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Abstract. - Early-onset scoliosis is an oner-
ous challenge to physicians. These patients are
young with significant remaining growth potential.
Thus, patients are likely to develop progressive
deformities, cosmetic disfigurement and car-
diopulmonary consequences warrant early inter-
vention in many cases. The purpose of this review
is to provide the readers with brief description of
the disease, therapeutic modalities available and
their indications and use. Publications and ab-
stracts related to EOS in the last decade were car-
ried out and synthesized into a review “an insight
into early onset of scoliosis.” A comprehensive
understanding of the scoliosis, its impact on the
thoracic development may guide in treatment,
which is often required at a young age in these
children to prevent irreversible pulmonary insuffi-
ciency. Current treatment techniques are based on
multiple factors may include non-surgical strate-
gies, such as Derotational body cast or brace in
younger patients with curve <50 degrees. Surgical
treatment of spinal deformity should be consid-
ered when nonoperative measures are failed to ar-
rest curve progression. Growing rods have been
the mainstay treatment of early-onset scoliosis
which require repeated surgeries for distraction
and are associated with exponential increase in
complications. The vertical expandable prosthetic
titanium rib may be beneficial for those patients
with congenital scoliosis and fused ribs and tho-
racic insufficiency syndrome. Shilla technique is
an alternative to growing rods that avoids the mor-
bidity of repeated lengthening. Growth modulation
using staples or tethers shows promise for milder
curvatures, but further follow-up is needed to de-
fine their use. Although new technologies have
improved the treatment of children with EOS but it
continues to be challenging with high complica-
tion rates.
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Introduction

Structural scoliosis during infancy was initial-
ly described by Harrenstein' in 1936 implicating

rickets as the most likely cause in a majority of
young children. Subsequently in 1954, James?
described three types of idiopathic scoliosis ac-
cording to the age of onset: 1) infantile denotes
curves that develop at the age of three years or
less, 2) juvenile between four and nine years of
age and 3) adolescent between ten years of age
until the end of growth. These three time periods
correspond to distinct periods of growth during
childhood and adolescence. The infantile and
adolescent periods are marked by an increased
growth velocity, whereas most of the juvenile pe-
riod, in contrast, correlates with a deceleration of
spinal growth, which is steady growth period and
curve progresses slowly, thus making juvenile-
onset scoliosis relatively rare form of the disor-
der**. An alternative classification of scoliosis
was coined by Dickson categorizing scoliosis in-
to “early onset scoliosis” (EOS) and “late onset
scoliosis”. EOS was defined as scoliosis present
in children younger than 5 years of age including
idiopathic, neuromuscular, congenital or syn-
dromic scoliosis whereas the term late onset scol-
iosis was assigned to scoliosis at the age of six
years and beyond’.

The age of onset of scoliosis remains a key
factor in the management of this disorder as ma-
jor thoracic deformity before five years of age is
associated with twice the mortality rate com-
pared to the general population because of the
compromised cardiopulmonary reserve emanat-
ing from substantial thoracic deformity®. In addi-
tion, the traditional methods of definitive fusion
for halting curve progression limit the growth of
spine and lungs and may further impair respirato-
ry function which contribute to thoracic insuffi-
ciency and increased mortality”®. It was primari-
ly due to the complications associated with early
definitive fusion in young patients that innovative
techniques were developed for controlling spinal
deformity without impeding thoracic growth.
This review addresses the etiology, pathophysiol-
ogy, diagnosis and treatment options of growth
sparing techniques of EOS.
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Etiological and Epidemiological
Considerations

Infantile idiopathic scoliosis (IIS), one of the
many causes of scoliosis among patients of three
years of age or less, comprises less than 1% of
all cases of idiopathic scoliosis in the United
States!. Although rare but it is more common in
boys than girls (ratio, 3:2). The majority of the
curves (75%to 90%) tends to be left-sided rather
than right-sided and may be associated with con-
genital anomalies such as hip dysplasia, congeni-
tal heart disease, and mental retardation!'®!'!.
Hooper!? reported 6.4% prevalence of develop-
mental dislocation of the hip among 156 patients
with infantile scoliosis, which represents ten
times the prevalence of developmental disloca-
tion of the hip found in the general population.
Ceballos et al'®, on the other hand, reported an
even greater (25%) prevalence of hip dysplasia.
Compared to USA, the incidence of IIS before
the age of 2 years appears to be higher in Eng-
land™. Similarly the prevalence of infantile idio-
pathic scoliosis as high as 12.8% reported from
Europe appears to be much higher than 0.25%
prevalence reported from North America'!'!!2,
Recently a declining trend in the prevalence of
IIS has been reported from Edinburgh which is
comparable to prevalence of IIS in Boston'®. This
has been attributed to either removal of adverse
or introduction of unknown beneficial environ-
mental factor in Edinburgh as both Boston and
Edinburgh share common genetic pools. These
regional variations indicate that environmental
factors which remain to be identified may be in-
volved in the development of IIS.

