European Spine Journal (2020) 29:1362-1370
https://doi.org/10.1007/500586-020-06352-4

ORIGINAL ARTICLE q

Check for
updates

Indications and limitations of minimally invasive lateral lumbar
interbody fusion without osteotomy for adult spinal deformity

Tetsuro Ohba' - Shigeto Ebata’ - Shota Ikegami? - Hiroki Oba' - Hirotaka Haro'

Received: 29 April 2019 / Accepted: 19 February 2020 / Published online: 17 March 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Purpose The global alignment and proportion (GAP) score was recently developed to consider proportional analysis of spin-
opelvic alignment and has been indicated for setting surgical goals to decrease the prevalence of mechanical complications.
The goal of this study was to clarify the limitations and problems with spinal corrective surgery with minimally invasive
lateral lumbar interbody fusion (LLIF) without osteotomy using GAP score, and to establish a preoperative radiographical
evaluation to understand the necessity for three-column osteotomy.

Methods We included data from 57 consecutive patients treated with spinal corrective surgery with LLIF and without
Schwab grade 3-6 osteotomy for ASD. To evaluate flexibility of the pelvis and lumbar spine, we examined full-length
lateral radiographs with patients standing and prone. Correlations between pre- and postoperative radiographic parameters
and GAP score were determined.

Results Most patients achieved a sufficiently ideal lumbar lordosis (87.7%), but ideal sacral slope (SS) was achieved in only
50.8% of patients. Preoperative prone SS showed a significant positive correlation with postoperative SS and a significant
negative correlation with GAP score. Patients whose preoperative prone SS was larger than pelvic incidence X 0.59-7.5
tended to achieve proportioned spinopelvic alignment by using LLIF.

Conclusions The cause of poor outcome of GAP score for ASD corrective surgery with LLIF without osteotomy is a post-
operative small SS. Preoperative prone SS is useful for predicting postoperative SS. When preoperative SS in prone patients
is relatively small to ideal as calculated using PI, osteotomy or other correctors should be considered to achieve satisfactory
spinopelvic parameters.
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Preoperative S$ with prone patients was useful to evaluate flexibility
of the pelvis and lumbar spine.
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When preoperative SS with the patient prone was small, osteotomy or
an alternative corrector should be considered to achieve satisfactory
postoperative spinopelvic parameters.
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Introduction

In the elderly, adult spinal deformity (ASD) remains contro-
versial within the field of spinal disorders due to the impor-
tant effect it might have on health-related quality of life [1,
2]. Despite advances in surgical techniques and implant
selection, surgical treatment for ASD remains one of the
most challenging because of the high risk of perioperative
complications [3]. Minimally invasive lateral lumbar inter-
body fusion (LLIF) techniques have attracted attention as
alternative or adjuvant procedures in ASD surgery with a
goal of reduced surgical access morbidity and periopera-
tive complications. Past study reported elderly patients can
successfully be treated using LLIF techniques [4]. Advan-
tages of LLIF include significantly less bleeding, and fewer
neurological and operative complications [5—8]. Substantial
sagittal and coronal correction by LLIF has been reported [7,
9]. However, the necessity for three-column osteotomy in the
treatment of severe sagittal imbalance or rigid deformities
has been indicated despite the risk of massive blood loss and
complications [10-12]. Several preoperative radiographic
methods to assess curve flexibility and preoperative planning
of surgery to correct spinal deformity have been suggested
such as fulcrum bending radiographic images and lateral
radiographs with the patients sitting, prone, or supine [2, 13,
14]. The indications and preoperative evaluation for oste-
otomy in ASD surgery remain controversial. To establish
an optimal strategy for ASD surgery, the limitations and
problems surrounding spinal corrective surgery with LLIF
without osteotomy should be known.

A novel pelvic-incidence-based proportional method to
analyze the sagittal plane to predict mechanical complica-
tions after surgery for ASD, the global alignment and pro-
portion (GAP) score has been developed [15]. The formula
for the GAP score was developed under the concept of a
continuum of states that provides a pelvic incidence-based
proportional indication of pelvic version, magnitude and dis-
tribution of lumbar lordosis, and global spinopelvic align-
ment to assess disproportion compared with the calculated
“ideal” for any given individual.

