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Abstract

Background Early-onset scoliosis, when left untreated,

leads to severe deformity. Until the last decade, treatment

of progressive curves in young children often consisted of

definitive spinal fusion. The recognition of thoracic insuf-

ficiency syndrome associated with definitive early fusion

has led to the development of new surgical techniques

developed to preserve spinal and thoracic growth in young

patients with progressive scoliosis.

Questions/purposes We asked: (1) Does early definitive

fusion arrest progression of spinal deformity? To what

extent does early definitive spinal fusion influence

(2) pulmonary function and (3) thoracic growth?

Methods A Medline search of the published literature on

early-onset scoliosis, congenital scoliosis, and infantile

scoliosis between 2008 and 2010 was performed on spinal

fusion for early-onset scoliosis, focusing on studies

reporting pulmonary function at followup.

Results Spinal deformity is apparently not well controlled

by early fusion since revision surgery has been required in

24% to 39% of patients who underwent presumed defini-

tive fusion in early childhood. Restrictive pulmonary

disease, defined as forced vital capacity less than 50% of

normal, occurs in 43% to 64% of patients who undergo

early fusion surgery with those children who have exten-

sive thoracic fusions and whose fusions involve the

proximal thoracic spine at highest risk. Thoracic growth

after early surgery is an average of 50% of that seen in

children with scoliosis who do not have early surgery.

Diminished thoracic spinal height correlates with

decreased forced vital capacity.

Conclusions The literature does not support routine

definitive fusion of thoracic spinal deformity at an early

age in children with scoliosis.

Level of Evidence Level IV, therapeutic study. See

Guidelines for Authors for a complete description of levels

of evidence.

Introduction

There are few areas in pediatric orthopaedic research that

have garnered more interest in the last 5 years than the

management of early-onset scoliosis. Over the last 2 years,

30 English-language manuscripts have been published on

the treatment of children younger than 10 years with sco-

liosis (Table 1) [1, 3, 4, 8, 11, 18, 21–23, 25, 26, 30–32,

36–42, 44–48, 51, 54–56]. It is important in this emerging

innovative field to remember why this topic has become so

important and why earlier forms of treatment led to the

surge of innovative techniques.

Early-onset scoliosis occurs in a group of diagnoses

unified only by age at presentation. Children with early-

onset scoliosis may have congenital spine malformations

that produce spinal deformity, often associated with tho-

racic malformations such as fused or absent ribs. Patients

may also develop early-onset scoliosis despite normal ver-

tebral formation. Those with normal vertebral development
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can be divided into patients whose scoliosis is the result of

either a syndromic or neuromuscular condition and those

with true infantile idiopathic scoliosis. Early-onset scolio-

sis is rare. Although the incidence of idiopathic scoliosis is

approximately 1.5% of all teens, babies with infantile

scoliosis represent only 4% of all patients with idiopathic

scoliosis [27]. As a result of the lack of radiographic

screening, the incidence of congenital spine malformations

is unknown.

Although rare, children with progressive curves at young

ages are at risk for severe pulmonary consequences attrib-

utable to both the spinal deformity and the surgical

management of this deformity [5]. Pehrsson et al. [34, 35]

studied the mortality rate in 115 women with untreated

scoliosis. Mortality was most increased in the 29 patients

with infantile-onset followed by 32 juvenile-onset patients

compared with adolescent patients. The cause of death was

listed as respiratory failure in 40% of the patients who had

died. The average age at death was 54 years but included

patients as young as 16 years. Nineteen of the 21 patients

(90%) who died of respiratory failure had diagnosis of their

scoliosis before age 9 years [34, 35]. A 1955 study by Scott

and Morgan [43] reported four deaths in 28 children

with infantile scoliosis. Although one was within the

postoperative period, the remaining three were from car-

diopulmonary failure resulting from the severe untreated

spinal and thoracic deformity. These patients ranged from

17 to 19 years of age at the time of death [43]. Davies and

Reid described postmortem findings in four patients who

died of cardiopulmonary failure whose age at the time

of death ranged from 8 to 18 years. These patients had

scoliosis resulting from polio, muscular dystrophy, hemi-

vertebra, and either infantile or juvenile idiopathic scoliosis.