Early onset scoliosis appears to have a multi-
factorial etiology. Initially intrauterine molding
theory was hypothesized by Browne!'® which was
thought to be the main cause of not only IIS but
was also believed to be responsible for accompa-
nying deformities such as plagiocephaly, de-
creased hip abduction or rib molding!’. This hy-
pothesis was later fortified by Mehta'® and
Lloyd-Roberts and Pilcher'®. These beliefs were
subsequently set aside because of the absence of
scoliosis and other associated abnormalities at
birth and developed later. Following this Mau?®
proposed the postnatal external pressure molding
theory as a cause of IIS in Europe because of the
traditional oblique supine placement of the infant
at night as opposed to North America where the
infant was usually placed in prone position while
asleep. This trend of placing the infant in prone

position later shifted to supine position in accor-
dance with the recommendations of American
Academy of Pediatrics to avoid the risk of sud-
den infant death syndrome?!. In order to testify
Mau’s hypothesis, a current estimate of the
prevalence of EOS in the USA will provide very
useful information. Moreover Wynne-Davies also
supports postnatal pressure theory based on the
observation that out of 134 babies 97 developed
scoliosis and plagiocephaly during the first six
months of post natal period®>.

A number of population based studies have
implicated hereditary factors as a higher preva-
lence of IIS among relatives of patients with sco-
liosis has been reported compared to the general
population®. Similarly the likelihood of having
scoliosis among siblings and the parents of pa-
tients with late onset scoliosis is thirty time high-
er than the controls??. Despite these observations
supporting the involvement of hereditary factors
as etiological agents a definite pattern of inheri-
tance remains obscure. There is, however, some
evidence that in idiopathic scoliosis, the trans-
mission pattern may be dominant or there is ei-
ther an autosomal or multiple-gene inheritance
pattern'!. Similarly Robin and Cohen** while in-
vestigating the pattern of inheritance of adoles-
cent idiopathic scoliosis over five generations
within a family found that the pattern of inheri-
tance is either autosomal or mulitiple-gene inher-
itance. In addition, Wynne-Davies?? reported
prevalence of scoliosis as 2.6% among the first
degree relatives of early onset patient which was
higher than that in general population (0.39%);
however, the association was not strong. Large
scale population based studies have revealed that
11% of first-degree relatives of patients with sco-
liosis, 2.4% of second-degree and 1.4% of the
third degree relatives tend to have scoliosis!®!?,
Studies on identical (monozygous) twins exhibit
a 73% and fraternal (dizygous) twins show 36%
concordance rate’**. Genome-wide scanning
and linkage analyses of the families with scolio-
sis have shown potential linkage to regions on
the autosomes?!*? where candidate regions on
chromosomes 6,9,16 and 17 have been shown to
have strong evidence for linkage*. Genetic locus
on 19p13 chromosome has been implicated in
the etiology of scoliocis****. In addition DNA
markers associated with progression to severe
curve in idiopathic scoliosis have also been iden-
tified?s.

There is no strong scientific evidence implicat-
ing any particular biomechanical factor in the eti-
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ology of EOS or adolescent scoliosis. A possible
role of growth hormones or growth-modulating
chemical factors (e.g., melatonin and clamod-
ulin) cannot be ruled out*’. The reported abnor-
malities of connective tissue, platelets, skeletal
muscle, spinal column and rib cage are all
thought to be secondary to the deformity it-
self383,

Pathophysiology of EOS

Spinal deformities are known to adversely af-
fect thorax development by changing its shape
and reducing its normal mobility. Intact rib-verte-
bral-sternal complex fits the thorax three-dimen-
sionally into an elastic cube shape cavity. In the
presence of scoliosis this cavity becomes a flat,
rigid and adopts an elliptical shape preventing
the expansion of lungs*. These deformations ad-
versely affect the patients though yet to be dis-
covered mutual interactions and influences
among various skeletal and organic compo-
nents*'*2. There is, however, sufficient evidence
suggesting a relationship between the growth of
spine and progression of spinal deformity result-
ing in alterations in the size and shape of the tho-
racic cage***. Respiratory failure is the main
cause of high mortality rate among patients with
untreated infantile-onset scoliosis and juvenile-
onset scoliosis® resulting not only from the ex-
trinsic disturbance of the chest wall function but
also from the intrinsic factor in the form of asso-
ciated alveolar hypoplasia®.

This extrinsic disturbance of respiratory func-
tion due to congenital and acquired chest wall,
spine and other syndromic deformities, has an
adverse effect on the function and growth of the
lungs. If these deformations are left untreated at
young age, risk of suffering from rapid deformity
progression, deformed chest, compression on
pulmonary parenchyma, pulmonary hypertension
and cor-pulmonale is significantly higher*’. The
condition in which thorax is unable to support
normal respiration or lung growth is referred as
thoracic insufficiencysyndrome®. In the recent
years the focus has been shifted from spine alone
to spine, chest wall and lung because of the fact
that treatment directed towards well aligned
spine and a thoracic cavity support adequate pul-
monary development and function*’. Spinal
growth at the rate of 2.2 cm/y achieves maximum
length by the age of 5 years from T1 to S1 that
slows down during the next 5 years to 1 cm/y fol-
lowed by another peak growth after the age of 10
years with the growth velocity of 1.8 cm/y*#. At-

tainment of T1-T12 length of at least 18 cm at
maturity is considered to support an adequate
pulmonary function’. The circumference of tho-
rax which is only 7% of adult size at birth, in-
creases to 30% by age 5 years and 50% by 10
years*. The greatest increase in the number of
alveoli in normal children occurs in the first two
years of life>® and subsequent expansion of lung
volume up to age 5 years occurs by a rapid in-
crease in peripheral airway conductance that ac-
companies airway enlargement’!2,

