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Abstract: Skip pedicle screw fixation for adolescent idiopathic scoliosis (AIS) requires fewer screws
and can reduce the risk of neurovascular injury as compared with segmental pedicle screw fixation.
However, the long-term impact of screw number reduction on correction and clinical results is unclear.
This study examined the 10-year post-operative outcomes of skip pedicle screw fixation for patients
with AIS. We reviewed the outcomes of 30 patients who underwent skip pedicle screw fixation for
AIS. Radiological and clinical findings were assessed before and immediately, 2 years, and 10 years
after surgery in the remaining 25 patients. The mean Cobb angle of the main curve preoperatively and
immediately, 2 years, and 10 years post-operatively was 59.4◦, 23.4◦, 25.8◦, and 25.60◦, respectively,
and was significantly improved at all post-surgical time points (all p < 0.001). The mean correction
rate immediately after surgery was 60.8%, and the correction loss rate at the observation end point
was 4.8%. The Cobb angle of the lumbar curve was significantly improved immediately after surgery,
and the correction persisted until 10 years post-operatively. Remarkable gains were observed for
most Scoliosis Research Society-22 patient questionnaire sub-scores at the final follow-up versus
preoperative assessments. In conclusion, good correction of the AIS deformity by skip pedicle screw
fixation was well maintained over a long follow-up period of 10 years, with clinically meaningful
gains in Society-22 patient questionnaire sub-scores.

Keywords: long-term results; adolescent idiopathic scoliosis; skip pedicle fixation; 10 years; posterior
fusion; surgery

1. Introduction

Segmental pedicle screw fixation using numerous thoracic pedicle screws as described by
Suk et al. [1] is a useful option for posterior spinal fusion in adolescent idiopathic scoliosis (AIS).
The posterior approach offers stronger fixation strength to enable shorter fusion length and better
correction [2]. On the other hand, pedicle screw fixation has also been associated with a risk of injury
to neurovascular and visceral structures, such as the spinal cord, nerve root, lung, and aorta [1,3–5].
To avoid those serious complications, Takahashi et al., employ skip pedicle screw fixation for the AIS
deformity since it requires fewer screws (Figure 1) and can reduce surgical costs [6–9]. Uehara et al.,
earlier described the two-year results of computer-assisted skip pedicle screw fixation in 62 consecutive
cases of AIS containing all Lenke classification types apart from 5C [9]. However, evidence on the

J. Clin. Med. 2020, 9, 4002; doi:10.3390/jcm9124002 www.mdpi.com/journal/jcm

http://www.mdpi.com/journal/jcm
http://www.mdpi.com
https://orcid.org/0000-0003-0718-6357
https://orcid.org/0000-0002-9239-1023
http://dx.doi.org/10.3390/jcm9124002
http://www.mdpi.com/journal/jcm
https://www.mdpi.com/2077-0383/9/12/4002?type=check_update&version=2


J. Clin. Med. 2020, 9, 4002 2 of 10

long-term outcomes of skip pedicle screw fixation, especially scoliosis correction loss, implant failure
including screw breakage/pull-out, and decreased Scoliosis Research Society-22 patient questionnaire
(SRS-22r) scores, is scarce.

Figure 1. Representative skip pedicle screw fixation for adolescent idiopathic scoliosis. (a) Preoperative
Cobb angle of the main thoracic curve was 53◦. (b) Skip pedicle screw fixation from T1 to L1 improved
the scoliotic curve to 17◦.

The purpose of this study is to examine if the corrective position retention and good clinical
outcomes of skip pedicle screw fixation are maintained even at 10 years after surgery. To further
validate the usefulness of skip pedicle screw fixation for AIS, we examined the radiological and clinical
findings of patients after a long observation period of at least 10 years.

2. Methods

2.1. Patients

This study was conducted at our institution. We earlier described the 2-year results of skip pedicle
screw fixation in 62 consecutive cases of AIS [9]. Among 30 consecutive patients receiving preoperative
computed tomography (CT)-based navigation-assisted skip pedicle screw fixation for AIS at our
hospital between August 2005 and March 2010, 25 patients (2 male and 23 female; mean ± standard
deviation (SD) age: 14.4 ± 2.1 years, range: 12–19 years) who were followed for a minimum of 10 years
(follow-up rate: 83.3%) were retrospectively reviewed. All surgeries were performed by one senior
spine surgeon specializing in scoliosis (J.T.). The inclusion criteria were patients who underwent AIS
surgery and follow-up at our hospital. The exclusion criteria were follow-up of less than 10 years
and Lenke type 5 curves. Five patients without follow-up of at least 10 years due to relocation were
excluded. Classification according to Lenke grading was type 1A in seven patients, 1B, 2A, and 6C in
three patients each, 1C in four patients, 4B in one patient, 3C and 4C in two patients each. Patients with
Lenke type 5 curves were excluded from this investigation since they often received segmental pedicle
screw fixation. Prior approval of the study was obtained from the investigational review board of our
hospital (No. 3500). Written informed consent for publication was obtained from all patients prior
to this study. No financial support or equivalent was received for this investigation. The complete
database of the cohort can be accessed at the Zenodo repository (doi.org/10.5281/zenodo.4295859).