All four had very small lungs with markedly decreased

numbers of alveoli [12]. Based on the prevailing belief that

neglect and progression led to pulmonary failure, surgeons

embraced the concept that a spine that was ‘‘short and

straight,’’ as a result of early fusion, was preferable to one

that was ‘‘longer but crooked’’ because growth had been

allowed and progressive deformity had resulted [13, 53].

The treatment of early-onset scoliosis therefore typically

involved observation in children with mild deformities,

bracing in children who had progressive noncongenital

curves, and early definitive fusion in children who initially

presented with curves of severe magnitude, had worsening

congenital spinal deformities, or who demonstrated sub-

stantial progression despite bracing. The importance of

anterior fusion was not recognized until Dubousset et al.

described the crankshaft phenomena, defined as worsening

of rotational deformity in young patients with solid pos-

terior fusions resulting from persistent anterior growth of

the vertebral bodies [16]. Thus, early combined anterior/

posterior fusion became accepted as the definitive treat-

ment for preadolescent children with severe spine

deformity, although its ability to arrest progression and

avoid complications in the early-onset patient population

remains unknown.

We therefore asked: (1) Does early definitive fusion in

patients with early-onset scoliosis arrest progression of

spinal deformity? To what extent does early definitive

spinal fusion influence (2) pulmonary function and

(3) thoracic growth?

Search Strategies and Criteria

A Medline search of the recent English language literature

from 2008 through 2010 was performed using the key word

scoliosis. This search yielded 1512 articles. The search was

repeated by adding early onset, pulmonary function, con-

genital, infantile, titanium, cast, and spirometry as

additional key words. These searches yielded 370 articles. I

reviewed the titles of all these articles and then excluded

case reports, collections of abstracts, lectures, those articles

published in anesthesia journals, nursing journals, state

medical journals, and foreign journals not readily accessi-

ble in North America. I also excluded articles on specific

rare syndromes, neuromuscular scoliosis, adolescent sco-

liosis, surgical technique descriptions, and genetic reports.

(Appendix 1; supplemental materials are available with the

Table 1. Studies of pulmonary function in children with early spinal fusion surgery

Study Etiology Number Average age

at surgery

(years)

Average age

at testing

(years)

Anterior

surgery?

Average number

of thoracic levels

fused

Number greater

than one surgery

Average percent

forced vital

capacity

Bowen et al. [4] Congenital 13 2.9 9.7 0/13 7.3 0 67%

Goldberg et al. [19] Infantile onset 11 4.1 20.53 9/11 N/A 1 40.8%

Karol et al. [23] Mixed (most

congenital)

28 3.3 14.6 27/28 7.04 11 57.8%

Vitale et al. [51] Congenital 21 4.7 12.6 15/21 5.09 5 74.4% (64.2%

if thoracic

fusion)

N/A = not available.
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online version of CORR.) I then included the articles on

pulmonary outcome in patients with early-onset scoliosis

from the historical literature.

Does Early Definitive Fusion Arrest Progression

of Spinal Deformity?

