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Abstract: Patients with severe adolescent idiopathic scoliosis (AIS) require instrumented spinal fusion
surgery. The range of instrumented vertebra is still questioned, especially the selection of the lowest
instrumented vertebra (LIV). This single institution retrospective consecutive study is to provide
real-world data on outcomes. The study aims to assess whether bending films can determine the LIV.
The method of determination of the lower tilted vertebra (LTV) is presented. The selection of the LTV
was identified on standing PA (LTVs) and on bending X-rays (LTVb). Group A is a reference group,
with less flexible curves. Groups B and C contained patients with more flexible curves. Group B
covered patients with instrumentation ending at the LTVs and group C with shorter instrumentation
ending at LTVb. The disc angle below the LIV was monitored for postoperative decompensation.
Sixty-eight subjects with AIS Lenke 1A and 1B types underwent selective fusion. The decompensation
criteria of the unfused disc below the fusion were determined as a wedging disk of >5◦ of the Cobb
angle. The patients were monitored during the postoperative period with 5.8 years average followup
(minimum of 2 years). The rate of decompensation was comparable in groups A and B (31% and 33%,
respectively). In contrast, the rate of decompensation was doubled in group C (60%). Caudal fusion
shortening in more flexible curves according to bending films is associated with the first free disc
asymmetry, which leads to decompensation below the fusion. This method should be considered in
addition to other LIV selection criteria.

Keywords: symmetry; spine; scoliosis; lowest instrumented vertebra; intervertebral disc; muscu-
loskeletal system

1. Introduction

Adolescent idiopathic scoliosis (AIS) is the most common type of scoliosis affecting
children 10 to 18 years of age. In general, AIS curves progress during the rapid growth
period [1], which leads to deformity of the whole trunk, with a negative effect on heart and
lung function and a negative cosmetic result.

The most common classification system of AIS is the Lenke classification distinguishing
six main scoliotic types according to the localization and number of curves [2]. Lenke types
1A and 1B in skeletally mature patients are indicated for selective fusion surgical treatment
if they exceed 40◦ of the Cobb angle [3].

The X-ray imaging technique allows classification of the deformity and helps to
determine the type and range of the instrumented fusion. Basic plain standing radiographs
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are always taken in a long format, which depicts both the lower part of the cranium and the
pelvis. Side-bending scans in a supine position provide information about the flexibility of
the curve and help to classify the deformity.

Selective posterior spinal instrumentation and fusion (PSIF) remains the gold standard
for the surgical treatment of patients with AIS. The goal of surgical treatment is to prevent
the progression of the scoliotic deformity, correct the curve, and achieve good spinal
stability [4].

The amount of correction considered sufficient and the correct instrumentation lev-
els are still controversial [5–8]. Ideally, the lowest instrumented vertebra (LIV) should
be as proximal as possible to preserve lumbar motion but also distal enough to avoid
trunk imbalance.

None of the current classification systems of AIS specify the determination of the
range of planned PSIF. Modern instrumentation enables effective correction of an operated
part of the spine and can abbreviate the area of the necessary bone fusion. It is a global
trend to maintain as many unfused spine segments as possible while achieving superior
correction of the curve as well as the complex balance of the spine. Maintaining the motion
range of the lumbar spine for general compensation and the future physical development
of the child are the most important goals of AIS fusion surgery. Selection of the LIV is an
art, and there are no official guidelines to determine the right LIV. Clues for this process
may be obtained while determining the end, stable, and neutral vertebra [9].

The right identification of the LIV leads to symmetrical loading of the first free disc
below the fusion, which is an important factor for a high-quality surgical result. An exces-
sive shift of the LIV towards the lumbar segments of the spine brings a larger restriction of
mobility [10]. On the contrary, an excessive abbreviation of the instrumentation with the
LIV shifted cranially can lead to decompensation of the compensatory curve, the adding-
on phenomenon, as well as an asymmetric overload of the unfused disc below fusion
(UDBF) [11].

This study aims to assess whether bending films can affect the determination of the
LIV. Our hypothesis is that the higher flexibility of the main structural curve on bending
films could help to determine the possible shortening of instrumentation range.

2. Materials and Methods
2.1. Study Design, Setting

This is a consecutive retrospective study based on an X-ray evaluation of patients with
AIS operated between 2012 and 2016 at the University Hospital Brno, Brno, Czech Republic.

Although this is a retrospective study, patients were selected consecutively; then, the
inclusion criteria were defined. To minimize the selection bias of a retrospective study
a prospective study with larger groups of patients would be needed to compare with
our results.

Radiographical FU was 2 years for this study and the average clinical followup was
5.8 years (maximum FU 10.8 years; minimum FU 2 years). Patients in this study were not
included in randomized controlled trials. Observational data were obtained during routine
clinical practice. All of the angles were measured by one experienced radiologist specialized
in orthopedics to eliminate inter-observer error. This study provided real-world data.

