)) OR
(kyphosis)).

The literature search was updated on October 30, 2021.
Two reviewers (H.Y. and J.L.) independently screened the

titles and abstracts, and any differences were settled by dis-
cussion with a third reviewer (B.H.).

Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) adult patients (>18
years) diagnosed with ASD, which was defined as the presence
of at least 1 of the following indicators: Cobb angle >20° in the
coronal plane, sagittal vertical axis (SVA) > 50 mm, pelvic tilt
(PT) > 25°, lumbar lordosis (LL) < 20°, or thoracic kyphosis
(TK) = 60°; (2) studies in which the intervention was LLIF
combined with open PSF (anterior/posterior/transforaminal
lumbar interbody fusion could be performed in the lumbosa-
cral region if necessary), with or without any facetectomies;
studies in which LLIF was combined with percutaneous PSF
and facetectomies could also be included; (3) studies comparing
patients who solely underwent PSF (with or without any in-
terbody fusion and posterior osteotomies); and (4) studies with
the following outcomes: postoperative spinopelvic parameters,
surgical data, complications, and clinical outcomes.

The exclusion criteria were as follows: (1) studies that
included fewer than 10 patients; (2) studies that solely reported
the outcomes of PSF combined with 3-column osteotomies
(3CO) or percutaneous PSF without any facetectomies; (3)
reviews, case reports, biomechanical studies, and cadaveric
research; (4) studies with no available full text; (5) duplicate
publications; and (6) articles not published in English.

Assessment of Study Quality

Study quality was assessed independently by 2 reviewers
(H.Y. and J.L.) using the Newcastle—Ottawa scale (NOS)
recommended for retrospective studies by Cochrane Hand-
book version 5.2.0.2"** The level of evidence rating was
assigned according to published guidelines.

Outcomes

Spinopelvic parameters included LL, TK, pelvic incidence
(PD, PI-LL, PT, SVA, coronal Cobb angle, and C7 plumb line-
center sacral vertical line (C7PL-CSVL), and were assessed
preoperatively and at the last follow-up. Surgical data included
estimated blood loss (EBL) and operating time (ORT). Compli-
cations were assessed during the perioperative period and at
follow-up, including mechanical complications, surgical compli-
cations, systemic complications, and revision. Systemic compli-
cations included cardiopulmonary events (e.g., myocardial
infarction or adult respiratory distress syndrome), deep vein
thrombosis/pulmonary embolism, gastrointestinal events (e.g.,
ileus or stress ulcers), urinary events (e.g., acute renal failure or
urinary retention), and central nervous system events (e.g., stroke
or delirium). Clinical outcomes were the visual analog scale (VAS)
score for leg and back pain, Oswestry Disability Index (ODI)
score, and Scoliosis Research Society-22 (SRS-22) total score
preoperatively and at the last follow-up.
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Data Extraction

Data extraction was performed independently by 2 reviewers
(H.Y. and J.L.). We also recorded demographic information,
including age, sex, sample size, lumbar interbody fusion (LIF)
technique (cranial to and at the L5-S1 level), number of posterior
fixed segments, follow-up duration, and lordotic angle of LLIF
cages. The data for 17 outcomes were extracted for analysis.
Continuous outcomes included LL, TK, PI-LL, PT, SVA, coronal
Cobb angle, C7PL-CSVL, EBL, ORT, VAS score for leg pain,
VAS score for back pain, ODI score, and SRS-22 total score.
Dichotomous outcomes included mechanical complications,
surgical complications, systemic complications, and revision.

Data Analysis

All statistical analyses were performed using the Stata version 15.1.
Outcomes reported in at least 2 studies were analyzed. For con-
tinuous outcomes, the weighted mean difference (WMD) was used
to estimate the effect. The effect measure of dichotomous outcomes
is displayed as a risk ratio (RR). The mean and standard deviation
values of continuous outcomes or the counts and percentages of
dichotomous outcomes for comparisons of data points are also
displayed. The statistical heterogeneity among studies was eval-
uated using the I-square test and Cochran’s Q test. If the I value
was less than 50% and the P-value was greater than .10, a fixed-
effects model was used. If the I value was greater than 50% or the
P-value was less than .10, a sensitivity analysis was applied to
assess the impact of each study, and subgroup analysis was per-
formed if necessary. If a source of potential heterogeneity could not
be found, a random-effects model was used.

Assessment of Publication Bias

Potential publication bias was assessed by applying Egger’s
test at a P-value less than .10 level of significance.”® If
publication bias was indicated, we further evaluated the
number of missing studies by applying the “trim and fill”
method and recalculated the pooled WMD or RR with the
addition of those missing studies.**

Results

Study Selection

The systematic search yielded 617 articles, of which 423 were
duplicates, 168 were excluded by screening the title and
abstract, and 16 were considered improper after full-text re-
view. Eventually, 10 studies were included in this systematic
review and meta-analysis (Figure 1).>>>*

Assessment of Study Quality and Publication Bias

The quality of the included studies was assessed using the
NOS (Table 1). Of the 10 studies included, 6 were of high

quality with scores of 8-9, and 4 were of moderate quality
with scores of 7. The level of evidence was I1I for 7 studies and
IV for 3 studies. The level of evidence in this systematic
review and meta-analysis was II. Publication bias was not
detected for any variable.