Most of the researchers®#-3355 agree that lung
growth is essentially complete by 8 years of age
with a “golden period” of maximum growth oc-
curring before the age of 5 years thus deformities
developing after this age have little effect on lung
growth®¢, This golden period of alveolar hyper-
plasia is accompanied by a rapid growth of the
bony thorax as well®. It is, therefore, important
to preserve both thoracic growth and lung vol-
ume during this critical period of life. Patients
with early onset deformities have been shown to
have fewer alveoli than expected due to failure of
alveolar multiplication and are more likely to be
victims of respiratory demise. Post mortem stud-
ies also have suggested that the mechanical com-
pression of the alveoli due to chest wall deformi-
ty, is not a factor in reduction in the number of
alveoli and this is probably due to premature ces-
sation of alveolar proliferation®>-’.

Clinical and Radiographic Assessment

Clinical Evaluation

Patient evaluation should begin with history
focusing on prenatal and perinatal complications
and hospitalizations for intensive care needs and
other pulmonary issues. Parents should be inter-
viewed about the discovery of the curvature and
the rate of progression. Frequently occurring
EOS associated co-morbidities such as neuro-
muscular, dysplastic, or syndromic conditions
should also be characterized. An assessment of
the general health of the patient may help in early
understanding of the overall effect of the disease
process. Physical examination is mandatory for
analysis of the spinal deformity and exclusion of
associated conditions. Initial inspection should
include the skin, the entire spine, the head, the
pelvis, and the extremities. Examination of skin
may reveal cutaneous abnormalities such as café
au lait spots or axillary freckles as seen in neu-
rofibromatosis, midline patches of hair as seen in
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spinal dysraphism, or bruising as seen with trau-
ma. The spinal examination should include in-
spection and palpation of the spine. Examination
of children with EOS may be difficult because of
age imposed limitations and different techniques
must be applied. In young children, the Adams
forward bend test is not possible, but physicians
should assess the flexibility of the curvature by
holding the infant prone on their knees with con-
vex side downward. If the child is walking, then
one may suspend the child by holding under the
arms and assess the correction of curve with lat-
eral pressure.

In addition, physical examination must also in-
clude notation of chest or flank asymmetry, chest
excursion, and abdominal reflexes. Limitation in
chest excursion may indicate syndromic scoliosis
and thoracic insufficiency syndrome*®. Abdomi-
nal reflex abnormalities should initiate a thor-
ough neurologic evaluation to rule out neurologi-
cal causes of scoliosis (e.g., syringomyelia or
Chiari 1 malformation)®®. It is also important to
thoroughly examine the head. Plagiocephaly, bat-
ear deformity and congenital muscular torticollis
are common conditions affecting IIS. Although
these conditions frequently occur without scolio-
sis, it is important to be aware of the association.

Examination of the pelvis should be done to
rule out developmental hip dysplasia, which is
associated with infantile idiopathic scoliosis'e.
The lower-extremity examination must exclude
limb-length inequality as the cause of scoliosis.
When scoliosis is secondary to a limb-length in-
equality, the lumbar prominence is found on the
side of the longer limb. The diagnosis of func-
tional scoliosis due to limb-length inequality is
confirmed by having the patient perform a sitting
forward bend or by placing a lift under the short
limb to equalize the limb lengths.

Radiographic Evaluation

Anteroposterior and lateral radiographs of the
entire spine at initial visit to evaluate both the
Cobb angle and rib-vertebral angle difference
(RVAD) should be performed to rule out congeni-
tal vertebral abnormalities. In children who are
too young to stand, the radiographs should be
made with the child placed supine. The cervical
spine should be evaluated for fusions and instabil-
ity. The lumbosacral junction, hip joints and
pelvis should be carefully examined to rule out
congenital anomalies or developmental hip dys-

plasia. Measurement of the Cobb angle is per-
formed to determine the magnitude of the spinal
deformity®. The (RVAD) is a method available to
predict curve progression or resolution in children
with infantile idiopathic scoliosis (Figure 1).

Mehta®® in 1972, described the method that
now bears her name. This measurement is per-
formed by drawing a line perpendicular to the
endplate of the most translated apical vertebrae
and then a line down the concave and convex rib
at this same level. The angle created on the con-
vexity is then subtracted from that on the concav-
ity to create the RVAD. The RVA difference
(RVAD) is the difference of the angle created on
the convexity is, then, subtracted from that on the
concavity and is useful in distinguishing resolv-
ing versus progressive curves.