2.2. Subjects

We set the inclusion criteria to match our ideal indication for AIS surgical treatment.
The inclusion criteria for the study were as follows: progressive AIS with insuffi-

cient previous conservative treatment with a severity more than 40◦ of Cobb angle in
the major structural thoracic curve; adolescent age of 12–16 years; Lenke type 1A or B;
Risser sign 4 or 5.

The exclusion criteria were previous surgery of the musculoskeletal system and Lenke
type 1C (this type is often connected to unsatisfactory clinical outcomes and risk of revision
surgery) [5].
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All study subjects underwent PSIF with transpedicular all-screw (43 patients) or
hybrid fixation (25 patients). Postoperatively, all patients were examined clinically and
radiologically using plain standing radiographs on the 5th day after surgery, after 4 months,
one year, and two years after surgery.

2.3. Operation Technique

During screw/hooks insertion, facetectomy was performed. This allows a posterior
spine release and provides autograft for bone fusion. The correction maneuver used the
simultaneous double rod rotation technique [4]. Both rods were bent into kyphosis and
introduced on both sides of the curve. Set screws were applied to the anchor points but not
fully tightened. Both rods were then simultaneously rotated to the concavity of the curve
by 90◦. Anchor points of the apical vertebra were fully tightened. Correction continued
with segmental compressions on the concavity and segmental distractions of the convexity
of the curve. After the final correction, the spine was decorticated, and autografts were
added posterolaterally to provide a bone fusion.

2.4. X-ray Parameters and Measurements

Each patient had preoperative long format standing radiographs in posteroanterior
(PA) and lateral projections, as well as side-bending radiographs, focused on the apices of
each curve.

Bending films are crucial for curve flexibility assessment as well as for classifying
according to Lenke rules [2]. The bending films in our study were acquired in the supine
position on the X-ray table, while the patient was instructed to perform maximum trunk
inclination to the side of the convexity of the examined curve.

The severity of the deformity was measured using the Cobb angle on the PA plain
standing radiographs.

The disc angle below the LIV was measured. The criteria of local decompensation
were determined as wedging of the UDBF of >5◦ at the last check-up. This asymmetrical
disc loading is a risk factor for adding-on phenomenon and degenerative disc disease [12].

The last caudal vertebra of the main thoracic curve below which the disc opened at
least 5◦ towards the opposite side from the main curve was identified as the lower tilted
vertebra (LTV). The LTV was selected in both types of X-rays, the standing PA projection
(LTVs) as well as the bending X-rays in a horizontal position (LTVb) (Figure 1).
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The decompensation of UDBF was demonstrated in a patient with a shorter range of 
instrumented spinal fusion from group C, where LIV = LTVb (Figure 2). 

Figure 1. (A) Standing X-ray, determination of the lower tilted vertebra in a standing position (LTVs);
(B) bending X-ray, determination of the lower tilted vertebra in supine bending position (LTVb).
Patients with a higher flexibility of the main thoracic curve have the LTVb located more cranially than
the LTVs, and patients with lower flexibility of the structural curve have the LTVs equal to the LTVb.
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According to the possibility of structural changes in the vertebral shape, this vertebra
did not have to be the end vertebra. The same method was applied to the side-bending
radiographs (LTVb).

The decompensation of UDBF was demonstrated in a patient with a shorter range of
instrumented spinal fusion from group C, where LIV = LTVb (Figure 2).
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Figure 2. Measured X-ray, decompensated case (Group C). (A) Preoperative standing PA radiograph.
(B) Preoperative thoracic curve side-bending radiograph. (C) Preoperative lumbar curve side-bending
radiograph. (D) Standing PA radiograph after surgery. (E) Standing PA radiograph 4 months after
surgery. (F) Standing PA radiograph 12 months after surgery.
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2.5. Groups Selection

The followed-up group of patients was divided into two basic groups. Control group
A consisted of patients whose preoperative LTVs were equal to the LTVb; thus, no cranial
shift of LTV appeared on the bending film. LIV = LTVs = LTVb (Figure 3).
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Figure 3. Patient example from Group A. (A) Preoperative standing PA radiograph. (B) Preoperative
thoracic curve side-bending radiograph. (C) Preoperative lumbar curve side-bending radiograph.
(D) Standing PA radiograph after surgery. (E) Standing PA radiograph 4 months after surgery.
(F) Standing PA radiograph 12 months after surgery.
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Groups B and C consisted of patients who had a cranial shift of the LTV by one
segment on the bending film according to more flexible curves. Patients in group B were
treated with the PSIF ending at the LIV = LTVs (despite the LTVb being one segment cranial
to the LTVs) (Figure 4).
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Figure 4. Patient example from Group B. (A) Preoperative standing PA radiograph. (B) Preoperative
thoracic curve side-bending radiograph. (C) Preoperative lumbar curve side-bending radiograph.
(D) Standing PA radiograph after surgery. (E) Standing PA radiograph 4 months after surgery.
(F) Standing PA radiograph 12 months after surgery.