Characteristics of Included Studies

Ten studies, comprising 621 patients with ASD, were in-
cluded. Of these patients, 313 underwent LLIF combined with
PSF (LLIF+PSF group), and 308 patients were treated with
conventional PSF (only-PSF group). Study and patient charac-
teristics of the included studies are presented in Table 2. There
were no significant differences at baseline between the 2 groups in
the patients’ age (68.23 £ 7.65 years vs 68.09 £ 7.68 years, P =
.998), male-to-female ratio (.24 vs .22, P = .517), number of
posterior fixed segments (8.62 +2.28 vs 7.96 £2.88, P=.175), LL
(21.27° + 16.94° vs 23.28° + 14.01°, P = .156), TK (21.05° +
15.44° vs 21.46° + 17.60°, P = .922), PI-LL (31.91° £ 17.04° vs
29.45°+15.03°, P=.109), PT (30.01° + 11.19° v§ 28.59° + 9.73°,
P=.104), PI (50.52° + 11.34° vs 51.65° + 10.43°, P = .408), SVA
(86.51 £ 56.01 mm vs 84.00 +49.17 mm, P=.301), C7PL-CSVL
(25.22 £ 19.3 mm vs 26.06 + 25.10 mm, P = .980), VAS score for
leg pain (6.12 + 2.89 vs 6.36 + 2.68, P = .451) and back pain
(7.43+£1.82vs7.23+£2.37, P=.441), ODI score (44.06 + 17.65
vs 41.52 £ 17.50, P=.205), and SRS-22 total score (2.53 +.58
vs 2.62 + .57, P = .290). However, the preoperative coronal
Cobb angle was significantly greater in the LLIF+PSF group
than in the only-PSF group (37.94° £ 17.16° vs 32.20° +
14.37°, P = .021). The length of follow-up weighted by the
sample size of each study was 25.99 + 4.20 months in the
LLIF+PSF group and 29.02 + 7.20 months in the only-PSF

group.

Spinopelvic Parameters

Lumbar lordosis. The restoration of LL could be obtained in 9
studies. The change in LL between the last follow-up and
baseline was 24.06° £ 19.02° in the LLIF+PSF group and 15.27°
+ 15.60° in the only-PSF group. The pooled results revealed a
significantly greater restoration of LL in the LLIF+PSF than in the
only-PSF group (WMD, 9.77; 95% confidence interval [CI] 7.10
to 12.44, P < .001), with no substantial heterogeneity among
studies (I> = .0%, P = .484) (Figure 2A). At the last follow-up, LL
was 44.99° + 11.26° in the LLIF+PSF group and 39.18° + 12.11°
in the only-PSF group.

Pelvic incidence minus lumbar lordosis. The restoration of PI-LL
could be obtained in 9 studies. The change in PI-LL between
the last follow-up and baseline was —27.61° = 19.86° in the
LLIF+PSF group and —18.30° £ 16.12° in the only-PSF
group. The pooled results revealed a significantly greater
restoration of PI-LL in the LLIF+PSF than in the only-PSF
group (WMD, —9.55; 95% CI —12.29 to —6.80, P <.001),
with no significant heterogeneity among studies (I* = 28.1%,
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Figure 1. Flow diagram depicting the literature review, search strategy, and selection process.

Table 1. Quality Assessment of Studies According to Newcastle-Ottawa Scale.

Author Year Selection Comparability Exposure Total score
Tormenti 2010 3 2 2 7
Baghdadi 2014 4 2 2 8
Strom 2016 3 2 2 7
Theologis 2016 3 2 2 7
Nakashima 2018 3 2 3 8
Park 2018 3 2 3 8
Iwamae 2020 4 2 2 8
Matsukura 2021 4 2 3 9
Yamato 2021 3 2 2 7
Yamamoto 2021 4 2 2 8

P = .194) (Figure 2B). At the last follow-up, PI-LL was
4.74° + 12.99° in the LLIF+PSF group and 11.56° + 13.58°
in the only-PSF group.

Pelvic tilt. The restoration of PT could be obtained in 9 studies.
The change in PT between the last follow-up and baseline
was —8.74° & 11.99° in the LLIF+PSF group and —5.70° + 10.17°
in the only-PSF group. The pooled results revealed a significantly
greater restoration of PT in the LLIF+PSF than in the only-PSF
group (WMD, —2.50; 95% CI —4.25, —.75, P = .005), with no

substantial heterogeneity among studies (I = 0%, P = .546)
(Figure 2C). At the last follow-up, PT was 21.54° + 9.89° in the
LLIF+PSF group and 22.87° = 8.17° in the only-PSF group.

Sagittal vertical axis. The restoration of SVA could be obtained
in 9 studies. The change of SVA between the last follow-up and
baseline was —54.33 + 57.89 mm in the LLIF+PSF group
and —33.66 £ 51.13 mm in the only-PSF group. The pooled results
revealed a significantly greater restoration of SVA in the LLIF+PSF
than in the only-PSF group (WMD, —21.92; 95% CI —30.73
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Study %
D WMD (95% Gl Weight

A Lumbar Lordosis :
Tormenti 2010 ——— -14.60 (-38.39, 9.19) 1.26
Baghdadi 2014 |—— 8.00 (1.18, 14.82) 15.31
Strom 2016 1| 11.00 (6.03, 15.97) 28.91
Theologis 2016 —“-—0— 11.40 (-5.25, 28.05) 2.57
Nakashima 2018 " —— 13,00 (5.20, 20.80) 11.73
Park 2018 | —m=— 12,10 (5.44, 18.76) 16.08
Iwamae 2020 ! e 13.90 (-1.06, 28.86) 319
Maltsukura 2021 —t— 4.30 (-5.98, 14.58) 6.74
Yamato 2021 —— 7.40 (0.32, 14.48) 14.22
Overall (I-squared = 0.0%, p = 0.484) : [+ 9.77 (7.10, 12.44) 100.00