2.2. Surgical Technique

Pedicle screw insertion into the upper and lower ends of the instrumentation area was performed
bilaterally. Screw placement in the vertebral levels other than the upper instrumented vertebra,
lowest instrumented vertebra, and apex was judged based on the size and rigidity of the curve and
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was skipped when possible. Screw insertion was skipped near the apical vertebrae of each curve
and in the junctional zone between structural and compensatory curves that were not close to fused
end vertebrae. We excluded pedicles with an outer diameter of less than the thinnest screw diameter
during navigation planning. Pedicle screws were routinely inserted near the concave apical vertebrae.
For cases in which a 4.5 mm-diameter pedicle screw appeared difficult to insert in navigation planning,
tape was used instead. However, in cases where only one vertebra was skipped, no tape was used.
Since pedicle diameter is wider near the convex vertebrae, we basically used pedicle screws and
skipped one vertebra per inserted vertebra. Screw holes were made using a Kotani probe [10] with
CT-based navigation, while pedicle screws were inserted without navigation. Bone grafting employed
local bone. Ponte osteotomy was not performed in this cohort. The lower instrumented vertebra
(LIV) was decided as the vertebra which last touched the central sacral vertical line when the lumbar
modifier was Lenke 1A or 2A. For Lenke 1B and 1C curves, the LIV was determined as the stable
vertebra or one vertebra distal to the stable vertebra. For Lenke 3C, 4B, 4C, and 6C curves, we routinely
set the LIV as L3.

2.3. Evaluation and Statistical Analysis

The first author (M.U.), who was not associated with any surgery in the cohort, performed
the evaluation. Cobb angle [11] and thoracic kyphosis from T5 to T12, absolute value of clavicular
angle (CA), distance from the C7 plumb line to the central sacral vertical line (C7PL), LIV tilt, and
other radiological parameters were evaluated before and immediately, 2 years, and 10 years after
surgery. The main curve flexibility was calculated as: (Cobb angle in standing position—Cobb
angle in side bending)/Cobb angle in standing position × 100%. CT was performed at 6 months
postoperatively to confirm bony fusion of the facet and to determine whether the patients could
be permitted to exercise. Clinical outcomes were examined using SRS-22r scores [12,13] before and
at 2 and 10 years post-operatively. Results for the Japanese Orthopaedic Association Back Pain
Evaluation Questionnaire (JOABPEQ), which included a visual analog scale (VAS) for back pain
and complications requiring surgical revision, were assessed at the study end point. The JOABPEQ
contains five domains (pain-related disorder, lumbar spine dysfunction, gait disturbance, social life
disturbance, and psychological disorder) whose scores range from 0 (lowest) to 100 (highest) [14].
We also evaluated whether JOABPEQ scores for back pain were influenced by poor overall correction,
such as coronal decompensation, lumbar decompensation, the adding-on phenomenon, and early
degeneration. Coronal decompensation was considered as C7PL deviation exceeding 20 mm [15].
Lumbar decompensation was defined as progression of thoracolumbar/lumbar Cobb angle by 10◦ or
more versus immediately postoperative Cobb angle [16]. The adding-on phenomenon was judged
as follows: (1) a ≥5◦ aggravation of scoliotic Cobb angle and a shift in curve-end vertebrae towards
the caudal side, or (2) a ≥5◦ wedge-shaped change in the vertebral disc adjacent to the lower side of
the fused vertebrae during postoperative follow-up [17]. Pre- and post-surgical data were compared
using the paired t-test with Bonferroni correction, and data from the two groups were compared by
means of Welch’s t-test with EZR software (Saitama Medical Center, Jichi Medical University, Saitama,
Japan), a graphical user interface for R (The Foundation for Statistical Computing, Vienna, Austria).
As a modified version of R commander, EZR adds statistical functions frequently used in biostatistics.
A p-value of <0.05 was considered statistically significant.

3. Results

The cohort’s preoperative radiological and clinical features are summarized in Table 1.
The preoperative Cobb angle of the main thoracic curve was 59.4◦, and the main thoracic curve
flexibility was 38.2%. The mean ± SD number of fused vertebrae was 10.8 ± 1.9 (range: 8–13),
mean surgical time was 294 ± 80 min (range: 168–420 min), mean blood loss volume was 1304 ± 672 mL
(range: 500–3050 mL), and mean screw density (i.e., number of screws per vertebra fused) was
1.33 ± 0.22 (range: 1.00–1.77). The vertebral level of the LIV was T12 in five cases, L1 in eight cases,



J. Clin. Med. 2020, 9, 4002 4 of 10

L2 in three cases, and L3 in nine cases. Among the 250 inserted pedicle screws, the grade 2 and 3
perforation (i.e., >2 mm) rate was 6.8%, and the grade 3 perforation (i.e., >4 mm) rate was 4.4% based
on post-operative CT. No severe neurovascular injuries from screw misplacement were observed.

Table 1. Preoperative radiological and clinical features.

Mean ± Standard Deviation (Range)

Age, years 14.4 ± 2.1 (12–19)
Sex, male/female 2:23

Cobb angle of main thoracic curve, ◦ 59.5 ± 15.1 (44–94)
Main curve flexibility, % 38.2 ± 19.4 (6.3–96.1)

Cobb angle of lumbar curve, ◦ 40.5 ± 19.9 (12–82)
Thoracic kyphotic angle (T5–T12), ◦ 9.1 ± 8.3 (−8–29)

Clavicular angle, ◦ 2.2 ± 1.9 (0–7.9)
C7PL, cm 1.4 ± 1.1 (0–5.0)

C7PL: distance from the C7 plumb line to the central sacral vertical line.

