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Abstract: Progressive spinal curvature in juvenile idiopathic scoliosis (JIS) is challenging to treat.
When conservative management fails, treatments include growing rods (GRs) or posterior spinal
fusion (PSF). The purpose of this study is to compare the patient characteristics and outcomes of
GR and PSF treatment of JIS. We performed a retrospective review of demographic, radiographic,
and surgical data for all JIS patients requiring surgical treatment between 2012 and 2020. Patients
who underwent any GR treatment were compared to PSF patients. A total of 36 patients (13 GR,
23 PSF) were reviewed. PSF patients had a larger pre-operative spinal height (p = 0.002), but similar
pre-operative major curve magnitudes (p = 0.558). PSF treatment resulted in similar change in the
T1-S1 length (p = 0.002), but a greater correction of the curve magnitude (p < 0.055) compared to GR
patients. Eight patients initially treated with GRs later underwent definitive PSF treatment. This
subset of patients had a greater spinal height before PSF (p = 0.006), but similar immediate post-PSF
T1-S1 lengths (p = 0.437) and smaller changes in spinal height from PSF (p = 0.020) than primary PSF
patients. At final follow-up, patients who underwent primary PSF versus PSF after GR had similar
spinal heights (p = 0.842). The surgical intervention chosen to manage progressive JIS often differs
based on patient characteristics. While this choice may impact immediate outcomes, the outcomes at
final follow up are similar.
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1. Introduction

Idiopathic scoliosis refers to a coronal plane curvature of the spine present without a
known underlying etiology. The classification of idiopathic scoliosis is traditionally related
to age at diagnosis—infantile (birth to 3 years and 11 months old), juvenile (4 years to
9 years and 11 months old), and adolescent (10 years to 17 years and 11 months old) [1].
Overall, juvenile idiopathic scoliosis is a rare condition with reports of only 4.5-21% of all
idiopathic scoliosis fitting the classification of juvenile idiopathic scoliosis [2,3].

The progression of juvenile idiopathic scoliosis is variable and therefore, the approach
to treatment is multifactorial. Natural history studies indicate that a small portion of
juvenile idiopathic scoliosis curves treated with observation alone do not require further
treatment because the curve magnitude remains stable or resolves [2,4-8]. However, it is
reported that the majority of juvenile idiopathic scoliosis curves progress in magnitude
enough to necessitate additional intervention [8,9]. In progressive curves, treatment strate-
gies aim to maximize the natural growth of the spine while minimizing curve progression as
both limitation of spinal growth and curve progression can have detrimental effects [10-16].

When curves progress despite observation, the next most conservative treatment
option for juvenile idiopathic scoliosis is bracing. Understanding the outcomes of brace
treatment for juvenile idiopathic scoliosis is complicated as there are variations in bracing
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protocols, compliance, and definitions of successful treatment. When taken as a whole,
studies have shown that brace treatment leads to the maintenance or improvement of
28-51% of juvenile idiopathic scoliosis curves and can prevent surgical management of
juvenile idiopathic scoliosis [2,4-6,8,17-22].

A subset of juvenile idiopathic scoliosis curves progress despite conservative man-
agement. These patients, who comprise approximately 27-56% of all juvenile idiopathic
scoliosis patients, ultimately require surgical intervention [4-6,8,17,18,23]. A variety of
surgical techniques have been used in the treatment of juvenile idiopathic scoliosis. The
timing of surgery and the preferred operative technique remain difficult to decide given
the wide variability in age, skeletal maturity, and rate of curve progression in patients with
juvenile idiopathic scoliosis. As surgical treatment of juvenile idiopathic scoliosis has a
large impact on the patient and their family, careful consideration of the surgical treatment
options is paramount.

Traditionally, posterior spinal fusion was the mainstay of surgical intervention for
juvenile idiopathic scoliosis [24]. There are several important considerations prior to
posterior spinal fusion, including the skeletal maturity of the patient, the loss in spinal
height growth, restriction of the thoracic cavity, and crankshaft phenomenon [2,12,25].
Surgical management with growing rods, either traditional or magnetically controlled,
was developed with the hope of preserving the spinal height growth while managing the
magnitude of curve progression. The use of growing rods requires the following set of
considerations: increased clinic visits, repeat surgeries, implant complications, wound
issues, unintended fusion, diminishing returns during subsequent lengthenings, and the
need for a separate definitive treatment [2,24,26-28]. Despite the challenges, posterior
spinal fusion and growing rods remain the most commonly used surgical interventions
for progressive juvenile idiopathic scoliosis, yet few studies have compared these surgical
techniques. The purpose of this study is to compare the pre-operative, intra-operative, and
post-operative characteristics and outcomes of growing rod (traditional or magnetically
controlled) versus posterior spinal fusion treatment of juvenile idiopathic scoliosis.