B Ppewvic Incidence minus Lumbar Lordosis ;
Baghdadi 2014 —— -10.00 (-17.19, -2.81) 14.55
Strom 2016 - ! -11.00 (-16.41, -5.59) 25.70
Thealogis 2016 —.—“'— -10.50 (-24.69, 3.69) 3.73
Nakashima 2018 — ~17.90 (-26.49, -9.31) 10.18
Park 2018 — -12.10 (~19.70, -4.50) 13.01
Iwamae 2020 ——— ~13.70 (-30.85, 3.45) 2.56
Matsukura 2021 — -4.20 (~13.36, 4.96) 8.96
Yamamoto 2021 + 0.80 (-8.79, 10.39) 817
Yamato 2021 - -6.20 (-13.76, 1.36) 13.15
Overall (I-squared = 28.1%, p = 0.194) le) : -9.55 (~12.29, -6.80) 100.00

1

C Pelvic Tilt I
Baghdadi 2014 —t— -4.50 (~9.89, 0.89) 10.48
Strom 2016 - 0.00 (-3.86, 3.86) 20.44
Theologis 2016 —-o-rr -5.20 (-13.15, 2.75) 482
Nakashima 2018 — -8.80 (-15.48, -2.12) 6.84
Park 2018 B -2.90 (~7.79, 1.99) 12.75
Iwamae 2020 —— -2.00 (-10.79, 6.79) 3.94
Matsukura 2021 —— -1.00 (-7.03, 5.03) 8.38
Yamamoto 2021 —— ~0.40 (~5.68, 4.88) 10.95
Yamato 2021 - -2.80 (~8.57, 0.97) 21.40
Overall (I-squared = 0.0%, p = 0.546) O, -2.50 (-4.25, ~0.75) 100.00

1

D Sagittal Vertical Axis :
Baghdadi 2014 ——— ~14.00 (~40.76, 12.76) 10.84
Strom 2016 —_—— -8.00 (-27.25, 11.25) 20.94
Theologis 2016 * -23.70 (-58.55, 11.15) 6.39
Nakashima 2018 —_—— -26.70 (-51.79, -1.61) 12.33
Park 2018 —— : -46.30 (~67.11, -25.49) 17.92
Iwamae 2020 * : -33.00 (-70.19, 4.19) 5.61
Matsukura 2021 + T -34.50 (-75.33, 6.33) 4.65
Yamamoto 2021 —_— 5.70 (~23.99, 35.39) 8.80
Yamato 2021 + - -21.30 (-46.20, 3.60) 12.52
Overall (I-squared = 32.2%, p = 0.160) L l -21.92 (-30.73, -13.11) 100.00

I !
-75.3 0 753

Figure 2. Forest plot of the restoration of spinopelvic parameters. (A) lumbar lordosis; (B) pelvic incidence minus lumbar lordosis; (C) pelvic

tilt; (D) sagittal vertical axis.

to —13.11, P <.001), with no significant heterogeneity among
studies (I> = 32.2%, P = .160) (Figure 2D). At the last follow-
up, the SVAwas 33.62 + 41.81 mm in the LLIF+PSF group and
48.46 + 44.08 mm in the only-PSF only group.

Thoracic kyphosis. The restoration of TK could be obtained in 5
studies. The change in TK between the last follow-up and
baseline was 14.84° + 18.40° in the LLIF+PSF group and
13.68° + 18.04° in the only-PSF group. The pooled results
revealed no significant difference in TK restoration between
groups (WMD, 2.07;95% CI —1.65 to0 5.79, P=.276), with no
substantial heterogeneity among studies (I* = .0%, P = .932).
At the last follow-up, TK was 35.20° + 17.70° in the
LLIF+PSF group and 34.55° + 15.70° in the only-PSF group.

Coronal cobb angle. The correction of coronal Cobb angle
could be obtained in 8 studies, and significant heterogeneity
was detected among them (I> = 71.9%, P = .001). The change
in the coronal Cobb angle between the last follow-up and
baseline was —24.09° + 17.70° in the LLIF+PSF group
and —16.85° = 15.15° in the only-PSF group. The pooled
results revealed a significantly greater correction in the coronal

Cobb angle in the LLIF+PSF than in the only-PSF group
(WMD, —-7.09; 95% CI —1233 to —1.86, P = .008)
(Supplemental materials Figure 1). At the last follow-up, the
coronal Cobb angle was 13.61 +9.99° in the LLIF+PSF group
and 14.33° + 10.29° in the only-PSF group.

C7 plumb line-center sacral vertical line. The restoration of
C7PL-CSVL could be obtained in 4 studies. The change in
C7PL-CSVL between the last follow-up and baseline
was —12.21 + 16.78 mm in the LLIF+PSF group and —8.07 +
19.60 mm in the only-PSF group. The pooled results revealed a
significantly greater restoration of C7PL-CSVL in the LLIF+PSF
than in the only-PSF group (WMD, —4.03; 95% CI —7.52
to —.54, P = .024), with no substantial heterogeneity among
studies (I* = .0%, P = 446) (Supplemental materials Figure 2). At
the last follow-up, the C7PL-CSVL was 13.15 £ 13.40 mm in the
LLIF+PSF group and 17.49 + 14.10 mm in the only-PSF group.