The Cobb angle of the main thoracic curve was significantly improved immediately, at 2 years,
and at 10 years after correction vs. preoperative measurements (all p < 0.001) (Figure 2, Table 2).
The mean correction rate of the main curve at the above time points was 60.8 ± 2.2%, 56.3 ± 2.5%,
and 56.8 ± 2.2%, respectively (Table 2). The correction loss rate between immediately and 10 years
after surgery was 4.8 ± 3.6%.

Figure 2. The mean Cobb angle of the main thoracic curve before and at 2 and 10 years after surgery was
59.4◦, 25.8◦, and 25.6◦, respectively. The main thoracic curve Cobb angle was significantly improved at
both post-operative time points (p < 0.001). The respective mean T5–12 thoracic kyphotic angle before
and at 2 and 10 years after surgery was 9.1◦, 17.9◦, and 15.2◦. The Cobb angle of the lumbar curve was
significantly improved immediately after surgery, which persisted until 10 years post-operatively.

Table 2. Surgical results of skip pedicle screw fixation.

Radiological and Physical
Evaluation

Before
Surgery

Immediately
after Surgery

Two Years
after Surgery

Ten Years after
Surgery

Cobb angle of main thoracic curve, ◦ 59.4 ± 3.0 23.4 ± 1.8 ** 25.8 ± 1.7 ** 25.6 ± 1.7 **
Correction rate of Cobb angle

(main thoracic curve), % N/A 60.8 ± 2.2 56.3 ± 2.5 56.8 ± 2.2

Thoracic kyphotic angle (T5–T12), ◦ 9.1 ± 1.7 15.2 ± 1.6 ** 17.9 ± 1.5 ** 15.2 ± 1.5 **
Clavicular angle, ◦ 2.2 ± 0.4 3.2 ± 0.5 2.4 ± 0.4 2.2 ± 0.4

C7PL, cm 1.4 ± 0.2 1.3 ± 0.2 0.7 ± 0.2 * 1.4 ± 0.4
Cobb angle of lumbar curve, ◦ 40.5 ± 4.0 18.6 ± 2.5 ** 17.9 ± 2.2 ** 18.8 ± 2.3 **

LIV tilt, ◦ 20.1 ± 1.5 7.8 ± 1.4 ** 7.3 ± 1.4 ** 7.7 ± 1.2 **

All values are expressed as the mean ± standard error; LIV: lower instrumented vertebra, N/A: not applicable;
* p < 0.05 vs. before surgery, ** p < 0.001 vs. before surgery.
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The T5–12 thoracic kyphotic angle was significantly improved at all post-operative time points
over baseline (all p < 0.05) (Figure 2, Table 2). Absolute CA values were similar, corresponding
to 2.2 ± 0.4◦ preoperatively, 3.2 ± 0.5◦ immediately after surgery, 2.4 ± 0.4◦ at 2 years after surgery,
and 2.2 ± 0.4◦ at the final follow-up. Similarly, absolute C7PL values remained comparable, with values
of 1.4 ± 0.2 cm, 1.3 ± 0.2 cm, 0.7 ± 0.2 cm, and 1.4 ± 0.4 cm, respectively (Table 2).

The Cobb angle of the lumbar curve and LIV tilt were significantly improved immediately after
surgery, which persisted until 10 years post-operatively (Figure 2, Table 2).

SRS-22r scores increased significantly in all domains from preoperatively to 2 and 10 years after
surgery (all p < 0.05) (Table 3). At the study end point, the mean satisfaction score was 4.02 ± 0.17
(range: 2–5.0), and the mean total score was 4.29 ± 0.09 (range: 3.1–4.95) (Table 3).

Table 3. Clinical results of SRS-22r scores.

SRS-22r Domain Before Surgery Two Years after Surgery Ten Years after Surgery

Function 4.31 ± 0.12 4.74 ± 0.05 ** 4.65 ± 0.09 *
Pain 4.01 ± 0.12 4.68 ± 0.07 ** 4.40 ± 0.13 *

Self-image 2.75 ± 0.11 3.88 ± 0.13 *** 3.89 ± 0.15 ***
Mental health 3.73 ± 0.18 4.62 ± 0.07 *** 4.31 ± 0.12 *

Sub-total 3.69 ± 0.10 4.48 ± 0.05 *** 4.31 ± 0.09 ***
Satisfaction N/A 4.08 ± 0.15 4.02 ± 0.17

Total N/A 4.44 ± 0.05 4.29 ± 0.09

All values are expressed as the mean ± standard error; SRS-22r: Scoliosis Research Society-22 patient questionnaire,
N/A: not applicable; * p < 0.05 vs. before surgery, ** p < 0.01 vs. before surgery, *** p < 0.001 vs. before surgery.