2. Materials and Methods

After approval from our hospital’s institutional review board, we began a retrospective
review of all patients who underwent surgical treatment of juvenile idiopathic scoliosis
at our pediatric hospital, which is a tertiary referral center. Our retrospective cohort
study compared the pre-operative, intraoperative, and post-operative characteristics and
outcomes of posterior spinal fusion versus growing rod treatment of juvenile idiopathic
scoliosis. Potential participants were identified by searching the institution records for
current procedural terminology (CPT) codes associated with growing rod implantation or
posterior spinal fusion treatment. Patients were considered eligible for participation in the
study if they were diagnosed with idiopathic scoliosis between 4 years and 9 years and
11 months old, and underwent posterior spinal fusion or placement of growing rods (either
magnetically controlled or traditional) during the study period between 1 January 2012 and
31 December 2019. Patients were excluded if they had congenital, infantile, or adolescent
scoliosis; pathology was identified in the spinal cord at any time; etiology of their scoliosis
was identified at any time in their scoliosis treatment; they underwent vertebral body
tethering; or curve progression did not necessitate surgical intervention.

Throughout treatment, all decisions were made at the discretion of the treating orthope-
dic surgeon. Demographic, clinical, and intraoperative data were collected via retrospective
review of electronic medical records. Patients were followed from their preoperative visit
until their final follow up visit at our institution. Radiographic measurements were ob-
tained pre-operatively, in the immediate post-operative period, and at the final follow-up
visit. Curve magnitudes were measured in the traditional way as the Cobb angle (reported
in degrees) in the coronal plane and the major curve magnitude was defined as the largest
Cobb angle of the measured curves. Spinal height was defined as the length (reported in
centimeters) measured between a line placed at the most superior aspect of the T1 vertebra
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superior endplate and another line placed at the most inferior aspect of the S1 vertebra
inferior endplate. All measurements were made with the annotation tools on PACS imaging
software by a single, consistent physician.

Patients who underwent posterior spinal fusion treatment were compared to those
that underwent placement of either traditional growing rods or magnetically controlled
growing rods. The primary outcome of the study was the spinal height (measured as T1-S1
length) at the final follow up visit. Secondary outcomes of the study included the major
coronal plane curve magnitude measured pre-operatively, in the immediate post-operative
period, and at the final follow up visit and the changes in magnitude (reported in degrees)
between these time points. The spinal height (measured as the T1-51 length) measured
pre-operatively and in the immediate post-operative period and the change in magnitude
(reported) between these time points served as an additional set of secondary outcomes.
Finally, the operative time (the time from incision to final closure), anesthesia time (the
time from induction of general anesthesia to extubation of the patient), estimated blood
loss (reported in milliliters), and length of hospital stay (reported in days) were considered
additional secondary outcome measures.

A subset of the patients who were initially treated with growing rods underwent
later definitive posterior spinal fusion at our institution. Definitive posterior spinal fusion
was pursued when patients had progression of their spinal curvature despite growing rod
treatment, were no longer successfully lengthening through their growing rods, or had
maximized the extent of their growing rod construct and were near skeletal maturity. The
patients who initially underwent growing rod treatment and were transitioned to definitive
posterior spinal fusion at a later time point were considered a subgroup at the time of their
definitive posterior spinal fusion. This subgroup was compared to the group of patients
who underwent primary posterior spinal fusion as their initial and only treatment.

Descriptive statistics were used to summarize the demographic data, intraoperative
characteristics, and pre-operative, immediate post-operative, and final visit radiographic
measurements. Mann—-Whitney U tests were used to compare the demographic data and
pre-operative, intra-operative, and final post-operative data and measurements. The data
were analyzed using IBM SPSS Statistics (Version 28, Armonk, NY, USA). The statistical
significance was set at 0.05 for all analyses.

3. Results

A total of 36 patients at our institution met the criteria to undergo surgical treatment
of progressive juvenile idiopathic scoliosis during the study period. Ultimately 36.1%
(13/36) of these patients were surgically treated with growing rods (either traditional or
magnetically controlled), while 63.9% (23/36) were surgically managed with posterior
spinal fusion (see Table 1). The overall average age of all patients was 10.2 years old at the
time of surgical intervention, while the average age of those treated with growing rods
and posterior spinal fusion was 9.3 years old and 10.7 years old, respectively (see Table 1).
Only 8.3% (3/36) of the patients were male and all of these patients were treated with
growing rods.