This study aimed to clarify the limitations and issues of
spinal corrective surgery with LLIF without osteotomy using
the GAP score, and to establish preoperative radiographi-
cal evaluation to understand the necessity for three-column
osteotomy.

Methods
Patients and surgical techniques

We conducted a retrospective observational study of a cohort
of consecutive patients with a diagnosis of ASD who under-
went corrective spinal surgery. The study was approved by
our institutional review board (Application no. 1183). We
received written informed consent from all eligible patients.
Patients were considered candidates for thoracolumbar cor-
rection if fusion was indicated because of ASD and if a
full course of conservative care had been exhausted. The
inclusion criteria were age > 60 years and a radiographic
diagnosis of ASD defined by at least one of the follow-
ing parameters: a coronal Cobb angle >30°; a C7 sagittal
vertical axis (SVA), which is the distance between the C7
plumb line and the posterosuperior edge of S1,>5 cm; and/
or pelvic tilt (PT), which is the orientation of the pelvis
with respect to the femurs and the rest of the body, > 30°.
Patients were excluded if they had ankylosing spondylitis,
or a rounded back because of Parkinson’s disease. A total
of 103 spinal correction surgeries for ASD were performed
between April 2012 and March 2017 by two board-certified
spinal surgeons at our institution. In this study, we included
data from 57 consecutive patients treated with spinal cor-
rection surgery with LLIF and followed up for a minimum
of 2 years. Patients who demonstrated corrective surgery
with Schwab grade 3-6 osteotomy [16] were excluded in
this study. Basic demographic and surgical data: age, sex,
bone mineral density (BMD), type of procedure and area of
fusion were noted (Table 1).

Surgical procedure

We used an anterior approach to lateral interbody fusion
(LIF) from L1-L2 or L2-L3 to the level of the L.4-5 disk to
obtain adequate coronal and sagittal global spine alignment
in patients with ASD [17]. Subsequently the patient was
placed in a prone position to undergo posterior lumbar inter-
body fusion (PLIF) at the level of the L5-S disk. Intraopera-
tive lateral lumbosacral radiographs were taken to evaluate
how much additional correction was needed using the rod
cantilever technique to achieve ideal LL determined in a pre-
operative plan according to previous reports [18-20]. After
setting dual iliac screws as previously described [21], the
S1 pedicle screws were connected to the rod with the iliac
screws using an offset connector. The spinopelvic deformity
was corrected using a cantilever force technique with the
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Table 1 Preoperative patient characteristics

Variable (N=57)
Age at surgery (years) 71.9+7.5
Female/male (n) 50/7

BMI (kg/m?) 22.3+3.51 (15.7-29.9)
BMD (%YAM) 73.2+14.2
Location of ULV (n)

T4 3

TS 5

T6 0

T8 7

T9 19

T10 23

Interval and ratio values represent the mean + standard deviation

BMI body mass index, BMD bone mineral density, UIV upper instru-
mented vertebra

pelvis retroverted, raising the pelvis to an optimal alignment.
A rod was connected to each pedicle screw from caudal to
cranial aspects. Where flexibility of spinal motion was lost,
we added a suitable osteotomy, which was classified as grade
1-6 by SRS-Schwab [16]. Allogenic and local autogenous
bone grafts were used.

Radiographic measurements

Radiographic data consisted of full-length lateral radio-
graphs obtained pre- and 4-6 weeks postoperatively, and
at 2 years postoperatively, with the patient in a freestand-
ing posture with their fingers placed on their clavicles.
To evaluate flexibility of the pelvis and lumbar spine,
full-length lateral radiographs were obtained with the
patients prone with both arms next to the trunk and with-
out any cushions under the body (Fig. 1). The following
radiographic parameters were measured pre- and post-
operatively using a lateral view: T5-T12 TK; T12-S1 LL
angles; pelvic incidence (PI); PT; sacral slope (SS); SVA;
T1 pelvic angle (TPA), which is the angle between the line
from the center of femoral heads to the center of S1 and
the line from the femoral head to the center of T1 vertebra
[22]; and global tilt (GT), which is the angle formed by
the intersection of two lines, the first line drawn from the
center of C7 to the center of the sacral endplate and the
second line drawn from the center of the femoral heads to
the center of the sacral endplate [23]; spino-sacral angle
(SSA) is defined as the angle connecting the center of
the C7 vertebra to the center of the S1 endplate and the
line parallel to the superior S1 endplate [24]. L1-S1 lor-
dosis and L4-S1 lordosis were measured on postopera-
tive radiographs to assess the distribution of the lordosis
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Fig. 1 The lumbar lordosis construction described by the lordosis dis-
tribution index (LDI; L4-S1 lordosis/L1-S1 lordosis X 100) and SS
while the patient was prone