JOABPEQ scores at 10 years after surgery were 86.8 ± 4.2 for pain-related disorder, 94.0 ± 2.4
for lumbar spine dysfunction, 95.8 ± 2.7 for gait disturbance, 84.4 ± 3.6 for social life disturbance,
and 72.9 ± 3.4 for psychological disorder (Table 4). Three (12.0%) patients experienced coronal
decompensation, five (20.0%) patients had lumbar decompensation, two (8.0%) patients exhibited
adding-on, and three (12.0%) patients had early degeneration. The JOABPEQ score for low back pain
in patients with coronal decompensation was 100 ± 0, which was significantly higher than in patients
without it (85.0 ± 21.8) (p = 0.004). The JOABPEQ scores for low back pain in patients with and without
lumbar decompensation were comparable, with values of 91.4 ± 19.2 and 85.7 ± 21.8, respectively
(p = 0.58). The JOABPEQ score for low back pain in patients with adding-on was significantly higher
than in patients without it (100 ± 0.0 vs. 85.7 ± 21.6, p = 0.004). The respective JOABPEQ scores for low
back pain in patients with and without early degeneration were similar, corresponding to 62.0 ± 32.9
and 90.2 ± 17.4 (p = 0.27). The mean VAS score for low back pain was 19.6 ± 5.4 (range: 0−80) and
was zero in 13 (52%) patients. Bone union was confirmed by CT in all cases. Screw breakage without
symptoms requiring surgical revision was seen in two patients. No severe neurovascular complications
from surgical invasion or indication for surgical revision were recorded.

Table 4. Comparison of JOABPEQ scores with reference values for low back pain patients.

JOABPEQ Domain Present Series Reference Value [18]

Pain-related disorder 86.8 ± 4.2 42.9
Lumbar spine dysfunction 94.0 ± 2.4 58.3

Gait disturbance 95.8 ± 2.7 50.0
Social life disturbance 84.4 ± 3.6 51.4
Psychological disorder 72.9 ± 3.4 47.6

All values are expressed as the mean ± standard error; JOABPEQ: Japanese Orthopaedic Association Back Pain
Evaluation Questionnaire.
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4. Discussion

Skip pedicle screw fixation for AIS correction significantly improved both radiological and clinical
parameters at a minimum of 10 years after surgery using fewer inserted screws than in segmental
fixation and without complications requiring surgical revision.

The primary goals of surgical AIS treatment are preventing curve progression and correcting the
deformity. Segmental pedicle screw fixation is frequently used for rod anchoring in posterior fixation of
the scoliotic deformity in AIS. The rate of neurovascular complications from misplaced screws ranges
from 0% to 1.3%, being attributed mainly to narrow pedicle diameter and spinal rotation [2,18–20].
We have been employing skip pedicle screw fixation for AIS to reduce the number of screw violations
and the associated risk of major adverse events [6]. Behrbalk et al., reported that a low screw density
technique was as safe and effective as a high screw density technique for posterior-only correction
of Scheuermann kyphosis and could provide significant cost savings [21]. Cheung et al., reported
that fulcrum bending correction could estimate curve correction in AIS surgery using alternate-level
thoracic pedicle screws [22]. In our study, the preoperative Cobb angle of the main curve was 59.4◦,
and the main curve flexibility was 38.2%. We defined the planned correction angle as the difference
between the Cobb angle in side bending and the target Cobb angle, and the number of screws was
determined with reference to a previously reported formula, i.e., planned correction angle/1.7◦ [23].
In the present study, mean screw density was 1.33, grade 3 screw perforation rate was 4.4%, and grade
2 and 3 combined perforation rate was 6.8%. No neurovascular injuries were encountered during
10 years of observation. Although preoperative CT-based navigation is useful for safely inserting
pedicle screws, performing a CT scan of all vertebrae for the length of the fusion to check pedicle
anatomy and size carries the potential risk of long-term damage from radiation.

Although skip pedicle screw fixation is considered safer than segmental screw fixation, a trade-off

with diminished long-term correction and clinical effects may exist. A two-year observational
radiological study of surgical AIS correction showed that an all-pedicle screw system provided better
maintenance of corrective parameters than did hybrid instrumentation surgery using pedicle screws,
hooks, and sublaminar wire or tape as an anchor, with final correction rates of 70.41% and 60.00%,
respectively [24]. Preoperative flexibility was approximately 50% in both groups [24]. Hwang et al.,
also reported satisfactory results for skip pedicle screw insertion, obtaining 69% for correction rate and
2% for correction loss rate at 5 years [25]. In this study, the correction rate was 59.8% immediately
post-operatively, and the 10-year correction loss rate was 4.8%, which were less favorable than Hwang’s
findings but comparable to those of the hybrid group. Moreover, the correction loss at 10 years was
low at 2.2◦. The absence of Ponte osteotomy procedures in this series may have reduced the correction
rate. Screw breakage was seen in two patients, who experienced a mean correction loss of 10.5◦ at
10 years but maintained good SRS-22r scores. Regarding the changes occurring from 2 years to 10 years
post-operatively, the end vertebrae were not fused in some cases, so it was conceivable that alterations
were caused by angular deformations in the cranial or caudal adjacent intervertebrae of the unfused
end vertebrae.

Ishikawa et al., reported that the final Cobb angle of the thoracolumbar/lumbar curve was
significantly correlated with the immediately post-operative LIV tilt [26]. On the other hand,
Skaggs et al., described that LIV tilt was not associated with post-surgical lumbar Cobb angle [27].
In our study, the Cobb angle of the lumbar curve and the LIV tilt were significantly improved until 10
years after surgery. However, 12.0% of the patients had coronal decompensation, 20.0% of the patients
had lumbar decompensation, 8.0% of the patients had adding-on, and 12.0% of the patients had early
degeneration. Furthermore, comparisons of the LIV tilt immediately after surgery in patients with
and without lumbar decompensation revealed similar findings (6.4 ± 5.3◦ and 8.2 ± 7.3◦, respectively;
p = 0.63).