Surgical Data

Estimated blood loss. EBL could be obtained in 8 studies, and
significant heterogeneity was detected (I? = 83.7%, P < .001).
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The EBL was 1095.49 + 736.13 mL in the LLIF+PSF group and
1862.57 £ 1386.69 mL in the only-PSF group. The pooled results
revealed significantly reduced EBL in the LLIF+PSF group
compared with that in the only-PSF group (WMD, —719.99; 95%
CI —1105.02 to —334.96, P < .001) (Figure 3A).

Operating time. ORT could be obtained in 8 studies, and
significant heterogeneity was detected (I> = 91.9%, P < .001).
The ORT was 486.06 = 113.79 min in the LLIF+PSF group
and 381.06 + 112.83 min in the only-PSF group. The pooled
results revealed significantly prolonged ORT in the LLIF+PSF
than in the only-PSF group (WMD, 104.89; 95% CI 49.36 to
160.43, P < .001) (Figure 3B).

Complications

The results of various complications are summarized in
Table 3.

Mechanical complications. The incidence of pseudarthrosis was
significantly lower in the LLIF+PSF than in the only-PSF
group (RR, .26; 95% CI .08 to .79, P = .017) (Figure 4A).
There were no significant differences in the incidence of
proximal junctional kyphosis/failure (PJK/PJF) (RR, .90; 95%
CI .57 to 1.43, P = .662) (Supplemental materials Figure 3)
and implant failure (RR, 1.41; 95% CI, .81 to 2.44, P = .220)
(Supplemental materials Figure 4) between groups.

Surgical complications. The pooled results revealed a signifi-
cantly higher incidence of neurologic deficits (RR, 2.04; 95%
CI1.27 to 3.25, P=.003) (Figure 4B) and a lower incidence of
dural tear (RR, .16; 95% CI .04 to .67, P =.012) (Supplemental

materials Figure 5) and epidural hematoma (RR, .27; 95% CI
.08 to .96, P = .043) (Supplemental materials Figure 6) in the
LLIF+PSF than in the only-PSF group. There was no signif-
icant difference in the incidence of surgical site infection be-
tween groups (RR, 1.01; 95% CI .58 to 1.75, P = .971).

Systemic complications. There were no significant differences
between groups in the incidence of overall systemic complications
(RR, .79; 95% CI .53 to 1.17, P = 232) (Figure 4C), cardio-
pulmonary events (RR, 1.29; 95% CI .33 to 5.13, P =.713), deep
vein thrombosis/pulmonary embolism (RR, .72; 95% CI .26 to
2.00, P = .529), gastrointestinal events (RR, .71; 95% CI .31 to
1.63, P = .418), urinary events (RR, .73; 95% CI .24 to 2.21,
P =.576), and central nervous system events (RR, .84; 95% CI .41
to 1.73, P = .642).

Revision. There was no significant difference in the incidence
of revision between groups (RR, .85; 95% CI .59 to 1.22,
P = .377) (Figure 4D).

Clinical Outcomes

Visual analog scale score

VAS score for leg pain. The improvement in the VAS score
for leg pain could be obtained in 5 studies. The change in VAS
score for leg pain between the last follow-up and baseline
was —3.35 £3.30 in the LLIF+PSF group and —3.12 £ 3.30 in
the only-PSF group. The pooled results revealed no significant
difference in the improvement in the VAS score for leg pain
between groups (WMD, .09; 95% CI —.69 .86, P = .825), with
no significant heterogeneity detected among studies (I* =
3.8%, P = .385) (Figure 5A). At the last follow-up, the VAS

Study %
ID WMD (95% CI) Weight
A Estimated Blood Loss
Strom 2016 —_— -328.00 (-719.49, 63.49) 15.00
Theologis 2016 —_— 467.10 (-554.37, 1488.57) 7.89
Nakashima 2018 —— -1685.10 (-2467.68, -902.52) 10.24
Park 2018 — -964.00 (-1896.38, -31.62) 8.70
Iwamae 2020 —— -891.00 (-1230.08, -551.92) 15.61
Matsukura 2021 —— ~1509.90 (-2352.57, -667.23) 9.60
‘Yamamoto 2021 - -184.00 (-347.44, -20.56) 17.21
Yamato 2021 — -860.70 (~1187.02, -534.38) 15.75
Overall (I-squared = 83.7%, p = 0.000) <> ~719.99 (~1105.02, -334.96) 100.00
B Operating Time
Strom 2016 i+ 114.00 (87.50, 140.50) 14.63
Theologis 2016 I 480.00 (362.05, 597.95) 8.99
Nakashima 2018 - -36.70 (-157.87, 84.47) 8.80
Park 2018 I * 133.00 (101.88, 164.32) 14.44
Iwamae 2020 * -11.00 (-61.75, 39.75) 1343
Matsukura 2021 I’+ 109.10 (42.28, 175.92) 124
‘Yamamoto 2021 .-0 86.00 (22.03, 149.97) 1260
Yamato 2021 -‘ 42.00 (17.42, 66.58) 14.70
Overall (I-squared = 91.9%, p = 0.000) O 104.89 (49.38, 160.43) 100.00
NOTE: Weights are from random effects analysis
_2;65 é 24I58