Patients in group C were treated with shorter instrumented spinal fusion ending at
the LIV = LTVb (Figure 5).

We assumed that if the LIV was equal to the LTVb, the decompensation of the first disc
below the LIV would not become significantly worse in comparison with LIV = LTVs. If
this hypothesis was confirmed, it would be possible to shorten the surgical instrumentation
selectively without the risk of postoperative decompensation of the UDBF.
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Figure 5. Patient example from Group C. (A) Preoperative standing PA radiograph. (B) Preoperative
thoracic curve side-bending radiograph. (C) Preoperative lumbar curve side-bending radiograph.
(D) Standing PA radiograph after surgery. (E) Standing PA radiograph 4 months after surgery.
(F) Standing PA radiograph 12 months after surgery.
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2.6. Statistical Methods

According to the null hypothesis, there is no difference between merged groups A
and B (LIV = LTVs) compared to group C (LIV = LTVb). The followed-up parameters
were statistically analyzed by Fisher’s exact test and the chi-square test; the level of sig-
nificance was set to 5% (p < 0.05). The test aimed to determine the dependence between
the representation of decompensations between merged groups A and B and group C. The
difference was statistically significant in Fischer´s exact test (p = 0.033) and the chi-square
test (p = 0.027). The null hypothesis was rejected. Data were analyzed using IBM SPSS
Statistics for Windows, Version 28.0.0.0 (IBM Corp. Released 2021, Armonk, NY, USA: IBM
Corp).

3. Results

The study group comprised 68 retrospectively consecutively evaluated patients with
AIS operated between 2012 and 2016, 10 males and 58 females. Our subjects were 14.7 years
of age on average at the time of surgery (range 12–16). In total, 35 patients were Lenke type
1A, and 33 patients were Lenke type 1B. Risser sign 4 had 54 patients, and Risser sign 5
had 14 patients. The average Cobb angle of the main thoracic curve preoperatively was
49.1◦ (range 40–79◦) and postoperatively 9.9◦ (range 0–31◦). The average Cobb angle of the
compensatory lumbar curve preoperatively was 30.7◦ (range 16–43◦) and postoperatively
9◦ (range 8.5–28◦).

In group A (36 patients), the achieved correction of the main operated scoliotic curve
was from 50◦ on average (range: 41–79◦) before surgery to 10.3◦ on average (range 0–35◦),
with a median value of 76% correction after the surgery.

The loss of correction at 12 and 24 months of the followup was 1.4◦ on average (3%)
and 2.2◦ (4%), respectively. The disc wedging below the LTVs was on average −5.4◦

preoperatively, +0.4◦ after the operation, +2.9◦ four months after the operation, +3.3◦

one year postoperatively, and +3.5◦ two years after surgery. Radiologically significant
decompensation, according to the decompensation criteria, was found in 11 cases.

In group B (12 patients), the main operated scoliotic curve was corrected from 52◦

(range 43–66◦) before the surgery to 13.8◦ (range 8–24◦), with a median of 73% correction
after the surgery. At the 12- and 24-months followup, the loss of correction reached 1.6◦

(3%) and 2.1◦ (4%), respectively. The disc wedging below the LTVb was on average −5.8◦

preoperatively, +1.0◦ after the surgery, +3.7◦ four months after the surgery, +3.6◦ one
year after the surgery, and +3.6◦ two years after the surgery. Radiologically significant
decompensation, according to the decompensation criteria, was found in 4 cases.

In group C (20 patients), the reached correction of the main operated scoliotic curve
was from 45.7◦ (41–54) before the surgery to 8.2◦ (0–20), with a median of 82% correction
after the surgery. At the 12- and 24-months followup, the loss of correction reached 0.9◦

(2%) and 1.5◦ (3%), respectively. The disc wedging below the LTVb was on average
−2.2◦ preoperatively, +2.2◦ after the surgery, +4.3◦ four months after the operation, +5.3◦

one year after the surgery, and +6.2◦ two years after surgery. Radiologically significant
decompensation, according to the decompensation criteria, was found in 12 cases.

One patient from group C was indicated for reoperation with the necessity of prolong-
ing the instrumented fusion caudally, based on the decompensation on X-ray examination
with clinical correlation.

