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Review Article

The immature spine: growth and idiopathic scoliosis
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Abstract: Untreated progressive scoliosis can have negative effects on the growing spine as asymmetrical 
forces will act on the growth plates of the vertebral column (>130 growth plates). Spinal growth can be 
considered as a mixture of hierarchy, synchronization, and harmony: the slightest error can lead to a 
complex malformation; it is also a very dynamic process although it does not progress linearly: periods of 
acceleration are followed by periods of deceleration. Remaining growth is a determining factor for the 
worsening of idiopathic scoliosis (IS): the younger is the child, the higher is the risk of progression, and 
the more severe will be the disease. After birth, growth of the spine is not linear, and three periods can be 
identified: (I) between birth and age 5 years; (II) between age 5 and 10 years of age; (III) between age 10 and 
skeletal maturity. Spine and thoracic cage growth are correlated, although their growth is not synchronous. 
Timely control of the spinal deformity and its correction are mandatory to restore—as soon as possible—the 
harmony and the hierarchy of growth between the different growth plates. If action is delayed, the abnormal 
growth and the subsequent anatomical modifications will lead to a progressive, evolutive, and irreversible 
clinical picture. This article aims to provide a comprehensive review of how spinal deformities can affect the 
normal spine and thoracic cage growth.
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Introduction

Volumetric growth and ossification of the spine represent 
an exceptionally long and slow process that starts around 
the third month of intrauterine life and does not end until 
the second decade of life. Idiopathic scoliosis (IS) can have 
negative effects on the growing spine as asymmetrical forces 
will act on the growth plates of the vertebral column. For 
this reason, IS is an evolutive growth plate disorder as, 
overall, more than 130 growth plates working in perfect 
synchronization, are involved in spinal growth (1). 

Spinal growth can be considered as a mixture of 
hierarchy, synchronization, and harmony: the slightest error 
can lead to a complex malformation; it is also a very dynamic 

process although it does not progress linearly: periods of 
acceleration are followed by periods of deceleration (1-4). 

As a result, standing height is not the best parameter to 
assess spinal growth because it does not directly measure 
the spinal column. Therefore, the best parameter to 
monitor and to evaluate spinal growth is the sitting height. 
In addition, spinal growth should always be considered in 
conjunction with the thoracic cage as the two entities are 
closely related.

Remaining growth is a determining factor for the 
worsening of IS: the younger is the child, the higher is 
the risk of progression, and the more severe will be the 
disease. Puberty is a turning point in children with IS as the 
pubertal growth spurt increases the risk of progression (3,4).
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Timely control of the spinal deformity, as well as its 
correction, is necessary to restore—as soon as possible—the 
harmony and the hierarchy of growth between the different 
growth plates. If action is delayed, the abnormal growth 
and the subsequent anatomical modifications will lead to a 
progressive, evolutive, and irreversible clinical picture.

Infantile IS: from birth to age 5 years

The first five years of life are characterized by a significant 
increase in the sitting height. During this period (birth 
to age 5 years), the sitting height will increase of about  
27–30 cm; in particular, sitting height is about 35 cm at birth 
and about 62 cm at age 5 years. In particular, the first two 
years of life are characterized by the significant growth of the 
spine as sitting height will get 22 out of 35 cm (63%) (2,5). 

It is important to note that the gain in spinal height (in 
cm) occurring during the first 5 years of life is the same as 
the gain between age 5 years and skeletal maturity.

Growth of the spine cannot be dissociated from the 
thoracic cage growth, as these two entities are closely 
interrelated. The growth of the thoracic cage can be 
considered as the “fourth dimension of the spine”. In 
particular, the thoracic perimeter is a valuable indicator of 
the thoracic cage growth (2).

The thorax has a perimeter of about 32 cm at birth. 
During the first five years of life (birth to age 5 years), the 
thoracic perimeter will increase of about 24 cm. At birth, 
thoracic perimeter makes up 98% of the sitting height, and 
it has reached about 36% of its final size. By age 5 years, the 
thoracic perimeter will reach 63% of its final size (1,2,5).