The JOABPEQ domain scores in our cohort were all considerably higher than the reference values
of low-back-pain patients [28] (Table 4). Furthermore, all scores were greater than the minimum
clinically important differences (MCIDs) for JOABPEQ (20.4 for low back pain, 15.6 for lumbar
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function, 16.8 for walking ability, 13.4 for social life function, and 9.4 for mental health) reported by
Ogura et al. [29]. The score for psychological disorder was the lowest, possibly due to the stresses
of child care or working life in our young adult cohort. Hence, the long-term correction ability of
skip pedicle screw fixation was considered sufficient, especially since the preoperative flexibility in
our cohort (approximately 40%) was comparably lower than that of earlier reports. Furthermore,
evaluations on whether the JOABPEQ scores for back pain were influenced by poor overall correction,
such as coronal decompensation, lumbar decompensation, the adding-on phenomenon, and early
degeneration, revealed that coronal decompensation and adding-on were not relevant adverse effects
at 10 years after surgery.

Regarding long-term radiological results, the main thoracic curve Cobb angle improved from
51◦ to 16◦, with a correction loss rate of 5% in a five-year study on segmental pedicle screw fixation
for thoracic scoliosis [30]. However, data on the long-term benefits of skip pedicle screw fixation are
scarce. We observed that this method significantly improved and maintained the coronal and sagittal
radiological parameters of AIS cases at 10 years after surgery without severe neurovascular events
or the need for surgical revision. Although a formal cost-effectiveness analysis was not performed,
fewer implants were presumed as more economical for the patients.

With regard to the long-term clinical results of surgical AIS treatment, there are several reports on
the Harrington method, posterior fixation with the rod and hook system, and anterior fusion, and few
on pedicle screw fixation. In a comparative control study using the SRS-24, AIS patients undergoing
correction surgery by the Harrington method had findings equivalent to those of healthy subjects
for all parameters, and the magnitude of the scoliotic angle was not associated with quality of life
(QOL) scores [31]. In a similar study with healthy subjects using the SRS-22, however, Akazawa et al.,
witnessed that patients had comparable scores for pain and mental health, but inferior results for
function and self-image [32]. Using the Short Form 36 Health Survey, Götze et al., observed that
adolescents who received correction surgery by the Harrington method had similar physical function,
but lower mental health, in relation to German national standard values. Curve type and magnitude
of the scoliotic angle were unrelated to QOL [33]. The present study evaluated 10-year post-operative
clinical results using SRS-22r scores to reveal that self-image and sub-total were significantly ameliorated
at 2 years and 10 years after surgery. Although some patients were subjected to long fusion procedures,
the function and pain scores were also improved after correction. Thus, skip pedicle screw fixation for
AIS produces good long-term correction without function loss or pain worsening.

We lastly examined whether the SRS-22r score changes in our cohort were clinically meaningful.
In earlier studies on MCID for clinical domain outcomes, MCID was 0.20 for pain (area under the
receiver operating characteristic curve (AUC) = 0.723), 0.08 for function (AUC = 0.648), and 0.98
for self-image (AUC = 0.629) [34]. The changes in the scores for pain, function, and self-image
were all higher than their respective MCID, confirming that skip pedicle fixation produced clinically
meaningful improvements.

Newton et al., noted that posterior segmental instrumentation for AIS could significantly decrease
thoracic kyphosis [35]. Such a finding was absent in our study, with the mean thoracic kyphotic angle
before and at 2 and 10 years after surgery being 9.1◦, 15.2◦, and 17.9◦, respectively. Skip pedicle screw
fixation may also have the advantage of improving thoracic kyphosis. If more rigid cobalt chromium
rods had been used, larger thoracic kyphosis might have been possible.

The main limitations of this study were no control group, a limited sample size, and a retrospective
design. No blinding of the assessor was also a limitation of this study. Although five patients were lost
to follow-up, the resulting 83.3% follow-up rate was considered satisfactory based on Solberg et al.,
reporting that a follow-up loss of 22% did not bias conclusions about the effects of treatment [36].
Thus, our analysis on the outcomes of 25 AIS patients indicated good long-term radiological and
clinical results for skip pedicle screw fixation, with almost all parameters being well conserved up to
10 years post-operatively.
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5. Conclusions

Skip pedicle screw fixation for AIS provided significant and sustained radiological and clinical
improvements at 10 years after surgery without serious complications.