Mehta® found that a RVAD less than 20° indi-
cates a curve that is likely to resolve (85% to
90% of patients), while an RVAD of greater
than20° is frequently associated with a curve that
will progress.

Mehta® also introduced new radiographic cri-
teria based on the relationship of the apical ribs
with the apical vertebra known as the “phase of
the rib head” useful for prognostication of infan-
tile scoliosis (Figure 2). A “phase-1” relationship
indicates that the rib head is distinct from the up-
per corner of the apical vertebra on a coronal ra-
diograph and the curves that have aphase-1 rela-
tionship, the RVAD may be calculated and used
to determine the likelihood of progression. In a
phase-2 relationship, the head of the rib on the
convex side of the apical vertebra overlaps the
upper vertebral corner and the RVAD is not mea-
sured because the curve is certain to progress.

In the initial description of the RVAD and
phase of the rib head, Mehta® studied 138 cases
of 1IS, 83% resolution in phase-1 relationships
with an RVAD of < 20°. Conversely, 84% of the
group that progressed had an RVAD of = 21°.
Ferreira and James®' confirmed these findings in
their own patient population and reported results,
curves in patients with phase-1 ribs and of less
than 20° RVAD resolved in 99% of patients,
whereas 98% of patients with an RVAD of greater
than 20° or a phase-2 relationship progressed.

Computed tomography (CT) provides unique
information that can be invaluable in evaluation
of congenital curves or curves with complex
anatomy of the spine as well as the thoracic cage
and lung volumes®. Three dimensional recon-
structions have been utilized to understand the
deformity in all planes as well as the pedicle
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a= Rib Vertebral Angle (RVA)
B -a=Rib Vertebral Angle Difference (RVAD)

Figure 1.Rib Vertebral Angle Difference (RVAD). The rib
vertebral angle (RVA) measures the angle formed by a line
perpendicular to the endplate of the most apically translated
vertebrae and a line drawn down the middle of the concave
and convex ribs. The RVA difference is the difference be-
tween these angles.

morphology for choice of the implants. A whole-
spine MRI scan should be obtained on all pa-
tients with EOS as approximately 20% of these
children will have an underlying intraspinal
anomaly®*%, Future applications of MRI include
functional MRI and dynamic MRI, both of which
may provide real-time understanding of lung
function and the impact of thoracic deformity on
the lung®.

Treatment

Nonoperative Delaying Tactics

Among patients at risk for thoracic insufficien-
cy delay in surgical interventions until the age of
10 years, once sufficient growth of spine has oc-
curred, is usually the foremost non-operative ap-
proach if possible®®. Management principles are
based on age of the child, the magnitude of the
curvature and RVAD measured on plain radi-
ographs. Most patients are at low risk of progres-
sion if the Cobb angle is under 25° with an
RVAD of less than 20°. Clinicians should ob-
serve these patients with serial radiographs every
four to six months®®. If the progression of more
than 10° was observed at any stage during the
follow-up, then Active treatment should be initi-
ated. If there was minor or no progression then

the curve may undergo resolution. Once curve is
resolving, one to two-year follow-up may be suf-
ficient to watch for any possible recurrence dur-
ing the adolescent growth spurt.

Various nonoperative treatment approaches to
early onset scoliosis include bracing, derotation
cast and traction.

Bracing

In the absence of coexisting neuromuscular or
other medical conditions adversely affecting res-
piratory function by circumferential chest or ab-
dominal compression bracing is considered as a
traditional and a time-honored method for con-
trolling non-congenital deformities in EOS. The
success rate in preventing progression of spinal
curve is variable as most curves may exhibit a
transient radiological improvement after applica-
tion of well-constructed orthoses, even amongst
very young patients that may progress with fu-
ture growth. A brace functions predominantly to
stabilize rather than reverse the deformity and
thus is less likely to result in permanent correc-
tion of spinal curvature than serial casting in pa-
tients with infantile idiopathic scoliosis. Bracing
is more commonly used in older patients with
larger curves that would not be expected to cor-
rect with casting. It is also indicated in patients
with progressive scoliosis and who are unable to
tolerate casting, and also among the patients
where surgical intervention is contraindicated for
medical or other reasons. In children with curva-
tures of over 35° bracing can be considered suc-
cessful if progression is prevented for several
years, thereby, delaying the need for fusion until

Phasel Phase2
Figure 2. Phases of curve patterns. Phase 1: no overlap of
rib head and vertebral body. Phase 2: note the overlap of the
rib on the vertebra.
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the child is older. If fusion can be delayed until
10 years of age, the need for anterior fusion may
be avoided®’. The brace is worn for at least 23 h
per day and for at least 2 years until there is no
evidence of curve progression. If there is pro-
gression of more than 5° in these patients then
active surgical treatment should be initiated. The
Milwaukee brace is preferred to an underarm
thoraco-lumbo-sacral orthosis (TLSO) in early-
onset patients because of its ability to apply cor-
rective forces directly at the apex of the curve, at
the pelvis, and at the neck while minimizing the
constrictive aspects of a TLSO.