If early definitive fusion is to be recommended, it is

important for modern spine surgeons to know how effec-

tive this approach is in eliminating further progression of

deformity. To do so, the reoperation rates of papers

reporting the results of early fusion must be studied. In

2002, Goldberg et al. published long-term results from in

situ fusion in 43 patients with congenital scoliosis. Sixteen

of 43 patients (37.2%) who were at least 15 years of age at

the time of final followup underwent reoperation as a result

of ‘‘adding-on’’ and/or progression of their deformity after

in situ fusion. Even four of 10 patients who were more

recently treated with anterior and posterior fusion to the-

oretically eliminate crankshaft progression required

subsequent revision surgery [20]. We reported 11 of

28 patients (39.3%) who underwent early spinal fusion

before age 8 years were revised by an average 11.2 years

followup. Again, 26 of the 28 patients had undergone

combined anterior and posterior fusion yet still required

revision [23]. Vitale et al. reported the results of ‘‘defini-

tive’’ fusion in 21 patients with congenital scoliosis at an

average of 7-year followup ranging from 3- to 13-year

followup. At the time of publication, five of 21 patients had

undergone more than one spinal procedure to achieve

fusion. The age at the time of followup averaged only

12.6 years ranging from 7 to 19 years [51]. Because this

study includes young patients who have yet to complete

their spinal growth (or even achieve peak growth velocity),

additional patients may experience deformity progression

and require revision surgery in the future. Despite attempts

to achieve circumferential fusion of the spine in young

children, curve progression may still occur. Whether this is

the result of pseudarthroses because of difficulty in

achieving fusion in very young children, adding on of the

deformity at the cephalad or caudal ends of the initial

fusion, or evolution of the deformity as a result of con-

tinued growth of the neurocentral synchondroses [56] is

unresolved to date.

To What Extent Does Early Definitive Spinal Fusion

Influence Pulmonary Function?

In 2003, Campbell et al. published their seminal paper

describing thoracic insufficiency syndrome [10]. Thoracic

insufficiency is defined as the inability of the thorax to

support normal respiration or lung growth. Campbell et al.

found there were groups of children who had unsustainable

pulmonary function as a result of severe spinal and thoracic

malformations resulting in immobile or nonfunctional chest

wall mechanics, which interfere with normal respiration

such as that seen in patients with Jeune’s syndrome or in

children with abnormally small thoracic height resulting

from multiple congenital rib malformations. However, they

also described cases of poor pulmonary function in patients

who had undergone early spinal fusion for scoliosis, which

resulted in inhibition of thoracic growth [10].

Dimeglio and Bonnel have published their studies on

spinal growth [15]. The most rapid period of spinal growth

occurs in the first 5 years of life, when the spine increases

in length 50%. Between the ages of 5 and 10 years, the

spine continues to grow, albeit at a slower rate. At age 10

in girls and 12 in boys, the rate of growth again increases

with spinal growth typically stopping at age 13 in girls and

age 17 in boys. The height of the thoracic spine averages

11 cm in the newborn, 18 cm at age 5 years, 22 cm at

10 years, and 26.5 to 28 cm in the female and male adult,

respectively [14]. Thus, using this information, one can

estimate that complete thoracic fusion at age 5 should

result in a 10-cm loss of thoracic height in an otherwise

normal adult male. This results in diminished space

available for the lung with pulmonary implications.

Similarly, the normal development of the lungs in the

growing child has been studied [6, 12, 49]. The greatest

increase in the number of alveoli in normal children occurs

in the first 2 years of life [49]. Although lung volumes

continue to increase into midadolescence, alveolar multi-

plication typically is complete by age 8 years. For this

reason, surgery during the first 8 years of life is proposed to

create the greatest disturbance in pulmonary development.

Patients with early-onset scoliosis, however, are fre-

quently not otherwise normal. Patients with congenital

scoliosis often have fused ribs, which will limit the ability

of the already small chest to change its volume as a result

of decreased mobility of the chest wall [33, 50]. Children

with neuromuscular scoliosis resulting from the congenital

muscular dystrophies, myelomeningocele, and such con-

ditions as spinal muscular atrophy are weak, which again

influences the ability to breathe deeply and forcibly exhale.

The disturbance of thoracic growth in these children prone

to respiratory compromise is most worrisome.

Several studies have been published documenting the

pulmonary status of patients after early definitive fusion for

scoliosis (Table 1). Goldberg et al. reported on 23 patients

who had undergone spinal fusion for treatment of infantile

scoliosis [19]. They performed pulmonary function testing

and found mean forced vital capacity (FVC) averaged 41%

of normal (range, 12%–67%) at maturity in 11 patients fused

before age 10, whereas those who were fused at an older age
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averaged 68% of normal FVC (range, 48%–88%). They

concluded that early spinal fusion in patients with infantile

scoliosis resulted in a worrisome diminution of pulmonary

function as a result of growth inhibition [19].