Author Contributions: Conceptualization, M.U. and J.T.; methodology, M.U., S.K., S.I., H.O., T.T., R.M., T.H.,
M.K., and J.T.; validation, M.U., and S.K., S.I., H.O.; formal analysis, M.U. and R.M.; investigation, M.U., T.T.,
R.M., T.H., M.K., and J.T.; data curation, M.U., S.K., S.I., H.O., T.T., R.M., T.H., M.K., and J.T.; writing-original draft
preparation, M.U.; writing-review and editing, S.K., S.I., H.O., T.T., R.M., T.H., M.K., and J.T.; and supervision, J.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Suk, S.I.; Lee, C.K.; Kim, W.J.; Chung, Y.J.; Park, Y.B. Segmental pedicle screw fixation in the treatment of
thoracic idiopathic scoliosis. Spine 1995, 20, 1399–1405. [CrossRef] [PubMed]

2. Halm, H.; Niemeyer, T.; Link, T.; Liljenqvist, U. Segmental pedicle screw instrumentation in idiopathic
thoracolumbar and lumbar scoliosis. Eur. Spine J. 2000, 9, 191–197. [CrossRef] [PubMed]

3. Liljenqvist, U.R.; Halm, H.F.; Link, T.M. Pedicle screw instrumentation of the thoracic spine in idiopathic
scoliosis. Spine 1997, 22, 2239–2245. [CrossRef] [PubMed]

4. Heini, P.; Scholl, E.; Wyler, D.; Eggli, S. Fatal cardiac tamponade associated with posterior spinal
instrumentation. Spine 1998, 23, 2226–2230. [CrossRef] [PubMed]

5. Papin, P.; Aebi, M. Unusual presentation of spinal cord compression related to misplaced pedicle screws in
thoracic scoliosis. Eur. Spine J. 1999, 8, 156–159. [CrossRef] [PubMed]

6. Takahashi, J.; Hirabayashi, H.; Hashidate, H.; Ogihara, N.; Kato, H. Accuracy of multilevel registration in
image-guided pedicle screw insertion for adolescent idiopathic scoliosis. Spine 2010, 35, 347–352. [CrossRef]
[PubMed]

7. Takahashi, J.; Ikegami, S.; Kuraishi, S.; Shimizu, M.; Futatsugi, T.; Kato, H. Skip pedicle screw fixation
combined with Ponte osteotomy for adolescent idiopathic scoliosis. Eur. Spine J. 2014, 23, 2689–2695.
[CrossRef]

8. Mukaiyama, K.; Takahashi, J.; Hirabayashi, H.; Ogihara, N.; Kuraishi, S.; Shimizu, M.; Kato, H. Factors
influencing the residual rib hump after posterior spinal fusion for adolescent idiopathic scoliosis with Lenke
1 and 2 curves. J. Orthop. Sci. 2013, 18, 687–692. [CrossRef]

9. Uehara, M.; Takahashi, J.; Kuraishi, S.; Shimizu, M.; Ikegami, S.; Futatsugi, T.; Oba, H.; Kato, H.
Computer-assisted skip pedicle screw fixation for adolescent idiopathic scoliosis. J. Orthop. Sci. 2017, 22,
218–223. [CrossRef]

10. Kotani, Y.; Abumi, K.; Ito, M.; Minami, A. Improved accuracy of computer-assisted cervical pedicle screw
insertion. J. Neurosurg. 2003, 99 (Suppl. 3), 257–263. [CrossRef]

11. Cobb, J.R. Outline for the study of scoliosis. Am. Acad. Orthop. Surg. Inst. Course Lect. 1948, 5, 261–275.
12. Haher, T.R.; Gorup, J.M.; Shin, T.M.; Homel, P.; Merola, A.A.; Grogan, D.P.; Pugh, L.; Lowe, T.G.; Murray, M.

Results of the Scoliosis Research Society instrument for evaluation of surgical outcome in adolescent
idiopathic scoliosis, A multicenter study of 244 patients. Spine 1999, 24, 1435–1440. [CrossRef] [PubMed]

13. Hashimoto, H.; Sase, T.; Arai, Y.; Maruyama, T.; Isobe, K.; Shouno, Y. Validation of a Japanese version of the
Scoliosis Research Society-22 Patient Questionnaire among idiopathic scoliosis patients in Japan. Spine 2007,
32, E141–E146. [CrossRef]

14. Fukui, M.; Chiba, K.; Kawakami, M.; Kikuchi, S.; Konno, S.; Miyamoto, M.; Seichi, A.; Shimamura, T.;
Shirado, O.; Taguchi, T.; et al. Subcommittee of the Clinical Outcome Committee of the Japanese Orthopaedic
Association on Low Back Pain and Cervical Myelopathy Evaluation. JOA back pain evaluation questionnaire
(JOABPEQ)/JOA Cervical Myelopathy evaluation questionnaire (JOACMEQ), The report on the development
of revised versions, April 16, 2007, The Subcommittee of the clinical outcome committee of the Japanese
orthopaedic association on low back pain and Cervical Myelopathy evaluation. J. Orthop. Sci. 2009, 14,
348–365. [PubMed]

http://dx.doi.org/10.1097/00007632-199506020-00012
http://www.ncbi.nlm.nih.gov/pubmed/7676339
http://dx.doi.org/10.1007/s005860000139
http://www.ncbi.nlm.nih.gov/pubmed/10905435
http://dx.doi.org/10.1097/00007632-199710010-00008
http://www.ncbi.nlm.nih.gov/pubmed/9346144
http://dx.doi.org/10.1097/00007632-199810150-00017
http://www.ncbi.nlm.nih.gov/pubmed/9802166
http://dx.doi.org/10.1007/s005860050147
http://www.ncbi.nlm.nih.gov/pubmed/10333156
http://dx.doi.org/10.1097/BRS.0b013e3181b77f0a
http://www.ncbi.nlm.nih.gov/pubmed/20075780
http://dx.doi.org/10.1007/s00586-014-3505-6
http://dx.doi.org/10.1007/s00776-013-0424-z
http://dx.doi.org/10.1016/j.jos.2016.11.012
http://dx.doi.org/10.3171/spi.2003.99.3.0257
http://dx.doi.org/10.1097/00007632-199907150-00008
http://www.ncbi.nlm.nih.gov/pubmed/10423788
http://dx.doi.org/10.1097/01.brs.0000255220.47077.33
http://www.ncbi.nlm.nih.gov/pubmed/19499305