Casting

Before the advent of effective spinal instru-
mentation cast treatment used to be the standard
treatment for all patients with scoliosis and was
associated with several complications including
superior mesenteric artery syndrome, pressure
sores and adverse effects on cranial nerves and
brachial plexus if the neck portion was applied
with too much head or shoulder distraction®®%°.

These problems were addressed by the re-
placement of the Risser cast, which was based on
a 3-point bending principle with the de-rotational
technique introduced in the 1960s in Europe and
recently popularized by Mehta™.

Serial de-rotation cast treatment has an effective
growth-preserving strategy in the early manage-
ment of EOS with benefits of improved patient
compliance, reduced risk of spontaneous fusion,
and avoidance of complications associated with
serial lengthening procedures’’!. Common indi-
cations for serial casting include, progression of
10-20 degrees, progression past 20 degrees with
low magnitude (<50 degrees) coronal deformity
and anticipated progression (RVAD of >20 de-
grees, rib phase 2) in whom no surgical interven-
tion have been attempted. A series of casts applied
under anesthesia can provide significant curve cor-
rection and may improve the flexibility of the
spine as well. When the child resumes brace wear
after several months in a cast or casts, the deformi-
ty is of lesser grade (<10 to 20 degrees), the brace
is more likely to be comfortable in controlling the
curve. In addition, because of the cast being equiv-
alent to a full-time brace many parents prefer us-
ing it. Casting eliminates the problem of poor
compliance and the difficulty of donning braces in
uncooperative young children.

Currently, the evidence supporting de-rota-
tional casting in non-idiopathic infantile scolio-

sis is limited. Elongation Derotation Flexion
(EDF) casting has shown to be curative in pa-
tients aged less than 17 months with relatively
small curvatures’!. Curative casting has been re-
ported in some centers for older children with
larger curves as a part of delay tactic devised to
put off surgery as long as possible rather than a
curative treatment. This is particularly impor-
tant given the “law of diminishing returns” not-
ed by Sankar et al’?>, whereby a steady decrease
in spinal length is obtained with each subse-
quent lengthening using growing rods. Sanders
et al’!, have recently reported good results with
casting as a delay tactic in a large series of chil-
dren with EOS. Fletcher et al”?, concluded that
serial casting is a viable alternative to surgical
growth sparing techniques in moderate-to-
severe early-onset scoliosis and may help delay
eventual surgical intervention.

Traction

Despite the fact that traction is rarely used to-
day, it does remain an important option for the
treatment of children with spinal disorders’. Ha-
lo-gravity traction is an invaluable method to re-
store coronal and sagittal balance in severely de-
compensated curves and may decrease the neuro-
logic risks associated with the surgical correction
of these severe deformities, be it by casting, sub-
cutaneous rods, VEPTR, or definitive instrumen-
tation and fusion. Patients who have stiff curves
or severe spinal deformities causing secondary
cor-pulmonale may benefit from a period of pre-
operative traction to allow aggressive pulmonary
toilet. It may help in reducing postoperative com-
plications by Improvements in vital capacity, arte-
rial blood gases, and right heart failure*’->76, Pa-
tients with progressive deformities with weak-
ness, skin or chest wall defects, or mental retarda-
tion are unsuitable candidates for casting. In addi-
tion large, stiff curves may not benefit from serial
casting, and the cast may be poorly tolerated. In
these instances, halo-gravity traction is an invalu-
able method to achieve correction of the defor-
mity and improvement in respiratory mechanics’™.

Operative Treatment

The surgical management of EOS aims is to
check progression of the curve while allowing
maximum growth of the spine, lungs, and tho-
racic cage. It is usually recommended for pro-
gressive curves of 245° in an immature child
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with infantile idiopathic scoliosis’’. The choice
of surgery depends on the age of the patient,
type, severity and progression of curve. Several
procedures have been described and practiced at
various centers around the world. Historically,
the treatment for early-onset scoliosis has been
posterior spinal fusion to halt curve progression.
Isolated posterior spinal fusion in young children
was found to be unsuccessful for long-term cor-
rection of deformity. This was mainly due to
crankshaft phenomenon resulting from continued
anterior growth of the spine following successful
posterior fusion alone in skeletally immature pa-
tients**’8. Sanders et al’®, reported that patients
who have open triradiate cartilages and are at
Risser grade-0 spinal maturity have a high likeli-
hood of curve progression due to the crankshaft
phenomenon following isolated posterior fusion.
In order to prevent the crankshaft phenomenon in
patients with an open triradiate cartilage, an ante-
rior arthrodesis must be included with the poste-
rior fusion. A preferable successful outcome was
believed to be a straight and a shortened spine
rather than a deformed spine of near normal
length. However, anterior and posterior fusion re-
sults in considerable loss of both spinal growth
and sitting height. Because of the two stages of
maximal spinal growth velocity occurring at zero
to five years of age and at ten to fifteen years of
age, early fusion for EOS may result in substan-
tial loss of expected height. In addition to the
detrimental effects on spinal growth, premature
fusion may also have potentially deleterious ef-
fects on developing thoracic cage and lungs. In
the backdrop, the limitations of early fusion, cur-
rent research has focused on development of fu-
sionless methods, with limited anchoring to the
spine that could periodically be lengthened with
additional surgical intervention.