Surgical management of juvenile idiopathic scoliosis with growing rod placement
consisted of implantation of either traditional growing rods or magnetically controlled
growing rods. The majority of growing rod treatments utilized magnetically controlled
growing rods (76.9%, 10/13). Regardless of the type of growing rod that was used, surgery
involved limited dissection, pedicle screw insertion, and fusion at the upper and lower
few vertebrae of the construct with submuscular introduction of the growing rods prior to
seating the rods in the pedicle screws. The upper instrumented vertebra in the growing rod
constructs was typically T2 or T3. Only one construct utilized T4 as the upper instrumented
vertebra. The cranial local fusion typically spanned three vertebrae (for example, from T2
to 4), though four of the constructs only involved two vertebrae (for example, from T3 to
4). The lowest instrumented vertebra ranged from L2 to L4. The caudal local fusion was
typically only two vertebrae (only five of these local fusions involved three vertebrae).
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Table 1. Comparison of pre-operative demographic characteristics, pre-operative radiographic
measurements, and operative characteristics.

Growing Rods Posterior Spinal Fusion Value
(n =13, 36.1%) (1 = 23, 63.9%) P
Pre-Operative Demographics
Age (years) 93+1.6 10.7 £ 0.6 0.001 *
Height (cm) 137.1 £11.8 150 + 7.3 0.001 *
Weight (kg) 36.1 +11.7 50.5 £ 12.9 0.002 *
Pre-Operative Measurements
Cobb Angle (degrees) 61.5+13.4 599+93 0.558
T1-S1 Length (cm) 33.3+4.0 372+27 0.002 *
Operative Characteristics
Operative time (minutes) 176.5 + 36.5 238.7 + 36.9 0.001 *
Total Anesthesia Time (minutes) 269.9 + 38.8 328 + 39 <0.001 *
Independent Anesthesia Time (minutes) 934 +21.3 89.3 +£11.7 0.515
Estimated Blood Loss (mL) 152.7 £+ 146.8 556.3 + 306.1 0.001 *
Length of Stay (days) 25+1.2 35+09 0.02*

* Indicates a statistically significant finding.

Variations existed among the posterior spinal fusions performed for surgical manage-
ment of juvenile idiopathic scoliosis during the study period. The lengths of the posterior
spinal fusion constructs ranged from 11 to 14 vertebrae. The construct length was 13 verte-
brae 40% of the time, 14 vertebrae in 26% of posterior spinal fusions, 11 vertebrae 17% of
the time, and 12 vertebrae in the remaining 17% of cases. The upper instrumented vertebra
was instrumented with a hook over the transverse process in all but one posterior spinal
fusion. In the case that did not utilize hooks on the upper instrumented vertebra, pedicle
screws were used as the most superior instrumentation. T3 was the most common upper
instrumented vertebra (70%). The next most common upper instrumented vertebra was T2
(26%), and only one construct (4%) utilized T4 as the upper instrumented vertebra. The
lowest instrumented vertebra was more variable, with ten constructs utilizing L3 (43%),
five stopping at L4 (22%), four ending at L1 (17%), two constructs going to T12 (9%), and
two constructs finishing at L2 (9%). Two constructs utilized a combination of pedicle screws
and sublaminar wires to anchor the rods; otherwise, the posterior spinal fusion constructs
were dual rods affixed to the spine with a mix of intermittent uniaxial and polyaxial pedicle
screws. Examples of the posterior spinal fusion, the magnetically controlled growing rod,
and the traditional growing rod constructs are provided (see Figure 1).

At the time of surgery, patients undergoing placement of growing rods were signif-
icantly younger (p = 0.001), shorter (p = 0.001), and weighed less (p = 0.002) than those
being treated with posterior spinal fusion (see Table 1). The average pre-operative major
curve magnitude (Cobb angle) did not differ between patients treated with growing rods
and posterior spinal fusion (p = 0.558). The pre-operative spinal height (T1-51 length) was
significantly shorter in the growing rod group (p = 0.002) (see Table 1).

Growing rod placement surgery took a significantly shorter amount of operative time
compared to posterior spinal fusion surgery (p = 0.001) and resulted in less estimated
blood loss during surgery (p < 0.001) (see Table 1). Similarly, the total time under general
anesthesia was significantly shorter for the patients treated with growing rods than those
treated with posterior spinal fusion (p < 0.001) (see Table 1). The time that anesthesia
independently cared for the patient was similar between the groups (p = 0.515), which
indicates that the operative time (time from incision to final closure) for a given surgical
treatment had the greatest impact on the total time under general anesthesia for that
procedure (see Table 1). The posterior spinal fusion cohort had a longer length of stay in the
hospital after surgery compared to the growing rod treatment group (p = 0.02) (see Table 1).
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Figure 1. Pre-operative and first post-operative appointment radiographs exemplifying a (A) posterior
spinal fusion, (B) magnetically controlled growing rod, and (C) traditional growing rod treatment of
juvenile idiopathic scoliosis during the study period.