Figure 3. Forest plot of the surgical data. (A) estimated blood loss; (B) operating time.
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Study %o
ID RR (95% Cl) Weight
A Pseudarthrosis
Baghdadi 2014 € -+ 0.14 (0.01, 2.66) 23.74
Strom 2016 ———— 0.22 (0.05, 0.93) 69.47
Theologis 2016 1.00 (0.07, 14.64) 6.78
Overall (I-squared = 0.0%, p = 0.556) _ 0.26 (0.08,0.79)  100.00
B Neurologic deficits
Tormenti 2010 2.78 (0.16, 47.20) 2.88
Baghdadi 2014 + > 7.00(0.38,130.41) 224
Strom 2016 - 2.02 (0.80, 5.09) 22.90
Theologis 2016 o ] 5.00 (0.66, 38.15) 4.47
Park 2018 + 0.45 (0.04, 4.77) 9.44
Matsukura 2021 —_—— 1.41 (0.37, 5.40) 13.04
Yamamoto 2021 -+ 2.51(0.82,7.73) 15.86
Yamato 2021 —t—— 1.68 (0.67, 4.22) 29.17
Overall (I-squared = 0.0%, p = 0.820) <> 2.04 (1.27, 3.25) 100.00
C overall systemic complications
Tormenti 2010 —_—r 1.50 (0.22, 10.22) 3.15
Strom 2016 ——t 0.45 (0.18, 1.10) 30.27
Theologis 2016 —_— 0.50 (0.15, 1.66) 14.19
Park 2018 + 0.30(0.01, 7.16) 3.74
Matsukura 2021 1.00 (0.07, 14.90) 2.37
Yamato 2021 ——p— 1.07 (0.64, 1.80) 46.28
Overall (I-squared = 0.0%, p = 0.514) 0.79 (0.53,1.17) 100.00
D Revision
Tormenti 2010 -+ 1 0.19 (0.01, 3.75) 4.03
Baghdadi 2014 —— 0.85 (0.45, 1.61) 27.19
Strom 2016 — 0.60 (0.30, 1.20) 3213
Theologis 2016 ——— 4.00 (0.50, 31.98) 2.09
Park 2018 + 2.69 (0.29, 24.88) 221
lwamae 2020 + 0.40(0.02, 9.12) 2.85
Matsukura 2021 + 2.11(0.21, 21.36) 2.04
Yamamoto 2021 1 1.76 (0.60, 5.12) 9.27
Yamato 2021 —— 0.31 (0.09, 1.14) 18.19
QOveralal (l-squared = 20.2%, p = 0.264) <l 0.85(0.59, 1.22) 100.00
T T
.00767 130

Figure 4. Forest plot of the complications and revision. (A) pseudarthrosis; (B) neurologic deficits; (C) overall systemic complications; (D)

revision.

score for leg pain was 2.57 £ 2.92 in the LLIF+PSF group and
3.30 + 3.28 in the only-PSF group.

VAS score for back pain. The improvement in the VAS score
for back pain could be obtained in 5 studies, with significant
heterogeneity detected among them (I = 60.3%, P = .039). When
the study by Baghdadi et al was omitted, heterogeneity was not
significant (> = 42.1%, P = .159). The change in VAS score for
back pain between the last follow-up and baseline was —3.89 +
2.83 in the LLIF+PSF group and —3.63 = 2.70 in the only-PSF
group. The pooled results revealed no significant difference in the
improvement in the VAS score for back pain between groups
(WMD, —.23; 95% CI —1.02 to .55, P = .563) (Supplemental
materials Figure 7). At the last follow-up, the VAS score for back
pain was 3.27 £ 2.98 in the LLIF+PSF group and 3.28 + 3.12 in the
only-PSF group.

Oswestry disability index score. The improvement in the ODI
score could be obtained in 4 studies. The change in ODI score
between the last follow-up and baseline was —18.72 £ 16.10 in the
LLIF+PSF group and —12.17 + 14.35 in the only-PSF group. The
pooled results revealed a significantly greater improvement in ODI
score in the LLIF+PSF than in the only-PSF group (WMD, —7.04;
95% CI —10.15 to —3.93, P < .001), with no significant het-
erogeneity detected among studies (I° = 30.1%, P = 232)

(Figure 5B). At the last follow-up, the ODI score was 25.63 = 14.02
in the LLIF+PSF group and 28.35 £ 16.26 in the only-PSF group.

Scoliosis research society-22 total score. The improvement in the
SRS-22 total score could be obtained in 4 studies. The change
in SRS-22 total score between the last follow-up and baseline
was 1.19 + .80 in the LLIF+PSF group and .89 £ .75 in the
only-PSF group. The pooled results revealed a significantly
greater improvement in the SRS-22 total score in the
LLIF+PSF than in the only-PSF group (WMD, .27; 95% CI
.11 to .42, P = .001), with no substantial heterogeneity de-
tected among studies (I? = .0%, P=.921) (Figure 5C). At the
last follow-up, the SRS-22 total score was 3.70 + .83 in the
LLIF+PSF group and 3.56 £ .85 in the only-PSF group.

Sensitivity Analyses

The sensitivity analyses indicated that the omission of any
study would not significantly affect the results, which verified
the stability of the data and rationality of the analyses.