At an average of 11 years (range, 6.4–20.5 years) fol-

lowup in patients treated with spinal fusion before the age

of 8 years, we found 71% of the patients had congenital

scoliosis, but also included were patients with neurofibro-

matosis, infantile, and syndromic scoliosis [23]. Age at

surgery averaged 3.3 years ranging from 4 months to

8.4 years. The FVC of our patients averaged 57.8% of age-

matched normal values, ranging from a low of 27% to

normal (99%). Forty-three percent of the 28 patients had

restrictive lung disease defined as a FVC measuring less

than 50% of age-matched normal values. Additionally,

44% of patients had a reduced maximum inspiratory

pressure, which we believed indicated diaphragmatic

weakness, chest wall weakness, or air trapping. Diminished

pulmonary function correlated with the percentage of the

thoracic spine that had been fused, with decreased T1-T12

height at followup, and with the inclusion of T1 or T2 in

the fusion. Sixteen of 27 patients had thoracic height of less

than 18 cm at followup, which is less than the average

height of a normal 5 year old. A threshold of 18 cm of

thoracic height, which represents the normal height of a

10 year old, was identified when substantial restrictive lung

disease did not occur. Three patients were already symp-

tomatic with two requiring the use of bilevel positive

airway pressure. We concluded extensive thoracic fusion in

young children should be avoided.

Bowen et al. recently published a study comparing

pulmonary function in a group of 13 patients with con-

genital scoliosis who had posterior fusions before age

5 years with a group of patients with congenital scoliosis

who had not undergone spinal surgery [4]. They found no

difference in percent normalized FVC between the two

groups with the surgical group averaging 67% and the

nonoperated group 69% normal FVC. Differences between

this study and the study of Karol et al. [23] include length

of time after surgery to pulmonary function testing (PFT),

which averaged 6.7 years in the Los Angeles study and

11.2 years in the study of Karol et al., and more impor-

tantly, minimum length of postoperative followup, which

was 2 years in the study of Bowen et al. and 6.4 years in

the TSRH study, yet important information is presented in

this study, including the correlation between a higher

thoracic apex of deformity and worsening PFTs and the

presence of three of 13 patients with %FVC less than 50%

(including one with approximately 23% FVC) at followup

after posterior spinal fusion [4, 23]. Although this study

concluded patients who had undergone earlier fusion were

not worse from a respiratory standpoint than those who did

not, one could also conclude patients with early posterior

fusion were not ‘‘protected’’ from pulmonary restrictive

disease by their treatment of progressive spinal deformity

with definitive fusion.

Finally, Vitale et al. published their results after defini-

tive fusion in 21 patients with congenital scoliosis operated

at an average age of 4.9 years and followed on average

7 years postoperatively [51]. They divided their patient

population into two groups. The first group underwent

fusion for scoliosis with a thoracic apex, whereas the second

group had curves with apices distal to the thoracolumbar

junction. They found the thoracic fusion group had more

extensive fusions, lower pulmonary functions, greater Cobb

angles at followup, and lower scores on quality-of-life

measures. The percent predicted FVC for patients with

thoracic fusions averaged 64.2% and 88.5% for patients

with lumbar fusions. More worrisome was the correlation

with low pulmonary function volumes and diminished

quality of life. Not only is the lifespan of children with early

fusion for scoliosis diminished, but the quality of their lives

as evidenced by their ability to participate in activities with

their peers and families is affected as well.