As a result of surgical intervention, the major curve magnitude was corrected more
significantly in the posterior spinal fusion treatment group than the growing rod treatment
group. This is evidenced by both a smaller average Cobb angle in the immediate post-
operative period (p < 0.001) and a larger change in the Cobb angle for the patients who
were treated with posterior spinal fusion, which trends towards significance (p = 0.055) (see
Table 2). The average spinal height in the immediate post-operative period was significantly
different between the two cohorts (p = 0.002), with patients who underwent posterior spinal
fusion demonstrating a greater average spinal height. However, the difference in the
immediate post-operative T1-S1 length and the pre-operative T1-S1 length as a result of
surgery was not significant between the growing rod and posterior spinal fusion treatment
groups (p = 0.548) (see Table 2). This is likely a reflection of the shorter pre-operative spinal
height in the growing rod cohort and indicates that growing rod treatment and posterior
spinal fusion treatment have a similar effect in lengthening the spinal height during the
index surgery.

Table 2. Comparison of pre-operative, immediate post-operative, and final follow up radiographic
measurements in patients treated with growing rods versus posterior spinal fusion.

Growing Rods Posterior Spinal Fusion

(n =13, 36.1%) (1 = 23, 63.9%) p Value
Pre-Operative

Cobb Angle (degrees) 61.5+134 59.9£9.3 0.558

T1-S1 Length (cm) 33.3£4.0 37.2+£27 0.002 *
Immediate Post-Operative

Cobb Angle (degrees) 22 +6.7 121+7.0 <0.001 *

Change in Cobb Angle (degrees) 395+124 478 £ 8 0.055
T1-S1 Length (cm) 378 £4.6 428 £3.6 0.002 *

Change in T1-S1 Length (cm) 45+21 56 £33 0.548

* Indicates a statistically significant finding.

Of the patients who were initially treated with growing rods, 61.5% (8/13) underwent
subsequent definitive posterior spinal fusion at our institution by the time of final data
collection. These patients who were initially treated with growing rods had their definitive
posterior spinal fusion an average of 3.8 years after their initial growing rod placement
surgery (average: 3.8 years & 1.3 years). This subset of patients demonstrated a longer
pre-operative T1-S1 length prior to their posterior spinal fusion when compared to the
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patients who underwent posterior spinal fusion as an initial, sole treatment (p = 0.006) (see
Table 3). The spinal height in the immediate post-operative period following definitive
posterior spinal fusion after initial growing rod treatment was similar to the immediate
post-operative period T1-5S1 length in the primary posterior spinal fusion cohort (p = 0.437).
The change in spinal height as the result of the later definitive posterior spinal fusion after
growing rod treatment was significantly less than the change in spinal height as the result
of a primary posterior spinal fusion in the cohort of patients who underwent posterior
spinal fusion as a singular surgical intervention (p = 0.02) (see Table 3). This indicates that
definitive posterior spinal fusion after the initial growing rod treatment has a less significant
effect in lengthening the spinal height compared to primary posterior spinal fusion as a
sole surgical treatment. At final follow up, the spinal height was similar regardless of
whether the patient underwent primary posterior spinal fusion alone or first underwent
growing rod treatment followed by subsequent posterior spinal fusion (p = 0.842) (see
Table 3). On average, the final follow-up visit was 3.4 years after the patient underwent
initial surgical treatment.

Table 3. Comparison of pre-operative, immediate post-operative, and final follow up radiographic
measurements for patients treated with later, definitive posterior spinal fusion after initial growing
rod treatment versus primary posterior spinal fusion.

PSF after Initial Treatment with GR Primary PSF Value
(n=8,22.2%) (1 = 23, 63.9%) P
Pre-PSF T1-S1 Length (cm) 41.3+3.8 37.2 £ 2.7 (as in Table 2) 0.006 *
Immediately Post-Op PSF T1-S1 Length (cm) 443 +£26 42.8 £ 3.6 (as in Table 2) 0.437
Change in T1-S1 Length from PSF (cm) 3.0+33 5.6 + 3.3 (as in Table 2) 0.02*
Final Follow-Up T1-S1 Length (cm) 435+ 42 43.1+£3.5 0.842

* Indicates a statistically significant finding.