Discussion

With the advantages of reduced blood loss, increased fusion
rate, and indirect neural decompression, LLIF has been
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Study %
ID WMD (95% CI) Weight
A visual Analog Scale score for leg pain :
Tormenti 2010 —Ib— 0.20 (-3.23, 3.63) 5.11
Baghdadi 2014 —— 0.50 (-1.67, 2.67) 12.75
Strom 2016 —C:— -0.20 (-1.58, 1.18) 31.56
Theologis 2016 —0—:' -1.90 (-4.22, 0.42) 1113
Park 2018 -;0— 0.73 (-0.50, 1.96) 39.44
Overall (I-squared = 3.8%, p = 0.385) <> 0.09 (-0.69, 0.86) 100.00
:
B Oswestry Disability Index score :
Strom 2016 — : -11.00 (-18.02, -3.98) 19.65
Theologis 2016 . 1.60 (-8.10, 11.30) 10.28
Park 2018 ; -6.80(-14.80,1.20)  15.13
Yamato 2021 —_— f -7.30 (-11.50, -3.10)  54.93
Overall (I-squared = 30.1%, p = 0.232) i f -7.04 (-10.15, -3.93) 100.00
1
!
C Scoliosis Research Society-22 total score :
Strom 2016 -+ 0.20 (-0.25, 0.65) 11.53
Iwamae 2020 E+ 0.44 (-0.19, 1.07) 5.81
Yamamoto 2021 * 0.30 (0.04, 0.56) 34.38
Yamato 2021 * 0.24 (0.02, 0.46) 48.29
Overall (I-squared =0.0%, p = 0.921) P 0.27 (0.11, 0.42) 100.00
T II T
-18 0 18

Figure 5. Forest plot of the improvement in the clinical outcomes. (A) Visual Analog Scale score for leg pain; (B) Oswestry Disability Index

score; (C) Scoliosis Research Society-22 total score.

proposed as an optimal surgical technique for various lumbar
degenerative diseases.*'> In recent years, in the combination
of posterior instrumentation and facetectomies, LLIF has been
adopted as a less invasive approach for the treatment of ASD.°

This systematic review and meta-analysis directly com-
pared the outcomes and complications of LLIF combined with
PSF to those of PSF only for ASD. There was no significant
difference in the incidence of systemic complications and
revision between patients receiving LLIF+PSF or only-PSF.
Nevertheless, a superior restoration of sagittal and coronal
alignment, less blood loss, lower incidence of pseudarthrosis,
and better improvement of HRQoL were observed in patients
who underwent LLIF.

Spinopelvic Parameters. Restoration of LL and sagittal balance,
which has been shown to correlate with better HRQoL, is the
primary goal of ASD surgery.’®>” The results of the current
study revealed that LLIF significantly restored more LL, PI-
LL, and PT at the last follow-up. As of common knowledge,
most of the LL (over 2/3) are located at the lumbosacral re-
gion, especially at L5-S1.** Due to the location of the iliac
crest that obstructs lateral access, LLIF is not suitable for the
L5-S1 level.>” We found that most of the included studies
performed L5-S1 interbody fusion through posterior LIF
(PLIF), transforaminal LIF (TLIF), or anterior LIF (ALIF),
and the selection of the procedure was matched between
groups (Table 2). Some previous studies have reported that the
addition of L5-S1 interbody fusion would not significantly
benefit the restoration of LL in patients with ASD who un-
derwent long fusion to the sacrum and sacropelvic fixa-
Hence, the significantly greater spinopelvic

correction in the LLIF+PSF group is more likely attributed to
the more segmental lordosis obtained at the LLIF levels
cranial to L5-S1. In addition, these superior acquisitions in
regional spinopelvic parameters affected the global sagittal
balance, which was reflected by the significantly greater
restoration of SVA.

Coronal realignment has a smaller effect on clinical out-
come but is important for relieving neurological symptoms
related to the foraminal collapse.?”** To date, there is evidence
suggesting that less invasive lateral procedures are effective in
correcting scoliosis and global coronal malalignment.'>'®**
Consistent with previous studies, this study suggested that
LLIF+PSF can significantly correct more coronal Cobb angle
and C7PL-CSVL at the last follow-up, compared with only-
PSF. This result may be partially explained by the greater
preoperative coronal Cobb angle in the LLIF+PSF group
(37.94° £ 17.16°) than in the only-PSF group (32.20° +
14.37°). However, the 2 approaches achieved an equivalent
coronal Cobb angle (13.61° + 9.99° vs14.33° + 10.29°,
P = .628) at the last follow-up, indicating that both LLIF+PSF
and only-PSF yield a satisfactory coronal deformity correction.

It has been suggested that spinal malalignment in patients
with ASD is mainly secondary to disc degeneration and
collapse. Therefore, restoration of the disc height is the most
reasonable approach.?”*> Generally, LLIF has been shown to
provide anterior- and middle-column release and lift the in-
terbody space using a large footprint cage.’'** The cage is
commonly located inside the anterior one-third of the inter-
body space, supporting the lateral rims of the endplate and
achieving a firm contact with the upper and lower vertebrae.*®
Another advantage of LLIF is that it allows using cages with a
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greater lordotic angle, which enable greater segmental lordosis.*’
In this study, 10° lordotic cages were commonly used in the
LLIF+PSF group (Table 2). These advantages may facilitate LLIF
to maintain the disc and neural foramina height, and prevent
subsidence and subsequent loss of deformity correction.”>'*

Surgical Invasiveness. Complications after spinal surgery in-
crease with age and surgical invasiveness, and most patients
who undergo surgery for ASD are in their 60s to 70s.*®
Therefore, surgical invasiveness is a major concern for both
patients and surgeons. EBL is 1 of the main factors to assess
surgical invasiveness.”® In the current study, the EBL was
1862.57 £1386.69 mL in the only-PSF group, an approximate
degree of blood loss correlated with an increased perioperative
complication rate in spinal fusion.”® However, the EBL was
1095.49 + 736.13 mL in the LLIF+PSF group, demonstrating
areduction in EBL 0f 719.99 mL compared with the only-PSF
group. This advantage of LLIF could be attributed to the
lateral access to the intervertebral discs and indirect decom-
pression, which allows surgeons to perform manipulations
without passing the epidural space, thereby avoiding bleeding
from the epidural venous plexus.**-*°