Based on the previously stated criteria, the decompensation of the UDBF appeared in
31% in group A and 33% in group B. In contrast, in group C, where the instrumented fusion
was shortened according to the side-bending radiographs, the decompensation appeared
in 60% of the patients (Figure 6).
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4. Discussion

This study aimed to assess whether bending films could affect the determination of
the LIV and at the same time prevent the decompensation of non-operated spinal segments
in the postoperative followup period in patients with Lenke types 1A and 1B AIS. The
study results showed that in more flexible curves shortening of the PSIF to LIV = LTVb
should be avoided. The risk of decompensation in the UDBF with the possibility to develop
into the adding-on phenomenon was 60%. Our recommendation is to consider using this
method of LIV selection along with other LIV selection criteria [13–16].

The findings of this study have to be seen in the light of two major limitations. First,
according to the retrospective study concept, selection bias cannot be ruled out. Second,
the inclusion criteria of this study mentioned above were to present a typical patient who
underwent a selective thoracic spinal fusion. According to the strict inclusion criteria, the
final group of patients was relatively small. A prospective study with larger groups of
patients would be needed to compare with our results.

Polly and Vaughan concluded that supine bending films have greater importance in
curves up to 50◦, and traction films more effectively ensure genuine flexibility in curves
over 50◦ [17,18].

Curve flexibility in adolescent idiopathic scoliosis has been one of the major concerns
of spinal surgeons since the evolution of surgical correction techniques [19]. All surgeons
have been trying to identify which criteria are the most important for curve flexibility as-
sessment. Since the beginning of segmental instrumentations, interest in the effective range
of instrumentation and possibilities of further examinations of flexibility has increased.

Three-dimensional correction of the lateral bending of the trunk was proved in a
kinematic study in vivo by Fujimori [20]. Coupled axial rotation generally occurred in
the same direction as lateral bending. The standing side-bending images of the EOS
device contributed the same results as the supine images, with a five times lower radiation
dose [21]. Nevertheless, none of these techniques were referred to specify the LIV.

The patients from this study underwent PSIF at our institution either with hybrid
constructs or with all screw constructs. Between 2012 and 2016, the correction maneuver
was achieved by derotation of the rod and further compressions and distractions. During
this period, vertebral column manipulation and direct vertebral rotation were not included
in the correction maneuver.

The modern correction methods, direct vertebral rotation (DVR) and vertebral column
manipulation (VCM), are very powerful in the correction of the deformity and help us
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to shorten the range of PSIF. Horizontalization of the UDBF is also a good prognostic
parameter. On the contrary, there can be a risk of overloading the UDBF with derotation
forces [22–24].

Whether VCM and DVR correction techniques can lead to preserving more motion
segments in selective spinal fusion should be the next step in further research.

Burton et al., chose the LIV according to the ability of a vertebra to become horizontal
on convexity bending radiographs, which would subsequently be determined as the caudal
foundation vertebra [8]. Determination of the optimal parameters of the measurement, as
well as the postulation of an eventual unsatisfactory result, can vary. Kim [25] measured
the lowest instrumented vertebral tilt (LIVT), and he defined an unsatisfactory result
as a LIVT of more than 10◦ or a coronal balance of more than 15 mm. Clement [12]
monitored changes in the tilt of the first distal non-instrumented vertebra. He found that
the main variables associated with tilt ≤5◦ were a final correction percentage of ≥60%
and an absence of correction loss between the postoperative period and the last followup.
Minimal progression of UDBF decompensation in groups A and B compared to group C
was also confirmed in our study. Patients from group C with a UDBF > 5◦ had a higher
rate of decompensation.

In this study, the disc wedging angle below the fusion was evaluated and compared
with the compensation of the whole spine measured by CSVL at the same time. This
method is being used in our institution for followup of the further state and disc loading
below the fusion. The criteria of the disc decompensation, wedging of the UDBF of 5◦ or
more at the last check-up after the surgery, is purposely strict for better evaluation of the
case collection.

The importance of symmetric loading of the first free disc below the fusion has
been pointed out in several studies. Violas [26] concluded that the recovery of balanced
positioning and inherent biomechanical loads could induce restored hydration of the disc,
which should favor the remodeling of free segments. In another prospective magnetic
resonance imaging (MRI) study, Abelin-Genevois [27] found significant and sustainable
improvement in the MRI T2 hyper signal of the disc, indirectly indicating an improvement
of disc hydration after AIS surgery. Green [28] followed up on the long-term status of
non-fused segments after operation using MRI scans. In their long-term MRI followup
study, they reached good functional scores and maintenance of correction over 10 years
after fusion. Disc degeneration was found remote to the lowest instrumented vertebra.

5. Conclusions

The bending films can distinguish between rigid and flexible curves. Excessive short-
ening of instrumented fusion in flexible curves should be avoided. The risk of UDBF
decompensation in more flexible curves with instrumentation ending at LIV = LTVb was
two times higher. Ending the instrumentation at LIV = LTVs is the method of choice.
The method described in this study should be added as one of the factors for correct
LIV selection.
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