4. Discussion

Progressive juvenile idiopathic scoliosis that is unresponsive to conservative manage-
ment efforts necessitates surgical treatment, usually growing rod placement or posterior
spinal fusion. Our study of 36 patients treated surgically for progressive juvenile idiopathic
scoliosis evaluated the pre-operative, intra-operative, and post-operative characteristics
and outcomes of treatment with growing rods versus posterior spinal fusion. We defined
the characteristics of patients most likely to receive a given surgical intervention. Patients
who are younger, are shorter, weigh less, and have a shorter pre-operative T1-S1 spinal
height are more likely to be treated with growing rods (either magnetically controlled or
traditional), while the magnitude of the pre-operative major curve does not impact the
surgical technique choice by the treating orthopedic surgeon. The characteristics of the
patients in our study are similar to other cohorts of juvenile idiopathic scoliosis patients
differentially treated with growing rods or posterior spinal fusion [29-31].

We analyzed the intraoperative and immediate post-operative consequences of treating
progressive juvenile idiopathic scoliosis with growing rods versus posterior spinal fusion.
Treatment with posterior spinal fusion requires a longer operative time and time under
general anesthesia and leads to higher blood loss and a longer length of hospital stay. The
benefits of posterior spinal fusion in the immediate post-operative period are a greater
improvement in the major curve magnitude and a longer spinal height. Studies by Pawelek
et al. and Keil et al. comparing treatment with posterior spinal fusion and growing
rod placement yielded similar findings that posterior spinal fusion has a greater impact
on major curve correction in the immediate post-operative period than implantation of
growing rods [30,32].

Understanding the pre-operative, intra-operative, and immediate post-operative char-
acteristics and outcomes is important in the comprehensive treatment of the juvenile
idiopathic scoliosis patient, though understanding the persistent effects of surgical inter-
vention is more pertinent. Our study found that patients initially treated with growing rods
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had a pre-operative spinal height at the time of their definitive posterior spinal fusion that
was, on average, 4.3 cm longer than the initial spinal height of patients who underwent
index posterior spinal fusion. The cohorts studied by Pawelek et al. and Keil et al. similarly
demonstrated an increased spinal height (T1-51 length) during growing rod treatment,
resulting in a longer T1-51 height at the time of posterior spinal fusion [30-32]. Our findings,
in conjunction with the findings of previous studies, suggest that the goal of growing rod
treatment to allow for longitudinal growth of the spine prior to posterior spinal fusion
is met.

Ultimately, the impact of growing rod treatment on spinal height is not maintained
through definitive posterior spinal fusion. That is to say, the spinal height (T1-S1 length)
following posterior spinal fusion does not differ between patients treated primarily with
posterior spinal fusion alone compared to those initially treated with growing rods followed
by subsequent posterior spinal fusion. This is true in both the immediate post-operative
period following posterior spinal fusion and at final follow up. This corroborates the report
of Pawelek et al. that the overall percentage gain in spinal height (T1-51 length) after
secondary posterior spinal fusion does not significantly differ from that of those treated
only with primary posterior spinal fusion [30]. Though Mackey et al. compared three
surgical treatment groups (vertebral body tethering, magnetically controlled growing rods,
and posterior spinal fusion) for management of juvenile idiopathic scoliosis, they similarly
found no significant difference in the final T1-51 length between any of the treatment
groups [29].

The proposed benefits of growing rod placement for progressive juvenile idiopathic
scoliosis curves include maintenance of longitudinal spine growth and control of the
progression of spinal curvature. This study implies that the proposed benefits of growing
rod treatment do not persist beyond the definitive posterior spinal fusion. Though the
average spinal height of patients treated with growing rods increases throughout this
treatment and is overall longer at time of posterior spinal fusion than the pre-operative
T1-51 length of patients who undergo primary posterior spinal fusion, the change in spinal
height as a result of the posterior spinal fusion surgery is smaller in the cohort initially
treated with growing rods, and the average T1-51 length at final follow up of these two
cohorts is similar. Presumably, stiffness or auto-fusion develops during growing rod
treatment, which inhibits the magnitude of the increased axial length as a result of posterior
spinal fusion after growing rod treatment. This suggestion is supported by prior studies
that have evaluated diminishing returns on repeated growing rod lengthenings [26].