It is well known that surgical invasiveness and EBL in-
crease with the performance of higher-grade osteotomy.”' In
some cases with severe and rigid spinal deformity, radical
osteotomy is mandatory for optimal correction. However, as
LLIF could provide more spinal realignments, some studies
have suggested that LLIF combined with PSF may decrease
the osteotomy grade needed by the only-PSF approach.'®4¢->2
Nakashima et al*® reported that the average increase in local
lordotic angle obtained by single-level LLIF is equivalent to
that obtained by single-level posterior grade II osteotomy.
When combined with posterior column osteotomy (PCO) or
anterior column realignment (ACR) technique, LLIF could
yield a sufficient correction with less blood loss even in cases
of severe sagittal and coronal imbalance previously requiring
3C0.7** Therefore, LLIF may additionally minimize sur-
gical invasiveness by avoiding the radical spinal osteotomy.
Nevertheless, in the current study, most patients in the only-
PSF group did not undergo 3CO, which may have caused the
correction effect to be overshadowed. As studies comparing
the efficacy of LLIF with additional PCO/ACR to one-stage
posterior 3CO are limited, this concern needs to be investi-
gated in future studies. From our perspective on the surgical
concept of ASD, surgeons should choose a suitable procedure
or a combination of procedures for optimal correction and less
invasiveness.

Mechanical Complications. In the current study, the incidence of
pseudarthrosis was significantly lower in the LLIF+PSF than
in the only-PSF group. Our results coincided with those of a
recent multicenter study reporting that the incidence of
pseudarthrosis is 14.7% when using the posterior-only ap-
proach and only 7.6% when using the combined anterior-
posterior approach for ASD surgery.”* Among the risk factors

for the occurrence of pseudarthrosis, biomechanical factors
such as osteoporosis, pelvic fixation, lack of circumferential
fusion, and sharply angulated 3CO, play a major role.’*>>
However, LLIF may provide anterior column support and
more solid interbody fusion by using a large footprint cage.
Compared with PLIF or TLIF, LLIF exhibits more stable
mechanical properties, as shown in several biomechanical
studies.>®>” In addition, as mentioned above, combining LLIF
with PCO provides sufficient spinal realignment. Not as an-
gular as 3CO, the correction characteristic of PCO was
rounded; therefore, hyperacutely countered rods could be
avoided, and rod fatigue strength was distributed.’® Owing to
these biomechanical advantages of LLIF, the fact that the
incidence of pseudarthrosis was lower in the LLIF+PSF group
was expected, although the number of included studies was
limited.

PJK/PJF have a multifactorial etiology related to surgical
and patient factors, including upper instrumented vertebra in
the lower thoracic region, long fusion to the sacrum, correction
of SVA >5 cm, combined anterior-posterior approach, age at
surgery >55 years, and low bone mineral density.’*** How-
ever, for patients with ASD who undergo PSF with or without
LLIF, most of these factors are unavoidable. In the current
study, the incidence of PJK/PJF was similar between groups
(9.7% vs 12.0%), indicating that the combination of LLIF did
not affect the development of this complication. Disruption of
the posterior muscular tension band is also a risk factor for
PJK/PJF, but percutaneous techniques can alleviate it.”” A
recent study by Chan et al®' reported that LLIF combined with
percutaneous pedicle screw fixation significantly reduces the
incidence of PJK, compared with the open approach. Nev-
ertheless, most patients in the included studies, regardless of
being in the LLIF+PSF or only-PSF group, underwent con-
ventional open pedicle screw fixation, which was associated
with iatrogenic injury to the paraspinal musculature and
posterior tension band. We consider that this may be a factor
skewing the incidence of PJK/PJF in this study.

Surgical Complications. Owing to the minimal epidural ma-
nipulations through the lateral approach, the finding that the
incidence of both dural tear (1.2% vs 14.4%, P = .012) and
epidural hematoma (.6% vs 4.8%, P = .043) was significantly
lower in the LLIF+PSF group was not unexpected. However,
the incidence of neurologic deficits in the LLIF+PSF group
was twice as high as that in the only-PSF group (16.4% vs
8.2%, P = .003). The neurologic complications related to
LLIF, including anterior thigh pain, thigh numbness, and hip
flexion weakness, are a predominant concern among
surgeons.”*%* The significantly higher incidence of neurologic
deficits can be explained because LLIF requires dissection of
the psoas major, which may cause muscle trauma and lum-
bosacral plexus irritation.*** Since most of these lower ex-
tremity symptoms are resolved spontaneously within 6—12
months after surgery, many authors have pointed out that these
neurologic deficits should not be considered as complications
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but side effects of psoas manipulation during LLIF.%*°® Thus,
an incidence of neurologic complications ranging from .7% to
78.8% has been reported by previous studies, which indicates
significant heterogeneity.® Using triggered electromyography
and limiting the psoas retraction time during the procedure
may be feasible to mitigate the postoperative neurologic
deficits.®”

Revision. With the advantages of both biomechanics and
surgical approaches, the revision rate was also reasonably
lower in the LLIF+PSF than in the only-PSF group (13.3% vs
17.0%), although the difference was not statistically signifi-
cant. Six of the included studies reported the indications for
revision in detail (Table 4).>>273%31-33 When data from these 6
studies were pooled, the revision rate in the LLIF+PSF group
became significantly lower than that in the only-PSF group
(RR, .64; 95% CI .42 to .98, P = .040). Among the revision
surgeries, 68.9% were due to mechanical complications in the
only-PSF group while only 48.0% in the LLIF+PSF group.
However, surgical site infection was the leading cause of
revision in the LLIF+PSF group, which may be due to the two-
stage strategy.