Severe infantile scoliosis leads to progressive deformity 
of the thoracic cage, and it can negatively influence both 
the thoracic cage and cardio-respiratory system growth. 
Over time, an orthopedic disorder (scoliosis = crooked 
spine = bone disorder) becomes a systemic pediatric 
disease characterized by severe spine distortion and cardio-
pulmonary impairment. This disease is characterized by 
a cascade of growth disorders that amplify each other, 
like a “domino effect”: an abnormal growth (spine) leads 
to another abnormal growth (thorax), which leads to an 
additional abnormal growth (cardio-pulmonary system). The 
goal of treatment is to break this vicious circle by restoring 
thoracic motion as well as enough space for the lungs and 
heart (parasol effect). In this respect, an offensive strategy is 
essential to protect lung development and growth. Canavese 
et al. have experimentally proven that an early spinal 
arthrodesis can have negative effects on the development 

of the thoracic cage and the lungs (6-10). Karol et al. have 
confirmed the negative consequences of early spine fusion in 
children with 1an early-onset spinal deformity in a clinical 
setting (11). A spinal arthrodesis of the thoracic spine 
performed early in life can have has negative repercussions 
on various organic chest components, heart, lungs, 
respiratory muscles, nervous system, and endocrine system. 
There is an interaction between the organic components of 
the spine, the thoracic cage, the intra-thoracic, and some 
extra-thoracic organs. Fusion is the cause of respiratory 
insufficiency and adds to the spinal deformity of the loss of 
pulmonary function (6-11).

At birth, the thoracic volume has reached only 6% 
and 30% of its definitive size at birth and age 5 years, 
respectively. During this period (birth to age 5 years), 
the segment T1–S1 will increase of about 10 cm, 2/3 at 
the level of the thoracic spine, and 1/3 at the level of the 
lumbar spine. During this period, the spine is still poorly 
ossified (30% to 40%), and it is mostly cartilaginous, thus 
vulnerable to the changes induced by a progressive spinal 
deformity. 

The T1–S1 segment measures about 18 cm at birth and 
reaches about 45 cm at skeletal maturity. A thoracic spine 
(T1–T12 segment) of at least 18 to 22 cm is necessary to 
avoid respiratory compromise as it corresponds to about 
70% of expected T1–T12 length (1,2,5,12). 

Moreover, careful weight assessment is an important 
part of the orthopedic evaluation. At birth, weight is about 
3 kg, and it reaches about 20 kg by age 5 years (32% of 
final weight). Furthermore, most children with progressive 
infantile scoliosis are shown to exhibit a deficit in weight 
(1,2,5,12,13).

For all these reasons, progressive infantile deformities 
are much more than a simple orthopedic disorder and do 
need a multidisciplinary approach. At skeletal maturity, the 
goal is to have a vital capacity of at least 50%, a weight of 
at least 40 kg, and a thoracic spine length of at least 18 to  
22 cm (2,11-13).

Juvenile IS: from 5 to 10 years of age

After 5 years of age, and until age 10 years, the annual 
growth rate of the spine slows down, and it is a deceleration 
period. During this period, all indicators of growth do 
not progress at the same speed, although they are all 
interdependent and somehow synchronized.

Between the ages of 5 and 10, the annual growth rate 
of their spine slows down. In particular, the gain is sitting 
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height is about 2.5 cm/year, while the T1–S1 spine segment 
will gain about 1.1 to 1.2 cm/year. Overall from age 5 years 
to skeletal maturity, the sitting height will increase of about 
30 cm, and during this period, the annual weight increase is 
of about 2.5 kg/year (1,2,5).

The thoracic perimeter reaches about 56 cm at age  
5 years and is about 66 cm by age 10 years (annual growth 
rate of about 2 cm/year); this increase is, however, lower 
compared to the first five years of life (13).

A progressive spinal deformity leading to distortion of the 
thoracic cage can compromise lung growth because up to 
85% of alveoli develop after birth. In particular, from birth 
to age 7 years, there is an increase in the number of alveoli 
(alveolar multiplication), while after that age, there is an 
increase in the alveolar size and the overall number of alveoli 
does not change anymore (alveolar growth). The thoracic 
volume will reach 50% of its definitive size by age 10 years 
(30% by age 5 years), while alveolar multiplication will end 
at around age 7 years (the normal number of alveoli increase 
from 20 million at birth to 300 million at age 7 years). 
For such reason, alteration of spinal and thoracic growth 
during the period of alveolar multiplication can potentially 
compromise both alveolar and lung growth (2,12,13).

Thoracic cage shape and function play an essential role in 
lung growth. As the curve progresses, not only the growth of 
the spine is reduced, but the size and function of the thoracic 
cage are affected as well. Therefore, the crucial period for 
both spine and thoracic cage growth occurs during the first 
5 to 7 years of life, and it coincides with lung development. 
Gollogly et al. reported that lung parenchyma volume is a 
function of age. Lung parenchyma volume is about 400 ccs 
at birth, 900 ccs at age 5 years, 1,500 ccs at age 10 years, and 
about 4,000 ccs at skeletal maturity (14). 