The current research must be interpreted within the context of the study design.
Limitations to our study include that we performed a retrospective cohort study with the
possibility of selection bias. We aimed to minimize this by applying our inclusion and
exclusion criteria to a consecutive series of juvenile idiopathic scoliosis patients undergoing
surgical treatment. As juvenile idiopathic scoliosis is a relatively rare condition and surgical
treatment and is only appropriate in a subset of patients, sample sizes are inevitably
limited, as is the case in this study. The statistical tests utilized for this study were chosen
to minimize the effect of the small size of the treatment groups. Evaluating the Cobb angle
and T1-51 length measurements across consecutive radiographs makes the comparison of
the measurements subject to rotational differences between images, though the differences
in positioning are expected to be minimal, as all images were obtained in a standard
way at the same institution. We did not assess for the crankshaft phenomenon, a known
consequence of posterior spinal fusion at a young age, as numerical assessment of this
characteristic is technically difficult to obtain and compare. Finally, further prospective
investigations would be necessary to evaluate any functional outcomes of growing rod
treatment versus posterior spinal fusion treatment, as our study did not assess functional
outcome measurements.
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5. Conclusions

Surgical management decisions for juvenile idiopathic scoliosis require careful con-
sideration by the treating orthopedic surgeon. As suggested in this study, posterior spinal
fusion surgery is a more extensive operation, with many immediate operative and post-
operative considerations; however, the benefits include a single surgical intervention with
strong correction of the major curve magnitude and a similar ultimate spinal height. Grow-
ing rod treatment results in multiple subsequent interventions and the ultimate need for
definitive surgery, which likely balances the benefits of less extensive initial surgical inter-
ventions and immediate post-operative needs. Growing rod treatment is still an important
consideration in very young juvenile idiopathic scoliosis patients with a quickly progressive
curve, as preservation of thoracic cavity development is more paramount. Balancing all
contributing factors can be challenging. Our study identifies differences between growing
rod treatment and posterior spinal fusion management for juvenile idiopathic scoliosis.
As such, pediatric orthopedic surgeons can integrate this information into their treatment
framework. We suggest a strong consideration of initial posterior spinal fusion treatment
when surgical intervention for progressive juvenile idiopathic scoliosis becomes necessary.

Author Contributions: Conceptualization, P.ES. and V.V].; methodology, PES., VV]., EM.W,; data
curation, L.S., N.L., EM.W.; investigation, EEM.W.; formal analysis, E.M.W.; project administration,
LS., N.L.,, EM.W,; visualization, EM.W.; writing—original draft preparation, EM.W.; writing—
reviewing and editing, all authors; supervision, PES. and V.VJ. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Cincinnati Children’s Hospital
Medical Center (protocol ID# 2019-0878 approved on 18 July 2019).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the study.

Data Availability Statement: The raw data supporting the conclusions of this article can be made
available by the authors on request.

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

References

1. James, J.I. Idiopathic scoliosis; the prognosis, diagnosis, and operative indications related to curve patterns and the age at onset. J.
Bone Jt. Surg. Br. 1954, 36, 36—49. [CrossRef]

2. Lenke, L.G.; Dobbs, M.B. Management of juvenile idiopathic scoliosis. J. Bone Jt. Surg. Am. 2007, 89 (Suppl. S1), 55-63. [CrossRef]

3. Bondar, K.; Nguyen, A.; Vatani, J.; Kessler, J. The Demographics and Epidemiology of Infantile, Juvenile, and Adolescent
Idiopathic Scoliosis in a Southern California Integrated Health Care System. Spine 2021, 46, 1468-1477. [CrossRef] [PubMed]

4. Mannherz, R.E.; Betz, R.R.; Clancy, M.; Steel, H.H. Juvenile idiopathic scoliosis followed to skeletal maturity. Spine 1988, 13,
1087-1090. [CrossRef]

5. Figueiredo, U.M.; James, ].I. Juvenile idiopathic scoliosis. J. Bone Jt. Surg. Br. 1981, 63, 61-66. [CrossRef] [PubMed]

6. Tolo, V.T.; Gillespie, R. The characteristics of juvenile idiopathic scoliosis and results of its treatment. J. Bone Jt. Surg. Br. 1978, 60,
181-188. [CrossRef]

7. Robinson, C.M.; McMaster, M.]. Juvenile idiopathic scoliosis. Curve patterns and prognosis in one hundred and nine patients. J.
Bone Jt. Surg. Am. 1996, 78, 1140-1148. [CrossRef] [PubMed]

8. Masso, P.D.; Meeropol, E.; Lennon, E. Juvenile-onset scoliosis followed up to adulthood: Orthopaedic and functional outcomes. J.
Pediatr. Orthop. 2002, 22, 279-284. [CrossRef] [PubMed]

9. Di Felice, F.; Zaina, F.; Donzelli, S.; Negrini, S. The Natural History of Idiopathic Scoliosis during Growth: A Meta-Analysis. Am.
J. Phys. Med. Rehabil. 2018, 97, 346-356. [CrossRef]

10. Pehrsson, K.; Larsson, S.; Oden, A.; Nachemson, A. Long-term follow-up of patients with untreated scoliosis. A study of mortality,
causes of death, and symptoms. Spine 1992, 17, 1091-1096. [CrossRef]