(LDI). Kyphosis was expressed as a positive value, and
lordosis was expressed as a negative value. The proxi-
mal junctional angle was measured as the angle between
the caudal endplate of the UIV to the cephalad endplate
of 2 proximal vertebrae. Increased proximal junctional
angle (PJA) was calculated as increased angle between
the PJA obtained on postoperative radiographs and the PJA
obtained 2 years postoperatively. Radiographic measure-
ments were obtained by two board-certified spine surgeons
(HO and TO). These surgeons had > 10 years of experience
in spinal surgery and were blinded to patient data before
the measurements were taken.

GAP score

GAP scores were calculated using early postoperative
radiographic parameters following methods previously
described by adding the scores for relative pelvic version
(RPV), relative lumbar lordosis (RLL), LDI, relative spin-
opelvic alignment (RSA), and age, and can range from 0O to
13 points. Additionally, a GAP score of 0 to 2 was catego-
rized as indicating a proportioned spinopelvic state; 3 to 6
as moderately disproportioned; and > 7 as a severely dis-
proportioned spinopelvic alignment [15] (Suppl. Table).

Clinical outcomes

Postoperative baseline patient health status was measured
(for lumbar pain-related factors) using a Roland—Morris
Disability Questionnaire (RDQ) and Oswestry Disability
Index (ODI), where 0% indicates no disability and 100%
indicates extreme debilitating disability [25] at 2 years
after surgery.
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Statistical analyses

All data are reported as mean + SD. Data were analyzed
using a two-sided Student 7 test, or a Fisher exact test to
determine significant differences. Correlations between pre-
and postoperative radiographic parameters and GAP score
were determined using Pearson’s correlation coefficient. We
examined whether SS in a prone position (prone SS) pre-
operatively impacted the insufficient alignment correction.
We employed logistic regression analysis with dispropor-
tioned spinopelvic alignment, which was considered as a
GAP score of more than 2 points, as the response variable,
and the prone SS—ideal SS based on preoperative PI as the
explanatory variable. Then, we used a receiver operating
characteristic curve (ROC curve) to determine the threshold
of prone SS—ideal SS for insufficient alignment correction.
All statistical calculations were performed using Prism (ver-
sion 6.0; GraphPad Software, La Jolla, CA) and the statis-
tical package R (version 3.6.1; available at http://www.r-
project.org). P <0.05 was considered significant (*P < 0.05,
**P <0.0001).

Results
Patient population

We included 57 eligible patients in this study; 88% were
female, mean age was 71.9 years (+7.5), body mass index
(BMI) was 22.3 (+3.71) and bone mineral density (BMD)
(%YAM) was 73.2% (+ 14.2) (Table 1). Postoperatively, the
spinopelvic alignment of patients improved significantly.
Preoperative SS and LL with the patient prone were signifi-
cantly greater than while they were standing. The mean pre-
and postoperative alignments are summarized in Table 2.

Comparison of pre- and postoperative spinopelvic
parameters between high and low PI

Based on a past report [17], patients were divided into
groups of those with low PI Preop (PI<50°) or high PI
Preop (PI>50°) and spinopelvic parameters were com-
pared between groups (Tables 2 and 3). Preoperative SS
and LL of those in the high PI group were significantly
higher than preoperative SS and LL of those in the low
PI group. However, significantly worse GT and TPA were
observed in those in the high PI group compared with
those in the low PI group. There was no significant differ-
ence in postoperative SS and LL between the groups. By
contrast, PI-LL, GT, and TPA were significantly larger in
the high PI group compared with these variables in the low
PI group. These findings indicated patients with high PI
should undergo correction to restore a larger SS and LL to
achieve balanced spinopelvic alignment.