By age 10 years, 60% of the spine is ossified (ossification 
was 30% at age 5 years) (1,2). 

Bracing and serial  casting are two of the most 
recommended treatment options for patients with juvenile 
scoliosis; the goal of treatment is to slow down the 
progression of the deformity in order to buy time up to the 
beginning of puberty when spine fusion can potentially be 
performed. It is, therefore, important to take advantage 
of this quiescent period of spinal growth (15-17). Charles 
et al. have shown that if curve magnitude reaches 30° at 
the beginning of puberty, the surgical risk is very close to 
100%; on the other hand, the surgical risk is about 20% if 
the curve magnitude at the beginning of puberty is 20° (18).

In children with progressive deformity, there is a 
decrease of longitudinal growth and a loss of the normal 

proportionality of trunk growth, and the loss of sitting 
height highlights this phenomenon. The loss of sitting 
height is related to the severity of the deformity. 

Adolescent IS: the pubertal growth spurt

Puberty is a turning point in children with IS as the pubertal 
growth spurt increases the risk of deformity progression. 
Duval-Beaupère et al. have showed that during a pubertal 
growth spurt, as a rule of thumb, scoliosis will worsen 
substantially in most cases (19-22).

Perfect knowledge of the distinct stages of puberty is 
essential to supply a rationale, and well balanced, treatment 
strategy.

Chronological age is a poor indicator of remaining 
growth and pubertal growth spurt; as a rule of thumb, bone 
age should be preferred (23-26). 

Puberty starts at 11 years of bone age in girls and  
13 years of bone age in boys. The beginning of puberty 
is characterized by an acceleration of growth, not only 
at the level of the spine. A dramatic increase in stature, a 
significant change in the proportions of the upper and lower 
body segments, a modification of the overall morphology 
of the body, and the development of the secondary sexual 
characteristics are typical of this period.

During the pubertal growth spurt, growth is far more 
noticeable in the trunk than in the lower limbs; in particular, 
during puberty, 2/3 of growth is at the level of the trunk 
(sitting height) and 1/3 at the level of the lower extremity 
(sub-ischial length). At skeletal maturity, the thoracic spine 
(T1–T12 segment) represents about 30% of sitting height, 
and one single thoracic vertebra and its disc represent about 
2.5% of sitting height. Similarly, the lumbar spine (L1–L5  
segment) is about 19% of sitting height, and one single 
lumbar vertebra and its disc do stand for about 3.5% of the 
sitting height (1,2).

During puberty, standing height increases by 1.4 to  
1.5 cm/year, and a new period of acceleration of growth 
can be observed. It is for this very specific reason that most 
spinal deformities tend to worsen substantially during 
puberty (2-4,27,28).

At the beginning of puberty, boys have 13% of remaining 
growth, which represents about 22.5 cm (12.5 cm in sitting 
height and 10 cm in sub-ischial length). Similarly, girls have 
12% of remaining growth, which represents about 20.5 cm 
(11.5 cm in sitting height and 9 cm in sub-ischial length).

The peak growth velocity occurs between 13 and  
15 years of bone age in boys and between 11 and 13 years 
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of bone age in girls. After this period, there is a substantial 
decrease in the annual growth rate, with the lower limbs 
stopping to grow rapidly. At the end of the peak height 
velocity, the remaining growth is about 5.5 cm (4 cm in the 
sitting height and 1.5 cm in the lower limbs).

Secondary sexual characteristics develop throughout 
puberty. The first physical sign of puberty in girls is breast 
budding; the first sign of puberty in boys is the testicular 
growth. It is important to note that secondary sexual 
characteristics generally develop in harmony with bone age.

By plotting the gain in sitting and standing height every 
6 months, a clear picture of the pubertal growth spurt can 
be developed (pubertal diagram). In particular, two very 
distinct periods can be identified: (I) the acceleration phase, 
between 11 to 13 and 13 to 15 years of bone age in girls and 
boys, respectively; this is the so-called “ascending side of the 
pubertal growth spurt”; (II) the deceleration phase, between 
13 to 15 and from 15 to 17 years of bone age in girls and 
boys, respectively; this is the so-called “descending side 
of the puberty” characterized by a significant deceleration 
of growth. During the ascending side, the gain in sitting 
height is approximately 8.5 m in boys and 7.7 cm in girls; 
on the other hand, the gain is about 5 cm for boys and  
4.5 cm for girls during the descending side (3,4,18,24).