11.  Koumbourlis, A.C. Chest wall abnormalities and their clinical significance in childhood. Paediatr. Respir. Rev. 2014, 15, 246-254,
quiz 254-5. [CrossRef]

12. Dubousset, J.; Herring, J.A.; Shufflebarger, H. The crankshaft phenomenon. |. Pediatr. Orthop. 1989, 9, 541-550. [CrossRef]
[PubMed]

13. Karol, L.A. The Natural History of Early-onset Scoliosis. J. Pediatr. Orthop. 2019, 39 (Suppl. S1), S38-543. [CrossRef]


https://doi.org/10.1302/0301-620X.36B1.36
https://doi.org/10.2106/JBJS.F.00644
https://doi.org/10.1097/BRS.0000000000004046
https://www.ncbi.nlm.nih.gov/pubmed/33813584
https://doi.org/10.1097/00007632-198810000-00003
https://doi.org/10.1302/0301-620X.63B1.7204475
https://www.ncbi.nlm.nih.gov/pubmed/7204475
https://doi.org/10.1302/0301-620X.60B2.659460
https://doi.org/10.2106/00004623-199608000-00003
https://www.ncbi.nlm.nih.gov/pubmed/8753705
https://doi.org/10.1097/01241398-200205000-00002
https://www.ncbi.nlm.nih.gov/pubmed/11961439
https://doi.org/10.1097/PHM.0000000000000861
https://doi.org/10.1097/00007632-199209000-00014
https://doi.org/10.1016/j.prrv.2013.12.003
https://doi.org/10.1097/01241398-198909010-00008
https://www.ncbi.nlm.nih.gov/pubmed/2794027
https://doi.org/10.1097/BPO.0000000000001351

Healthcare 2024, 12, 489 90f9

14.
15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Murphy, R.E; Mooney, ].E, 3rd. The Crankshaft Phenomenon. J. Am. Acad. Orthop. Surg. 2017, 25, e185-e193. [CrossRef]
Koumbourlis, A.C. Scoliosis and the respiratory system. Paediatr. Respir. Rev. 2006, 7, 152-160. [CrossRef] [PubMed]

Bourghli, A.; Boissiere, L.; Al Araki, A.; Alsofyani, M.A.; Obeid, I. Surgical correction of a previously operated juvenile idiopathic
scoliosis with crankshaft phenomenon: An illustrative case report. J. Spine Surg. 2022, 8, 397-404. [CrossRef] [PubMed]
Harshavardhana, N.S.; Lonstein, J.E. Results of Bracing for Juvenile Idiopathic Scoliosis. Spine Deform. 2018, 6, 201-206. [CrossRef]
Khoshbin, A.; Caspi, L.; Law, PW.; Donaldson, S.; Stephens, D.; da Silva, T.; Bradley, C.S.; Wright, ].G. Outcomes of bracing in
juvenile idiopathic scoliosis until skeletal maturity or surgery. Spine 2015, 40, 50-55. [CrossRef]

Jarvis, J.; Garbedian, S.; Swamy, G. Juvenile idiopathic scoliosis: The effectiveness of part-time bracing. Spine 2008, 33, 1074-1078.
[CrossRef]

Whitaker, A.T.; Hresko, M.T.; Miller, P.E.; Verhofste, B.P,; Beling, A.; Emans, ].B.; Karlin, L.I.; Hedequist, D.J.; Glotzbecker, M.P.
Bracing for juvenile idiopathic scoliosis: Retrospective review from bracing to skeletal maturity. Spine Deform. 2022, 10, 1349-1358.
[CrossRef]

Aulisa, A.G.; Guzzanti, V.; Marzetti, E.; Giordano, M.; Falciglia, F.; Aulisa, L. Brace treatment in juvenile idiopathic scoliosis:
A prospective study in accordance with the SRS criteria for bracing studies—SOSORT award 2013 winner. Scoliosis 2014, 9, 3.
[CrossRef]

Rahimi, S.; Kiaghadi, A.; Fallahian, N. Effective factors on brace compliance in idiopathic scoliosis: A literature review. Disabil.
Rehabil. Assist. Technol. 2020, 15, 917-923. [CrossRef]

Charles, Y.P,; Daures, ].P; de Rosa, V.; Dimeglio, A. Progression risk of idiopathic juvenile scoliosis during pubertal growth. Spine
2006, 31, 1933-1942. [CrossRef]

Matsumoto, M.; Watanabe, K.; Hosogane, N.; Toyama, Y. Updates on surgical treatments for pediatric scoliosis. J. Orthop. Sci.
2014, 19, 6-14. [CrossRef]