Systemic Complications. Systemic complications are not un-
common after surgery for ASD, and studies that focus on this
domain are limited. In a cohort of 448 patients with ASD,
Soroceanu et al°® reported that 26.8% of patients had at least 1
systemic complication. Similarly, in another cohort of 131
patients with adult degenerative scoliosis, Zhang et al®® re-
ported that the systemic complication incidence was 25.2%
after PSF, and patients who smoked or had cardiovascular
comorbidities were at high risk. In the current study, the
systemic complication rate was 22.2% in the only-PSF group,
which is consistent with the rate observed in previous studies.

Table 4. Summary of Indications for Revision in the 6 Studies.

LLIF+PSF group Only-PSF group

Indication n (%) n (%)
Mechanical complications
PJK/PJF 6 (24.0%) 12 (26.7%)
Implant failure 4 (16.0%) 4 (8.9%)
Pseudoarthrosis 2 (8.0%) 15 (33.3%)
Subtotal 12 (48.0%) 31 (68.9%)
Surgical complications
Neurological dificits 4 (16.0%) 4 (8.9%)
Surgical site infection 8 (32.0%) 10 (22.2%)
Screw reinsertion | (4.0%) 0 (.0%)
Subtotal 13 (52.0%) 14 (31.1%)
Total 25 (100.0%) 45 (100.0%)
Revision rate 11.9% 20.7%

PJK indicates proximal junctional kyphosis; PJF, proximal junctional failure;
LLIF, lateral lumbar interbody fusion; PSF, posterior spinal fusion.

Although the difference was not statistically significant, the
LLIF+PSF group presented with fewer systemic complica-
tions than did the only-PSF group (17.6% vs 22.2%). This
finding may be attributed to the less EBL and staged-surgery
strategy.”® It has been reported that blood loss is a risk factor
for systemic complications in spinal fusion surgery, whereas
operating time is not.”" Although the ORT was significantly
longer when using LLIF combined with PSF, which was
commonly performed in a two-staged manner, this strategy
reduced surgical invasiveness and risks of the posterior
procedure. This advantage may overweigh the prolonged ORT
to benefit the management of complications. Thus, although
not statistically significant, the LLIF procedure may have the
potential to slightly reduce surgical and systemic complica-
tions at the cost of substantially high incidence of lower
extremity symptoms. Surgeons should weigh the advantages
and disadvantages of this procedure, and inform patients about
its side effects.

Clinical Outcomes. The similar improvement in VAS score for
leg (—3.35 +3.30 vs —3.12 £+ 3.30, P = .825) and back pain
(—3.89 £2.83 vs —3.63 £ 2.70, P = .563) between groups
revealed that the indirect decompression by LLIF was as
effective as the direct decompression to resolve the pain
caused by ASD. Better restoration of normal radiographic
alignment, solid spinal fusion, and a lower revision rate for
mechanical complications were found in the LLIF+PSF
group. These superior performances have been associated
with a better HRQoL, which might explain the more signif-
icant improvement in ODI score and SRS-22 total score
observed in the LLIF+PSF than in the only-PSF group.*®’*7"?
Additionally, the change in HRQoL parameters in the
LLIF+PSF group reached the minimum clinically important
difference for patients with ASD (14.96 for ODI score and .94
for SRS-22 total score), which was arguably not the case in the
only-PSF group, further indicating that LLIF+PSF is more
potent in improving the HRQoL for these patients.”*

Limitations. This study has several limitations. First, although
the number of posterior fixed segments was similar between
groups, the number of interbody fusions was higher in the
LLIF+PSF group (3.78 vs 1.82). In addition, only 3 studies
reported the incidence of pseudarthrosis, and data on the
fusion rate according to definite assessment criteria (e.g., the
method by Fraser et al’® for interbody fusion status assessment
or the method by Lenke et al’® for posterolateral fusion status
assessment) could not be obtained. Therefore, the reliability of
the pseudarthrosis rate may be impacted, and we could not
determine the lower pseudarthrosis rate for LLIF per se or the
more circumferential fusion levels achieved by it. Second,
most studies lacked data on comorbidities, which could have
influenced some of the outcomes analyzed. Third, despite
definite inclusion and exclusion criteria, the patients with ASD
treated in each group were relatively similar on average, but
individually variable. Thus, the wvariability in surgical
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techniques (i.e., PLIF or TLIF in the only-PSF group, number
or grade of posterior osteotomies, and type of interbody cage
[straight or lordotic]) should be addressed, although these data
were not available for comparative analysis. Additionally,
although some studies applied propensity score matching to
construct a randomized experimental-like situation, no ran-
domized controlled study was included at a higher level of
methodological quality.”” Further multicenter randomized
controlled trials should be performed to obtain more con-
vincing conclusions.

Conclusion

Compared with conventional PSF, LLIF combined with PSF
was associated with superior restoration of sagittal and coronal
alignment, lower incidence of pseudarthrosis, better im-
provement in HRQoL, and less surgical invasiveness in the
treatment of ASD, albeit at the cost of prolonged surgical
times and substantially high incidence of lower extremity
symptoms. Surgeons should weigh the advantages and dis-
advantages of this procedure, and inform patients about its
side effects.
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