The spine surgeon must be aware of the following 
radiographic parameters:
 Risser sign appears during the descending phase; 

Risser 1 appears at 13.5 years and 15.5 years of bone 
age in girls and boys, respectively. Risser 1 usually 
corresponds to the onset of menarchis in girls;

 Triradiate cartilage closes at 12 years of bone age in 
girls, and at 14 years of bone age in boys, the closure 
occurs during the ascending side;

 Elbow closure (13 and 15 years of bone age in girls 
and boys, respectively) and fusion of the distal 
phalanx of the hand split the pubertal growth spurt 
into two parts: ascending and descending side;

 The peak height velocity is not a point in the curve 
as it takes place during the first 2 years of puberty 
(ascending side);

 During puberty, the peak of growth results from a 
combination of three smaller peaks (micro-peaks): 
the first peak involves the lower limbs, the second 
peak involves the trunk, and the third peak involves 
the thorax.

Whatever the populat ion or the ethnicity,  the 
chronology of puberty is always the same: an acceleration 
phase (ascending side) followed by a deceleration phase 

(descending side). 
The pubertal diagram is a reference, and the following 

basic question show is asked when dealing with children 
with progressive scoliosis: where is the child located on the 
pubertal diagram? What about the remaining growth?

It is also essential to consider the bone age of the 
patients, as only 50% of the population has a bone age in 
concordance with the chronological age. There are many 
options to assess bone age. In our opinion, the simplified 
olecranon method should be preferred during the ascending 
phase of puberty as it is more precise than the Greulich 
and Pyle atlas. On the descending phase, the Risser sign 
is helpful although not precise enough when complex 
decisions must be taken; during this period, methods 
involving the hand are more detailed although a good 
correlation has been proved between hand and iliac crest 
radiographs (19,22,23,25,27-29). 

Risser 0 makes up 2/3 of puberty; as a result, the Risser 0 
period must be divided into two parts: (I) Risser 0-Triradiate 
Cartilage open (11 to 12 and 13 to 14 years of bone age 
in girls and boys, respectively) and (II) Risser 0-Triradiate 
Cartilage closed (12 to 13 and 14 to 15 years of bone age in 
girls and boys, respectively).

When plotting all these data on the pubertal diagram, 
four distinct zones can be identified: two in the ascending 
side and 2 in the descending side (2,18,23,26):
 Zone 1: Risser 0, Triradiate Cartilage open 

(ascending side);
 Zone 2: Risser 0, Triradiate Cartilage closed 

(ascending side);
 Zone 3: Risser 1–2, Greater Trochanter open 

(descending side);
 Zone 4: Risser 3–5, Greater Trochanter closed 

(descending side).
It is essential to evaluate the behavior of the curve during 

the ascending side of the pubertal diagram, when the risk 
of progression is higher (critical period) to evaluate the 
potential for progression of spinal curvature (aggressivity).

Despite all useful information bone age can provide, 
it  must always be balanced with secondary sexual 
characteristics, annual growth velocity, and, in girls, 
the onset of menarchis. Sometimes Risser 5 (complete 
ossification of the iliac apophysis) never appears, and it is, 
therefore, difficult to decide whether a specific treatment 
can be stopped or not: clinical signs are important! If no 
more sitting height increase is identified, treatment can be 
stopped. Usually, 2 years after the onset of menarchis, the 
trunk stops growing (1,2,5).
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The crankshaft phenomenon

There is only one way to control a scoliotic curve: to 
neutralize all growth plates involved in the deformity 
at once! This fundamental concept is at the heart of the 
crankshaft phenomenon.

The crankshaft phenomenon is omnipresent. Any time a 
scoliotic curve us treated by posterior instrumented fusion, 
the patient becomes exposed to the crankshaft phenomenon 
(29,30). In patients with infantile scoliosis, the risk of 
crankshaft phenomenon is the highest, and any hardware 
can prevent it from occurring. During the pubertal growth 
spurt, the risk persists. Sanders et al. have proved that the 
risk of crankshaft phenomenon, is lower when the triradiate 
cartilage is closed (31). However, triradiate cartilage closes 
one year after the onset of puberty, and at that point 
remaining sitting height is about 8 to 9 cm in both boys and 
girls (1,2,5,18,24,26).

The ascending side of puberty, between Risser 1 and 
Risser 5, is characterized by a significant development of the 
thoracic cage, which can aggravate further the deformity 
of the spine. Full screws constructs can reduce the risk 
of a crankshaft, although the risk cannot completely be 
eliminated.

The crankshaft phenomenon should not only be 
merely considered as worsening of the Cobb angle as it 
carries several other negative effects: aggravation of the 
spinal imbalance, deterioration of the thoracic deformity, 
and aggravation of the deformity above and below the 
instrumented segments (29,30). 