Equally ominous is the realization that the restrictive

pulmonary disease that has been documented in the previ-

ous studies is inevitably going to worsen during midadult-

hood in these patients. The average age at the time of study

was 10.5 years in the study by Bowen et al. [4], 12.6 years

in the study of Vitale et al. [51], and in the TSRH study was

only 14.6 years. Because many of the patients in these

studies are not yet skeletally mature, their percent predicted

pulmonary volumes will likely worsen because their spines

do not grow and the space available for the lung does not

elongate. Furthermore, the normal aging process causes

pulmonary volumes to decline in individuals who have not

had spinal surgery. This expected deterioration in FVC

begins when normal adults reach their mid-30s [7]. Kory

et al. found vital capacity decreases by 700 mL in the

normal adult male by age 60 years [24]. If patients who had

early definitive fusions have diminished pulmonary reserve

as their baseline, the expected loss of volume during

adulthood carries profound health implications.

To What Extent Does Early Definitive Spinal Fusion

Influence Thoracic Growth?

Fewer studies have reported the influence of early defini-

tive spinal fusion in patients with early-onset scoliosis on

growth of the thoracic spine. Bowen et al. found patients

who had fusions before the age of 5 years for treatment of

their congenital scoliosis had thoracic growth, measured as

T1 to T12 height, of 0.48 cm per year at 6.7 years fol-

lowup, whereas those with congenital scoliosis who did not

have fusion grew an average of 0.97 cm [4]. Karol et al.
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found that 57% of patient who were fused before age

8 years had a thoracic height that was less than the average

height of a 5-year-old child. These patients were 7.3 to

17.8 years of age at the time of followup. The authors

observed a relationship between a diminished thoracic

spinal T1 to T12 height and decreased FVC [23]. From

these studies, it appears that thoracic growth is negatively

influenced by early spinal fusion.

Discussion

Although early-onset scoliosis is a rare condition, the

treatment of children with these conditions may be a large

portion of a pediatric orthopaedic surgeon’s practice. In

light of the growing spine and the developing pulmonary

system, it is of vital importance to understand the impli-

cation of treatment on not only the spinal deformity, but

also on the ultimate respiratory function of the patient at

maturity. We therefore asked: (1) Does early definitive

fusion arrest progression of spinal deformity? To what

extent does early definitive spinal fusion influence

(2) pulmonary function and (3) thoracic growth?

There are limitations in the available literature on early-

onset scoliosis that merit discussion. First, although the

existing studies report diminished pulmonary function

compared with normal values, none of the studies presently

available report longitudinal data on pulmonary function.

Preoperative data are not available as a result of the fact

that these children were operated on at an early age before

pulmonary function data could be collected. Furthermore,

the studies by Goldberg et al. [19], Karol et al. [23], Bowen

et al. [4], and Vitale et al. [51] all report a single pulmonary

function measurement rather than repeated testing over

time. We can predict that pulmonary function will continue

to decline as these children age, but their chests do not

grow accordingly as a result of their fusions. There are no

Level I studies in the literature that prospectively compare

outcomes in treated (or fused) patients with patients who

are observed. The natural history of severe early-onset

scoliosis is one of progression of deformity. For ethical

reasons, withholding treatment from very young children

with serious spinal deformities cannot be proposed. It is

known that early-onset scoliosis, either from infantile

scoliosis or congenital malformations, can result in

diminished pulmonary function. We may never know how

much of a role treatment of these severe curves in young

children exacerbates the pulmonary compromise when

compared with the diminished pulmonary function inherent

in the condition of early-onset scoliosis if untreated. The

closest report in the literature is that by Bowen et al., which

compares a group of patients that underwent early fusion

with another group that was observed [4]. This study was

not prospective and did not match patients for curve

severity. The authors state those children in the surgical

group presented with scoliosis at an earlier age and had

more severe deformities than the nonsurgical group. The

question of how much early surgery disturbs pulmonary

function remains unanswered.

My review of the literature establishes that definitive

spinal fusion in early childhood may not successfully pre-

vent future spinal deformity as the child grows and matures.