Fusion Less Surgery

A number of spinal and chest wall fusion less
techniques have been developed and refined to
control growth, to delay definitive fusion
surgery, and to increase the thoracic volume.
Most widely used techniques are dual growing
rods and the vertical expandable prosthetic tita-
nium rib device, guided-growth systems, and
vertebral staples, which represent an effort to
avoid the potentially severe respiratory effects
associated with early spinal fusion, that limits
spinal growth®’.

Growing Rods

The concept of a rod that is lengthened at regu-
lar intervals after initial implantation was intro-
duced over 25 years ago®%3. Current growing rod
techniques combine the principles of fusion less
surgery to control curve magnitude while achiev-
ing spinal growth using modern implant systems.
More recently, Akbarnia and McCarthy® devel-
oped fusion less instrumentation strategies to ad-
dress spinal deformity in children, which used
growing rods with limited anchoring to the spine
that could periodically be lengthened with addi-
tional surgery. These growing rods are inserted
across a segment of spinal deformity where no fu-
sion is performed. Cranial and caudal anchoring
foundations are made using hooks or pedicle
screws. Each foundation is connected to a rod, and
the rods are connected by cross-links. Distraction
of the growing rods is performed usually every six
months in which the surgical incision site is re-
opened for the distraction procedure. Once maxi-
mum spinal growth or skeletal maturity is
achieved, definitive final fusion is performed. This
approach of using growing rods is not only useful
in controlling the progression of spinal deformity
but can also gradually correct the deformity®3%7.
Akbarnia and McCarthy®* reported the results of a
multicenter study of 23 patients with 2 years fol-
low-up where curve magnitude improved from 82
degrees preoperatively to 38 degrees after the first
surgery and 36 degrees at final follow-up. Spinal
growth averaged 1.21 cm per year with similar im-
provements in the space available for the lung. Pa-
tients were lengthened a mean of 6.6 times and
initial surgery was at 5 years 5 months of age.
Eleven of twenty-three patients suffered a compli-
cation during treatment. In addition, Thompson et
al®® found that using dual rods resulted in fewer
complications and provided better correction due
to the increased rigidity in the system when com-
pared to single rods.

Complications are frequent and are related to
the prolonged treatment required by distraction-
based techniques and repeated anaesthesia. De-
spite the advantages of growing rod surgery, the
need for repeated surgeries under general anes-
thesia is a major drawback due to increased
anaesthetic and wound complications®*°. Other
complications include proximal migration of de-
vices with rib fractures, and skin problems sec-
ondary to recurrent surgery and hardware®’!,
The complication rates range from 8% to
50%8*8791, Instrumentation failure included an-
chor failure or rod fracture and the overall rate
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was reported to be 15%°%. Junctional kyphosis
and curve decompensation have also been rarely
reported.

Despite the apparent successes with this tech-
nique, significant obstacles still limit its overall
effectiveness in managing scoliosis in the very
small or young child. Perhaps the most concern-
ing evidence was reported by Sankar et al”?, who
demonstrated a “law of diminishing return” that
crescendos after seven lengthening. This phe-
nomenon was likely due to progressive stiffness
or autofusion of the spine caused by sudden dis-
tractions’. Similarly Nordeen et al®® found that
the force required to distract the spine doubles by
the fifth lengthening procedure with less than 8
mm of spinal growth achieved with each length-
ening after this point. Distraction forces were
40% higher in patients with apical fusions in ad-
dition to growing rods.

Vertical Expandable Prosthetic Titanium
Rib (VEPTR)

Vertical expandable prosthetic titanium rib
(VEPTR), made by Synthes Spine of West
Chester (PA, USA) is a titanium alloy longitudi-
nal rib distraction device. VEPTR implantation is
a technique that is aimed at correcting the chest
wall deformities along with scoliosis, which may
be either, congenital, syndromic or early-onset
idiopathic types. Thoracic spine and chest wall
deformity are usually correlated; therefore, elon-
gation of the chest wall will increase the space
available for the lung and improve respiratory
mechanics in patients with thoracic insufficiency
syndrome (TIS)***. This vertically placed device
uses distraction to indirectly elongate the spine
and chest, stabilizing the progression of the
spinal deformity while preserving spinal growth.
The device may be attached from rib to rib, rib to
spine, or rib to pelvis®. By limiting the exposure
of spine to maintain normal anatomy, it is also
viable option for patients with IIS with larger,
stiffer curves.

The use of VEPTR is perhaps best supported
in conditions such as scoliosis with multiple rib
fusions, absent ribs, or severe thoracic hypopla-
sia, which were all previously associated with a
high risk of early mortality and otherwise not
amenable to more traditional bracing, casting, or
even growing rod techniques.