The ‘scoliotic risk’

When dealing with a patient with IS, the basic question 
is, “what is the scoliotic risk of the patient?” As a rule of 
thumb, the younger the child, the higher the scoliotic risk 
because of the higher amount of remaining growth.

Scoliosis of 20° has not the same risk of deterioration 
at 5, 10, or 15 years of age! Several papers have been 
published on the surgical risk of scoliosis, and by merging 
all published data, a simple approximation can potentially 
be used in daily practice (18,24):

The scoliotic risk for a 20° curve should be multiplied 
by 5 at 5 years of age (20×5=100% risk of progression), by 
4 at 10 years of age (20×4=80% risk of progression), by 3 at 
the beginning of puberty (20×3=60% risk of progression) 
and by 2 at the peak of pubertal growth spurt (Risser I; 
20×2=40% risk of progression).

At Risser 2, the risk of deterioration of scoliosis of a 20° 
curve is about 20%, although more severe deformities (30° 
to 40°) carry a higher risk of progression (30%) (18,24).

Therefore, a clear distinction must be made between 
curves of measuring 10°, 20°, or 30°, when the patient 
is on the descending side of puberty, as the strategy of 
management depends on the topography of the curve. 
In particular, the lumbar deformity should never be 
underestimated as untreated progressive curves carry the 
poorest outcome during adulthood.

A curve increasing by 10° during the ascending side of 
puberty (first 2 years of puberty) carries an elevated risk of 
requiring surgical treatment. 

What will be the final deficit of the trunk after 
posterior spine instrumented fusion?

This recurrent question is raised when dealing with severe, 
evolutive curves in skeletally immature patients.

The deficit in trunk height induced by spine fusion can 
be easily reassessed by (I) evaluating the sitting height; (II) 
evaluating the remaining sitting height; (III) considering each 
single thoracic vertebra will cause a 2.5% deficit is sitting 
height and that each single lumbar vertebral will cause a deficit 
of 3.5% of sitting height. These values have to be adjusted 
to the age of the patient! Some authors have suggested a  
0.07 mm/vertebra/year of remaining growth (1,2,5).

When dealing with severe and very severe scoliosis at 
the beginning of puberty, despite the risk of crankshaft 
phenomenon, surgical treatment by posterior instrumented 
fusion is a rationale choice because the correction of the 
deformity will compensate the overall loss of sitting height.

 

Conclusions

Spinal and thoracic cage growth follows strict rules. It 
is necessary to analyze all growth parameters to fully 
understand the deficits induced by progressive scoliosis 
over a growing organism. It must also be kept in mind 
that the thoracic cage is frequently part of the problem, as 
deeply linked to the spine. There is a reciprocal interaction 
between the spine, thoracic cage, and cardio-respiratory 
system. Progressive spinal deformities and early spinal 
arthrodesis can alter spinal and thoracic cage growth by 
altering both shape function. Correction and control of 
the spinal deformity are needed to restore—as soon as 
possible—a harmonious growth pattern. If action is delayed, 
or not taken, the abnormal growth and the later anatomical 
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modifications of both spine and the thoracic cage will lead 
to a progressive, evolutive and irreversible clinical picture.

The following key-points are important and should 
always be considered:
 The growing spine is a complex phenomenon as 

more than 130 growth plates contribute to it;
 Repeating clinical measurements allow to identify 

progressive deformities and to treat by anticipation; 
 Sitting height is more precise than standing height;
 Bone age is more precise than chronological age;
 Ask yourself: (I) What is the sitting height? (II) 

What about remaining sitting height? (III) What 
is bone age? (IV) Is the patient on the ascending or 
descending side of puberty? 

 Most spinal deformities arise within the T1–S1 
segment (strategic segment);

 The T1–S1 segment makes up about 49% of the 
sitting height at skeletal maturity; 

 The T1–T12 segment (thoracic spine) represents 
about 30% of the sitting height (at maturity);

 The L1–L5 segment (lumbar spine) represents about 
19% of the sitting height (at skeletal maturity);

 Spine and thoracic care growth are deeply interrelated;
 About 50% of trunk growth occurs during the first  

5 years of life;
 The thoracic cage distortion associated with 

progressive scoliosis is part of the problem; in this 
respect, the thoracic cage should be considered as 
the “fourth dimension of the spine”;

 As the spinal deformity progresses, by a “domino 
effect”, not only spinal growth is affected but the size 
and shape of the thoracic cage are modified as well;

 The crankshaft phenomenon is at the heart of 
pediatric spinal pathology;

 The timing of spinal arthrodesis should be decided 
after taking into account all growth parameters.
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