Postoperative GAP score

Postoperative GAP score is summarized in Table 4. Based
on total GAP score, 23 (40.4%) patients were grouped into
proportioned, 26 (45.6%) into moderately disproportioned,
and 8 (14%) into severely disproportioned spinopelvic
alignment. According to subgroup analysis, 50 (87.7%)
of the RLL subgroup and 48 (66.7%) of the LDI subgroup
accomplished “alignment.” By contrast, only 29 (50.8%) of
the RPV subgroup and 29 (50.9%) of the RSA group were
“aligned.” This result indicated parameters of the lumbar
spine were more easily “aligned” than pelvic parameters
by corrective surgery with LLIF without osteotomy.

Table 2 Comparison of

: . . Preop variable Preop PI<50° (n=32) Preop PI>50° (n=25) Statistics

preoperative spinopelvic

parameters between high and PT (°) 31.6+9.2 38.6+9.3 NS

low P SS () 125+11.5 23.6+9.1 <0.0001%*
LL (°) 6.5+18.6 19.6+17.9 <0.05*
PI-LL (°) 36.5+17.5 41.4+19.9 NS
SVA (mm) 105.2+56.2 132.4+76.5 NS
GT (°) 45.1+15.3 54.9+18.9 <0.05%
TPA (°) 33.5+13.2 44.1+14.6 <0.05*
SSA (°) 86.9+17.1 96.0+13.0 <0.05%
Prone SS (°) 18.5+5.9 25.7+8.8 <0.0001%*
Prone LL (°) 23.6+9.7 32.84+9.3 <0.05%

Interval and ratio values are presented as the mean + standard deviation

Preop preoperative, PT pelvic tilt, SS sacral slope, LL lumbar lordosis, PI pelvic incidence, SVA sagittal
vertical axis, GT global tilt, TPA T1 pelvic angle, SSA Spino-sacral angle
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Table 3 C.ompar.ison Of_ Postop variable Preop PI<50° (n=32) Preop PI>50° (n=25) Statistics
postoperative spinopelvic
parameters between high and PT (°) 12.8+5.5 23.1+75 <0.0001%*
low PI S8 () 294+75 324483 NS
LL (°) 51.8+8.4 54.7+8.3 NS
PI-LL (°) —-9.84+8.6 1.16+9.7 <0.0001%*
SVA (mm) 15.1+32.1 19.2+24.3 NS
GT (°) 12.6 £6.2 22.6+8.9 <0.0001%*
TPA (°) 8.28+5.7 17.5+8.2 <0.0001%*
SSA (°) 118.2+7.7 119.6+7.6 NS

Interval and ratio values are presented as the mean =+ standard deviation

Postop postoperative, PT pelvic tilt, SS sacral slope, LL lumbar lordosis, PI pelvic incidence, SVA sagittal
vertical axis, GT global tilt, TPA T1 pelvic angle, SSA Spino-sacral angle

Table 4 Postoperative GAP score

Relative pelvic version (RPV) Score LLIF (N=57)
Measured-ideal SS 0 29 (50.8%)
Ideal SS =PI x 0.59 +9 1 2 (3.5%)

2 19 (33.3%)

3 7(12.3%)
Relative lumbar lordosis (RLL) 0 50 (87.7%)
Measured—ideal LL 2 5 (8.8%)
Ideal LL =PI x 0.62 + 29 3 2 (3.5%)
Lordosis distribution index (LDI) 0 48 (66.7%)
L4-S1 lordosis/L.1-S1 lordosis 1 11 (19.3%)

2 2 (3.5%)

3 6 (10.5%)
Relative spinopelvic alignment (RSA) 0 29 (50.9%)
Measured—ideal GT 1 23 (40.4%)
Ideal GT =PI x 0.48-15 3 5 (8.8%)
Age factor 0 3(5.3%)

1 54 (94.7%)
Total score 0-2 23 (40.4%)

3-6 26 (45.6%)

>7 8 (14.0%)