Campbell et al*® reported on 27 patients treat-
ed with open wedge thoracoplasty and found a
mean correction of the scoliosis from 74 to 49
degrees, and thoracic spine height increased by a

mean of 7.1 mm/y. Common complications in-
cluded 1.9% having infections, 15% having skin
sloughing requiring rotational flaps, two patients
having brachial plexopathy and “asymptomatic”
proximal migration of the device through ribs in
7 patients. Emans et al®’ also follow pulmonary
development using CT scan in 31 patient who
had fused ribs and scoliosis that had caused TIS.
Lung volumes, pulmonary function and Spinal
growth all were improved using VEPTR expan-
sion thoracoplasty.

Hasler et al”® studied 23 children with noncon-
genital scoliosis and found a significant increase
in space available for lungs (SAL) and mean cor-
rection of cobb from 68 degrees preoperatively to
54 degrees at the final follow-up. Smith et al*
used VEPTR like the growth rods of Akbarnia
and colleagues by fastening the proximal anchors
to the ribs rather than to the spine. This proce-
dure was adapted with an assumption that the
technique would result in less autofusion and
scarring allowing maximal growth, without dis-
turbing the native spine.

The use of VEPTR for idiopathic scoliosis
(Figure 3), particularly with associated kyphosis
remains controversial. Proponents of its use high-
light the positive impact on pulmonary growth as
measured by space available for the lung and a
lower complication rate than in sicker patient
populations®®1% . On the contrary, the critics have
noted that early implantation in healthy children
may lead to decreased chest compliance as the
thoracic cage stiffens. Others” have noted the
high level of complications seen in some series
and continue to emphasize the need for delayed
surgery in an attempt to minimize the number of
procedures.

The use of VEPTR in myelomeningocele both
for distal kyphosis (gibbus) deformity and neuro-
muscular scoliosis has been recommended''. The
use of VEPTR in kyphoscoliosis has also been
fraught with complications as proximal junction-
al kyphosis often develops and proves extremely
difficult to treat. Use of hybrid systems with
proximal up-going rib hooks or proximal fixation
on the second rib may prove to be more suitable
in this situation'®!%2, Future research is required
to define the use of chest wall procedures in this
patient population.

Alternative Techniques and Future
Directions

Physicians continue to seek surgical options
that do not require regular lengthening proce-
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dures and to construct an implant that allows less
invasive distractions. Reported techniques for hu-
man use are externally controlled expandable de-
vices and guided growth techniques include
hemiepiphysiodesis, and spinal tethers and
Shilla.

Magnetically Controlled Growing Rods

A remotely distractible, magnetically-con-
trolled growing rod system [Phenix and MAGEC

Figure 3. Aand B, A 7 year and 8 month old
boy with early onset idiopathic scoliosis did not
tolerate a brace and cast treatment. Cand D, ver-
tical expandable prosthetic titanium rib provided
excellent correction. £ and F, Three years later,
lateral and posteroanterior radiographs there has
been continued correction of the deformity and
growth with serial 6-month lengthening.

(Magnetic Expansion Control System) Ellipse
Technologies, Inc., Irvine, CA, USA] has been
developed to facilitate out-patient rod distrac-
tions, eliminate repeated surgeries required with
the usual distraction methods, under general
anesthesia, and frequent hospitalization in young
children (Figure 4). This procedure theoretically
diminishes the complications of wound infection.
It may be especially helpful in children with co-
morbidities and those with psychological and so-
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Figure 4. A 4 years old girl with early-onset scoliosis who underwent curve correction management with bilateral magnetic re-
mote-controlled growing rods. Posteroanterior A, view of preoperative spine; immediately postoperative spine B, and spine at 2

years follow-up C.

cioeconomic problems. In addition, frequent dis-
tractions may avoid the law of diminishing re-
turns suggested by Sankar et al’””. The magneti-
cally-controlled growing rod has already been
validated in animal studies by Akbarnia et al, us-
ing MAGEC system!®!% The Phenix rod sys-
tem, was developed by Drs Lotfi Miladi, Arnaud
Soubeiran, and Jean Dubousset that uses magnets
to produce gradual lengthening without repeated
surgeries allowing rib or spine fixation. In a pre-
liminary study'®, there was correction of the sco-
liosis from 63 to 33 degrees and a growth rate of
2 mm/mo.

The first report of the safety and efficacy of
this technology was published by Cheung et al'%.
Their study noted that the corrective power of the
device was similar to the conventional growing
rod at two year follow-up. It was found that con-
sistent gains in spinal growth were obtained with
each distraction. The monthly increase also
matched the predicted monthly spinal growth in
five to ten-year-olds® and other traditional grow-
ing rods*. Furthermore, there was no major rod
or wound complications with favorable clinical
outcome scores. Wick et al'” also showed
promising results with a similar magnetic grow-
ing rod (Phenix rod) in two case reports. Large
scale follow up studies are needed to determine

the efficacy and safety of this technology and for
verification of current findings, assessment of
complications on long-term follow-up and refine-
ment of patient selection.