Sanders, J.O.; Herring, J.A.; Browne, R.H. Posterior arthrodesis and instrumentation in the immature (Risser-grade-0) spine in
idiopathic scoliosis. J. Bone Jt. Surg. Am. 1995, 77, 39-45. [CrossRef]

Sankar, W.N.; Skaggs, D.L.; Yazici, M.; Johnston, C.E.; Shah, S.A.; Javidan, P.; Kadakia, R.V.; Day, T.F.; Akbarnia, B.A. Lengthening
of dual growing rods and the law of diminishing returns. Spine 2011, 36, 806-809. [CrossRef] [PubMed]

Bess, S.; A Akbarnia, B.; Thompson, G.H.; Sponseller, P.D.; A Shah, S.; El Sebaie, H.; Boachie-Adjei, O.; I Karlin, L.; Canale, S.;
Poe-Kochert, C.; et al. Complications of growing-rod treatment for early-onset scoliosis: Analysis of one hundred and forty
patients. J. Bone Jt. Surg. Am. 2010, 92, 2533-2543. [CrossRef] [PubMed]

Latalski, M.; Fatyga, M.; Sowa, I.; Wojciak, M.; Starobrat, G.; Danielewicz, A. Complications in growth-friendly spinal surgeries
for early-onset scoliosis: Literature review. World J. Orthop. 2021, 12, 584-603. [CrossRef] [PubMed]

Mackey, C.; Hanstein, R.; Lo, Y.; Vaughan, M.; Hilaire, T.S.; Luhmann, S.J.; Vitale, M.G.; Glotzbecker, M.P.; Samdani, A.; Parent, S.;
et al. Magnetically Controlled Growing Rods (MCGR) Versus Single Posterior Spinal Fusion (PSF) Versus Vertebral Body Tether
(VBT) in Older Early Onset Scoliosis (EOS) Patients: How Do Early Outcomes Compare? Spine 2022, 47, 295-302. [CrossRef]
[PubMed]

Pawelek, J.B.; Yaszay, B.; Nguyen, S.; Newton, P.O.; Mundis, G.M.; Akbarnia, B.A. Case-Matched Comparison of Spinal Fusion
Versus Growing Rods for Progressive Idiopathic Scoliosis in Skeletally Immature Patients. Spine 2016, 41, 234-238. [CrossRef]
Johnston, C.E.; Thornberg, D.C.; Palmer, R. Comparison of treatment outcomes between growth-sparing instrumentation and
definitive one-stage fusion for EOS patients ages 6-10 years. Spine Deform. 2023, 11, 1529-1537. [CrossRef] [PubMed]

Keil, L.G.; Nash, A.B.; Stiirmer, T.; Golightly, Y M.; Lin, E-C.; Stone, ].D.; Sanders, J.O.; Louer, C.R. When Is a Growth-friendly
Strategy Warranted? A Matched Comparison of Growing Rods versus Primary Posterior Spinal Fusion in Juveniles with
Early-onset Scoliosis. J. Pediatr. Orthop. 2021, 41, e859—-e864. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5435/JAAOS-D-16-00584
https://doi.org/10.1016/j.prrv.2006.04.009
https://www.ncbi.nlm.nih.gov/pubmed/16765303
https://doi.org/10.21037/jss-22-31
https://www.ncbi.nlm.nih.gov/pubmed/36285099
https://doi.org/10.1016/j.jspd.2017.10.009
https://doi.org/10.1097/BRS.0000000000000669
https://doi.org/10.1097/BRS.0b013e31816f6423
https://doi.org/10.1007/s43390-022-00544-2
https://doi.org/10.1186/1748-7161-9-3
https://doi.org/10.1080/17483107.2019.1629117
https://doi.org/10.1097/01.brs.0000229230.68870.97
https://doi.org/10.1007/s00776-013-0474-2
https://doi.org/10.2106/00004623-199501000-00006
https://doi.org/10.1097/BRS.0b013e318214d78f
https://www.ncbi.nlm.nih.gov/pubmed/21336236
https://doi.org/10.2106/JBJS.I.01471
https://www.ncbi.nlm.nih.gov/pubmed/20889912
https://doi.org/10.5312/wjo.v12.i8.584
https://www.ncbi.nlm.nih.gov/pubmed/34485105
https://doi.org/10.1097/BRS.0000000000004245
https://www.ncbi.nlm.nih.gov/pubmed/34610613
https://doi.org/10.1097/BRS.0000000000001198
https://doi.org/10.1007/s43390-023-00731-9
https://www.ncbi.nlm.nih.gov/pubmed/37480508
https://doi.org/10.1097/BPO.0000000000001926
https://www.ncbi.nlm.nih.gov/pubmed/34411054

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