J. Clin. Med. 2020, 9, 4002 9 of 10

15. Li, S.; Chen, Z.H.; Qiu, Y.; Xu, L.; Chen, X.; Du, C.Z.; Zhu, Z.Z.; Sun, X. Coronal decompensation after
posterior-only thoracolumbar hemivertebra resection and short fusion in young children with congenital
scoliosis. Spine 2018, 43, 654–660. [CrossRef] [PubMed]

16. Kwan, M.K.; Chiu, C.K.; Tan, P.H.; Chian, X.H.; Ler, X.Y.; Ng, Y.H.; Ng, S.J.; Goh, S.H.; Chan, C.Y.W.
Radiological and clinical outcome of selective thoracic fusion for patients with Lenke 1C and 2C adolescent
idiopathic scoliosis with a minimum follow-up of 2 years. Spine J. 2018, 18, 2239–2246. [CrossRef] [PubMed]

17. Cho, R.H.; Yaszay, B.; Bartley, C.E.; Bastrom, T.P.; Newton, P.O. Which Lenke 1A curves are at the greatest
risk for adding-on . . . and why? Spine 2012, 37, 1384–1390. [CrossRef] [PubMed]

18. Shimizu, M.; Takahashi, J.; Ikegami, S.; Kuraishi, S.; Futatsugi, T.; Kato, H. Are pedicle screw perforation rates
influenced by registered or unregistered vertebrae in multilevel registration using a CT-based navigation
system in the setting of scoliosis? Eur. Spine J. 2014, 23, 2211–2217. [CrossRef]

19. Belmont, P.J., Jr.; Klemme, W.R.; Dhawan, A.; Polly, D.W., Jr. In vivo accuracy of thoracic pedicle screws.
Spine 2001, 26, 2340–2346. [CrossRef]

20. Suk, S.I.; Kim, W.J.; Lee, S.M.; Kim, J.H.; Chung, E.R. Thoracic pedicle screw fixation in spinal deformities:
Are they really safe? Spine 2001, 26, 2049–2057. [CrossRef]

21. Behrbalk, E.; Uri, O.; Parks, R.M.; Grevitt, M.P.; Rickert, M.; Boszczyk, B.M. Posterior-only correction of
Scheuermann kyphosis using pedicle screws: Economical optimization through screw density reduction.
Eur. Spine J. 2014, 23, 2203–2210. [CrossRef] [PubMed]

22. Cheung, K.M.; Natarajan, D.; Samartzis, D.; Wong, Y.W.; Cheung, W.Y.; Luk, K.D. Predictability of the
fulcrum bending radiograph in scoliosis correction with alternate-level pedicle screw fixation. J. Bone Joint
Surg. Am. 2010, 92, 169–176. [CrossRef] [PubMed]

23. Uehara, M.; Takahashi, J.; Ikegami, S.; Oba, H.; Kuraishi, S.; Futatsugi, T.; Takizawa, T.; Munakata, R.;
Koseki, M.; Kato, H. Determination of optimal screw number based on correction angle for main thoracic
curve in adolescent idiopathic scoliosis. J. Orthop. Sci. 2019, 24, 415–419. [CrossRef] [PubMed]

24. Crawford, A.H.; Lykissas, M.G.; Gao, X.; Eismann, E.; Anadio, J. All-pedicle screw versus hybrid
instrumentation in adolescent idiopathic scoliosis surgery: A comparative radiographical study with
a minimum 2-year follow-up. Spine 2013, 38, 1199–1208. [CrossRef]

25. Hwang, C.J.; Lee, C.K.; Chang, B.S.; Kim, M.S.; Yeom, J.S.; Choi, J.M. Minimum 5-year follow-up results
of skipped pedicle screw fixation for flexible idiopathic scoliosis. J. Neurosurg. Spine 2011, 15, 146–150.
[CrossRef]

26. Ishikawa, M.; Cao, K.; Pang, L.; Watanabe, K.; Yagi, M.; Hosogane, N.; Machida, M.; Shiono, Y.; Nishiyama, M.;
Fukui, Y.; et al. Postoperative behavior of thoracolumbar/lumbar curve and coronal balance after posterior
thoracic fusion for Lenke 1C and 2C adolescent idiopathic scoliosis. J. Orthop. Sci. 2015, 20, 31–37. [CrossRef]

27. Skaggs, D.L.; Seehausen, D.A.; Yamaguchi, K.T., Jr.; Hah, R.J.; Wright, M.L.; Bumpass, D.B.; Kim, H.J.;
Andras, L.M.; Vitale, M.G.; Lenke, L.G. Assessment of Lowest Instrumented Vertebra Tilt on Radiographic
Measurements in Lenke “C” Modifier Curves Undergoing Selective Thoracic Fusion in Adolescent Idiopathic
Scoliosis. Spine Deform. 2016, 4, 125–130. [CrossRef]