Convex hemiepiphysiodesis

Convex hemiepiphysiodesis, commonly used
for multilevel congenital deformities, is a safe
but somewhat unpredictable method of “guiding”
spinal growth. The concept of hemiepiphysiode-
sis is based on the Hueter-Volkman Law, involv-
ing inhibition of growth by compression of the
convexity of the deformity to arrest growth on
the convexity of the deformity, allowing the con-
cave side to grow. More than forty years ago,
Roaf!® proposed that the deformity seen in early
onset scoliosis was due to asymmetric growth of
the convex (faster-growing) and concave (inhibit-
ed) sides of the curve.

Applying principles of managing limb length
discrepancies and gradual limb deformity correc-
tions to the spine, epiphysiodesis on the convex
side of the deformity with or without instrumen-
tation is a technique to provide gradual progres-
sive correction and to arrest the deterioration of
the curves. Hemiepiphysiodesis, hemivertebral
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resection, and short segment fusions can be used
in selected patients to allow for gradual correc-
tion of these curves.

Staples

Biocompatible shape-memory metal alloy sta-
ples have been used in the clinical practice. How-
ever, these techniques are still controversial with
mixed results at short-term follow-up. One study
by Marks et al'®, reported on convex epiphys-
iodesis with or without Harrington instrumenta-
tion and found no significant improvement in the
measured deformity. They recommended instru-
mentation at the time of convex epiphysiodesis as
the best option to control but not reverse the pro-
gression of the curve. In contrast, Betz et al''® re-
ported that staples placed thoracoscopically for
convex epiphysiodesis could control curve pro-
gression. In their study, six out of ten patients
with a mean curvature of 35° were controlled and
stabilized during one year follow-up period.

Spinal tethers

This comprises a group of devices that can
limit growth on the convex side of progressive
curves, both those in the frontal plane, involving
scoliosis, and those in the sagittal plane, involv-
ing kyphosis. Efficacy of growth modulation by
using a flexible spinal tether has been shown in
animal models!!%-113,

Luque trolley and Shilla technique
The precursor to the Shilla system was the

Luque trolley system?®!$2109114115 which was de-
scribed initially in 1977 by, Luque and Car-

Meodren lugque trolly Shilla
construct construct
<O syblaminar wire
9] Gliding pedicle screw &
0 Fixed pedicle screw
Lo

doso. It did not appear to provide reliable
spinal growth or deformity correction'". In the
Shilla procedure, multiplanar correction is ob-
tained by pedicle fixation at the apex of the de-
formity. This usually involves an apical fusion
with non-locking polyaxial screws proximally
and distally to guide a rod that is purposefully
left long to minimize the need for subsequent
surgery as spinal growth occurs, the rod slides
through the non-locking screws. The effective-
ness of this concept has been proven in a
caprine model "%, The Shilla technique has no
long-term follow-up series to date. So far, the
results of 10 patients with more than 2 year fol-
low-up from a cohort of 36 patients have been
reported'!’. Curve magnitude was reduced from
a mean of 70.5 degrees preoperatively to 27 de-
grees postoperatively and 34 degrees at 2 years
with increment in truncal height to a mean of
12% and the SAL increased to an average of
13%. Recently, with modern Luqué trolley
technique (Figure 5) Jean Ouellet!'® combined
stable base (end vertebrae) fixation with apical
control and gliding anchors, permitting self-
lengthening of the construct by guided growth
and avoiding repetitive and scheduled surg-
eries. In this small series of five patients, only
one was an outright failure, suggesting the ini-
tial experience was favorable enough to justify
this preliminary report and continue evaluating
this procedure.

Fusion Surgery

For early-onset scoliosis, early definitive fusion
was advocated in the past for children with severe

Figure 5. Schematics Illustrations show the two differ-
ent self-lengthening growing constructs.
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curves, deteriorating congenital spinal deformi-
ties, or progression despite bracing!'*!?°. This tra-
ditional posterior spinal arthrodesis with or with-
out instrumentation in this age group should be
supplemented by anterior arthrodesis to prevent
crankshaft phenomenon’®. Circumferential
arthrodesis is likely to halt curve progression and
there is a growing consensus that early spinal fu-
sion results in negative pulmonary consequences
and most surgeons now use fusion as the last re-
sort in young patients®®. Children in whom spinal
fusion may be indicated is often based on the type
and location of the anomaly and the age of the pa-
tient. A limited apex arthrodesis and/or resection
may be possible if the deformity is limited to a
few segments and still allow growth of other
spinal segments. Definitive Spinal fusion be-
comes appropriate when the patient has achieved
sufficient spinal length and thoracic volume to
stop growth of the spine and thus achieve perma-
nent correction. Timing of the procedure is con-
troversial, but in general, patients who are at least
10 years of age and have completed the greatest
part of their thoracic growth, are considered suit-
able candidates for definitive fusion to finish their
scoliosis treatment®®.

Conclusions

Understandings of current growth sparing sur-
gical techniques have improved the morbidity
and mortality of children with progressive EOS.
Treatment continues to be challenging with high
complication rates because of the repetitive na-
ture of the lengthening surgeries, additional stud-
ies are needed to further reduce complications
and improve outcomes in children undergoing
treatment for EOS.
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