N number of patients (%); SS sacral slope, LL lumbar lordosis, PI pel-
vic incidence, GT global tilt

Comparison of ODI, RDQ, and increased PJA 2 years
after surgery between categories of total GAP score

The frequency of rod fractures was not significantly different
between categories of total GAP score (Table 5). Increased
PJA 2 years after surgery was significantly larger in the dis-
proportioned group than it was in the proportioned group
(Table 4). There was no significant difference in preoperative
ODI or RDQ between the proportioned and disproportioned
groups (data not shown). By contrast, ODI 2 years postoper-
atively was significantly worse in the disproportioned group
than it was in the proportioned group (Table 4).

Correlation between pre- and postoperative
spinopelvic parameters in the standing position

The correlation between pre- and postoperative parameters
is summarized in Table 6.

We found a significant positive correlation between pre-
operative SS while the patients were standing and postopera-
tive SS (r=0.32, P<0.05). By contrast, there was no sig-
nificant correlation between any other pre- or postoperative
parameters while the patients were standing.

Table 5 Comparison of ODI,

: Variable Proportioned (n=24) Disproportioned (n=33) Statistics

RDQ, and increased PJA 2 year

after surgery between categories Complication

of total GAP score Increased PIA (%) 49462 79469 P<0.05
Rod fracture (+) 5/24 (20.8%) 7/33 (21.2%) NS
Clinical outcomes
2y ODI (%) 14.8+152 25.1+13.1 P<0.05
2y RDQ 8.81+£5.2 9.79+6.9 NS

PJA proximal junctional angle, ODI Oswestry disability index, RDQ Roland—Morris Disability Question-

naire
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Table 6 Correlation between pre- and postoperative spinopelvic A 607 B 50
parameters . . e r=0.31"
) g401 , % P<0.05
Postop © 404 o o s
o 2303 ¢ ° s
LL (°) LDI (%) SO 4 3 M..\.
® o 204
204
Preop 3 ® | r=0.70* 3 ; $ ! °e
o o 104 e®e ®
Standing P < 0.0001
LL (°) NS NS NS 0 T T T T 1 0 T T T T 1
0 10 20 30 40 50 0 2 4 6 8 10
LDI (%) NS NS NS Standing SS (postop) GAP score
SS (®) NS NS 0.32%
Prone C 1
LL (°) NS NS 0.38%* < -16.5
SS (®) NS 0.29* 0.70%* z |
LDI (%) NS NS NS 3 .
3 37
The numbers represent correlation coefficient (r) | Sensitivity: 78.6%
NS no significant difference, Preop preoperative, Postop postopera- ° Specificlly:169,0%
tive, SS sacral slope, LL lumbar lordosis, LDI distribution of the lor- S TyyAteaunderthe curve:0.804
dosis 0.0 02 04 06 0.8 1.0
P <0.05 in the comparison with preop 1-Specificity

**P <0.0005 in the comparison with preop

Utility of preoperative radiographic assessment
with the patients prone

We found a significant positive correlation between preopera-
tive LL while the patients were prone and postoperative SS
(r=0.38, P<0.05). We found a significant positive correla-
tion between preoperative prone SS and postoperative LDI
(r=0.29, P<0.05) (Table 6). Importantly, a significant posi-
tive correlation was found between prone SS and postopera-
tive SS (r=0.7, P<0.0001) and significant negative correla-
tion with GAP score (r=0.31, P<0.05) (Fig. 2a, b). Prone
SS—ideal SS was significantly associated with disproportionate
spinopelvic alignment, considered as that with an odds ratio
of 3.3 (95% confidence interval 1.8 to 7.1, P <0.05) per —5°.
The cut-off value was determined as — 16.5° using ROC curve
analysis, which indicated a sensitivity of 78.6%, specificity of
69.0%, and area under the curve of 0.804 (Fig. 2c). After the
formula transformation, a patient whose prone SS was larger
than PIx0.59-7.5 preoperatively tended to achieve sufficient
spinopelvic alignment using LLIF.

These results indicate that preoperative LL and prone SS
are useful to evaluate flexibility of the pelvis and lumbar
spine, and to predict postoperative SS, LDI, and GAP score
in ASD surgery with LLIF without osteotomy.