Although early surgery may result in success in limited

congenital deformities such as single hemivertebra [38], the

long-term outcome for most congenital deformities seen in

the young child cannot be predicted at present. In fact, both

Goldberg et al. [19] and Karol et al. [23] suggest early

fusion, even with both anterior and posterior procedures,

cannot be considered definitive in a significant number of

cases, as evidenced by the continued progression noted in

45% of the patients of Goldberg et al. fused before age 10

and by the 39% revision rate after anterior/posterior fusion

series reported by Karol et al. [23]. Causes for failure of

anterior/posterior fusion to control deformity in the early-

onset patient are unclear but probably include continued

growth of vertebral elements in regions not arrested by

conventional anterior interbody or posterior decortications

and facet excision techniques. Other suspected causes

would include pseudarthrosis and lack of internal fixation to

assist in correction maintenance. Unfortunately, clinical

studies to evaluate these causes are unavailable.

Second, early fusion has a negative effect on pulmonary

function. The inhibition of thoracic growth results in a

smaller chest with decreased vital capacity and restricted

pulmonary disease in many children with early fusion.

Series of patients who had early spinal fusions show that

FVC ranges from 41% of normal in the study of Goldberg

et al. [19] to 67% of normal in the study of Bowen et al.

[4]. The key difference in these two studies is the length of

followup. The former patients [19] were tested at skeletal

maturity, whereas followup averaged only 6.7 years in the

latter and most of the children were still growing at the

time of this report [4]. It is also important to recognize that

the presence of congenital spinal malformations, rib

anomalies, and scoliosis even without fusion may lead to

diminished pulmonary function [12, 34, 35, 37, 43]. It is

impossible at present to separate the influence of the sur-

gery from the influence of the deformity on the

development of the pulmonary system in young children

with early-onset scoliosis. The literature does demonstrate

that traditional early spinal fusion of the thoracic spine

does not allow for continued pulmonary development in

young children [4, 10, 19, 20, 23, 51]. Similar studies of

pulmonary function in large numbers of children with

lumbar deformities have not been published, because the

published studies include only rare children with lower
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thoracic and lumbar scoliosis. Similarly, pulmonary func-

tion has not been measured in children who undergo

resection of congenital malformations such as hemiverte-

bra rather than early fusion.

Third, definitive spinal fusion in youngsters with early-

onset scoliosis has been shown to inhibit thoracic growth,

as evidenced by a decreased T1 to T12 height. Both studies

by Karol et al. [23] and Bowen et al. [4] documented

decreased growth of the thorax in patients with early spinal

fusion compared with the normal values published by

Dimeglio and Bonnel [14]. Fifty-seven percent of the

patients in the Karol et al. [23] study have a thoracic height

smaller than that of a normal 5-year-old child (less than

18 cm) despite the fact they were 7 to 18 years at the time

they were measured. A total of 62.5% of these patients with

short thoracic height already had less than 50% of normal

FVC, indicating they have restrictive lung disease. The

literature supports the fact that early thoracic fusion creates

inhibition of thoracic growth, which in turn is associated

with the likelihood of diminished FVC.

The current literature does not support routine definitive

fusion of spinal deformity at an early age in young children

with scoliosis. Although isolated reports of patients fol-

lowed well into adulthood who are leading productive and

pain-free lives exist [52], there are now several reports of

increased mortality, diminished pulmonary function, and a

decreased ability to carry out activities of everyday life.

Reoperation after what was intended to be a definitive cir-

cumferential fusion in young children is not rare. Although

early definitive fusion does still have a role in isolated ver-

tebral malformations, particularly in the lumbar spine, the

effect of fusion before age 5 on the growth of the thoracic

cage is life-altering for many children. Nonoperative mea-

sures to control or correct spinal deformity such as casting

should be pursued in young babies with idiopathic scoliosis

with the goal of preventing deformities that will require

surgical management [28, 41]. New surgical techniques that

allow expansion of the thorax and growth of the spine

through thoracoplasty with implantation of expandable rib

devices or dual growing spinal rods without fusion offer the

potential for continued pulmonary development in young

children with severe deformities [1, 2, 9, 17]. Early reports

of maintenance and even improvement in pulmonary func-

tion have recently been published [29, 45, 46]. Continued

research is needed to establish more effective treatments for

the youngest children with severe spinal deformity.
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