28. Tominaga, R.; Sekiguchi, M.; Yonemoto, K.; Kakuma, T.; Konno, S.I. Establishment of reference scores
and interquartile ranges for the Japanese Orthopaedic Association Back Pain Evaluation Questionnaire
(JOABPEQ) in patients with low back pain. J. Orthop. Sci. 2018, 23, 643–648. [CrossRef]

29. Ogura, Y.; Ogura, K.; Kobayashi, Y.; Kitagawa, T.; Yonezawa, Y.; Takahashi, Y.; Yoshida, K.; Yasuda, A.;
Shinozaki, Y.; Ogawa, J. Minimally clinically important differences for the Japanese Orthopaedic Association
Back Pain Evaluation Questionnaire (JOABPEQ) following decompression surgery for lumbar spinal stenosis.
J. Clin. Neurosci. 2019, 69, 93–96. [CrossRef]

30. Bharucha, N.J.; Lonner, B.S.; Auerbach, J.D.; Kean, K.E.; Trobisch, P.D. Low-density versus high-density
thoracic pedicle screw constructs in adolescent idiopathic scoliosis: Do more screws lead to a better outcome?
Spine J. 2013, 13, 375–381. [CrossRef]

31. Mariconda, M.; Galasso, O.; Barca, P.; Milano, C. Minimum 20-year follow-up results of Harrington rod
fusion for idiopathic scoliosis. Eur. Spine J. 2005, 14, 854–861. [CrossRef]

32. Akazawa, T.; Minami, S.; Kotani, T.; Nemoto, T.; Koshi, T.; Takahashi, K. Long-term clinical outcome of
surgery for adolescent idiopathic scoliosis 21 to 41 years later. Spine 2012, 37, 402–405. [CrossRef] [PubMed]

33. Götze, C.; Liljenqvist, U.R.; Slomka, A.; Götze, H.G.; Steinbeck, J. Quality of life and back pain: Outcome 16.7
years after Harrington instrumentation. Spine 2002, 27, 1456–1463. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/BRS.0000000000002383
http://www.ncbi.nlm.nih.gov/pubmed/28816828
http://dx.doi.org/10.1016/j.spinee.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29733900
http://dx.doi.org/10.1097/BRS.0b013e31824bac7a
http://www.ncbi.nlm.nih.gov/pubmed/22322370
http://dx.doi.org/10.1007/s00586-014-3512-7
http://dx.doi.org/10.1097/00007632-200111010-00010
http://dx.doi.org/10.1097/00007632-200109150-00022
http://dx.doi.org/10.1007/s00586-014-3472-y
http://www.ncbi.nlm.nih.gov/pubmed/25103951
http://dx.doi.org/10.2106/JBJS.H.01831
http://www.ncbi.nlm.nih.gov/pubmed/20048109
http://dx.doi.org/10.1016/j.jos.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30514594
http://dx.doi.org/10.1097/BRS.0b013e31828ce597
http://dx.doi.org/10.3171/2011.4.SPINE10321
http://dx.doi.org/10.1007/s00776-014-0655-7
http://dx.doi.org/10.1016/j.jspd.2015.08.006
http://dx.doi.org/10.1016/j.jos.2018.03.010
http://dx.doi.org/10.1016/j.jocn.2019.08.025
http://dx.doi.org/10.1016/j.spinee.2012.05.029
http://dx.doi.org/10.1007/s00586-004-0853-7
http://dx.doi.org/10.1097/BRS.0b013e31823d2b06
http://www.ncbi.nlm.nih.gov/pubmed/22037534
http://dx.doi.org/10.1097/00007632-200207010-00016
http://www.ncbi.nlm.nih.gov/pubmed/12131746


J. Clin. Med. 2020, 9, 4002 10 of 10

34. Carreon, L.Y.; Sanders, J.O.; Diab, M.; Sucato, D.J.; Sturm, P.F.; Glassman, S.D.; Spinal Deformity Study Group.
The minimum clinically important difference in Scoliosis Research Society-22 Appearance, Activity, and Pain
domains after surgical correction of adolescent idiopathic scoliosis. Spine 2010, 35, 2079–2083. [CrossRef]
[PubMed]

35. Newton, P.O.; Yaszay, B.; Upasani, V.V.; Pawelek, J.B.; Bastrom, T.P.; Lenke, L.G.; Lowe, T.; Crawford, A.;
Betz, R.; Harms Study Group; et al. Preservation of thoracic kyphosis is critical to maintain lumbar lordosis
in the surgical treatment of adolescent idiopathic scoliosis. Spine 2010, 35, 1365–1370. [CrossRef] [PubMed]

36. Solberg, T.K.; Sørlie, A.; Sjaavik, K.; Nygaard, Ø.P.; Ingebrigtsen, T. Would loss to follow-up bias the outcome
evaluation of patients operated for degenerative disorders of the lumbar spine? Acta Orthop. 2011, 82, 56–63.
[CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/BRS.0b013e3181c61fd7
http://www.ncbi.nlm.nih.gov/pubmed/20395881
http://dx.doi.org/10.1097/BRS.0b013e3181dccd63
http://www.ncbi.nlm.nih.gov/pubmed/20505560
http://dx.doi.org/10.3109/17453674.2010.548024
http://www.ncbi.nlm.nih.gov/pubmed/21189113
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Patients 
	Surgical Technique 
	Evaluation and Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