Discussion

The present study has clarified the indications and limita-
tions of spinal corrective surgery for ASD with LLIF with-
out osteotomy. Based on total GAP score, we found that 23

Fig.2 a Correlation between preoperative SS while prone and post-
operative SS while standing (**P <0.0001), b correlation between
preoperative SS while prone and postoperative global alignment and
proportion (GAP) score (*P <0.05), ¢ receiver operating characteris-
tic curve to determine the threshold of prone SS—ideal SS for insuf-
ficient alignment correction

(40.4%) patients were grouped into proportioned, 26 (45.6%)
into moderately disproportioned, and 8 (14.0%) into severely
disproportioned spinopelvic alignment. This result indicated
LLIF was useful and effective for surgery to correct ASD
and an acceptable surgical outcome was achieved in the
majority of patients. By contrast, detailed examination of
patients who had a poor GAP score should be conducted
using subgroup analysis to clarify which spinopelvic param-
eters are problems. Formulas following Schwab’s system
have been used by many to calculate an ideal LL to estab-
lish an optimal surgical strategy for patients with ASD [19,
20, 26]. However, a remaining high rate of reoperation due
to mechanical revision has been reported despite achiev-
ing goals based on these formulas [3, 27, 28]. The GAP
score was developed because of the limitations of existing
formulas that focus on only LL values and the score has
been used to set surgical goals to decrease the prevalence
of mechanical complications [15, 29]. Actually, the critical
importance of harmony among SS, upper LL and lower LL
has been long known to maintain a favorable global spine
balance [30-32]. Studies have been conducted to correct
not only LL but also pelvic alignment with surgery for ASD
patients [17, 33-35]. In our retrospective observational
cohort study, GAP score has clarified the limitations and
problems of spinal corrective surgery with LLIF without
osteotomy for ASD. The present study showed most patients
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achieved a sufficiently ideal LL in RLL subgroups (87.7%).
By contrast, ideal SS in RPV subgroups was achieved in
only 50.8% of all patients (Table 4). This result indicates
preoperative radiographic evaluation should be established
to predict postoperative SS value after ASD surgery with
LLIF without osteotomy to decide the optimal surgical strat-
egy including use of osteotomy.

There is a limitation to evaluate flexibility of the pelvis
and lumbar spine and to predict postoperative spinopelvic
parameters with radiographs while the patient is standing.
Several preoperative radiographic methods to assess curve
flexibility and preoperative planning of spinal deformity
have been suggested such as fulcrum bending radiographi-
cal images, and lateral radiographs while the patients are
sitting, prone, or supine [2, 13, 14]. However, to our knowl-
edge, there are no reports of radiographic methods to predict
postoperative SS value. In the present study, we found pre-
operative prone SS had a significant positive correlation with
LDI, a strong positive correlation with postoperative SS and
a significant negative correlation with GAP score (Fig. 2a,
b and Table 5). Finally, we showed that when preoperative
prone SS was relatively small to ideal as calculated using
PI, the resulting GAP score was clearly worse. The present
study suggests preoperative SS in prone patients was useful
to evaluate flexibility of the pelvis and lumbar spine, and
moreover to predict postoperative SS, LDI, and GAP score
in ASD surgery with LLIF without osteotomy (Fig. 3). This
result indicates that when preoperative SS in prone patients
is small relative to PI, osteotomy and alternative correctors
such as oblique lateral interbody fusion at L5-S1 should be
considered to achieve satisfactory postoperative spinopelvic
parameters.

Limitations of this study include its small sample size,
and retrospective nature. Differences in the thickness of the
soft tissue around the abdomen and thorax might make the
measurements in the prone position unreliable. The patients
were followed up for only 2 years, and longer-term follow-up
is necessary to determine the reliability of the results.

Conclusions

The cause of poor outcome of GAP score of ASD corrective
surgery with LLIF without osteotomy is postoperative small
SS value, and preoperative prone SS is useful to predict
postoperative SS. When preoperative SS in prone patients
is relatively small to ideal as calculated using PI, osteotomy,
or other correctors should be considered to achieve satisfac-
tory postoperative spinopelvic parameters.
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