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Introduction: - The normal thorax or rib cage (RC) includes the thoracic spine, thoracic spinal cord, heart, lungs,
abdominal organs, diaphragm, respiratory muscles and sternum.

The RC is made up of 12 pairs of ribs with their costal cartilages connected anteriorly to sternum, and are articulated
to the 12 thoracic vertebrae (T1 T12) posteriorly. The ribs are classified as true ribs (1 7) and false ribs (8 12). The
last two pairs of false ribs are also known as floating ribs (11 12). The sternumconsists of the manubrium, body, and
xiphoid process. In normal growth and pathology, the RC and thoracic spine are influenced by each other and are
interdependent. The RC during growth remodels changing its shape from inverted funnel-shaped to a barrel-like
shaped structure in maturity.
The outstanding function of the thorax is in respiration. It acts as a respiratory pump, and protects the lungs, the heart
and the contained within it large vessels. In addition, the ribs are the principal agents for the support of the thoracic
vertebrae by virtue of their rigidity, not only as bony braces but also because of their service as instruments/levers
through which the forces exerted by the attached muscles and ligaments and the forces of intrathoracic pressures and
stresses are transmitted to the vertebrae through their costovertebral articulations [1,2].

2.Embryology of RC
The mesoderm is one of the three germinal layers that appears in the third week of embryonic development. It is
formed through a process called gastrulation. There are four components, which are the axial, paraxial, intermediate,
and lateral plate mesoderm. The development of bone and muscle begins at the fourth gestational week, when the
paraxial mesodermdifferentiates into somites: the latter gives rise to sclerotomes and dermomyotomes. Sclerotomes
formthe vertebra and the ribs, whereas myotomes formthe majorityof the muscular system. The sternumarises from
paired longitudinal concentrations of the somatic mesoderm in the sixth week of development. The somatic
mesoderm is the outer layer formed after the split of the lateral plate mesoderm. The paired sternal bars fuse in the
midline to forma cartilaginous sternal plate at around the10th week, and it contributes greatly to the development
and stability of the thorax. The vertebral column, the ribs, and the sternum are formed by endochondral ossification,
[3,4]

3.Prenatal growth of RC
The outstanding function of the thorax is in respiration. In this connection, Keith (1909), [5], distinguished four
mechanisms in the enlargement of the thoracic cavity during inhalation: the thoracic lid (1strib and manubrium sterni),
the upper costal series (2nd- 5th ribs inclusive), the lower costal series (6th 10th ribs inclusive) and the diaphragm.

Consequently, it is interesting to know the prenatal development of the upper and the lower costal series, according
to the Keith distinction.

The two series/regions of the RC develop at different rates and under different signaling conditions, each
series/region affecting the embryonal, fetal, and postnatal development of the other series/region, [6,7].

The factors that influence RC morphology differ across the embryonic period due to the simultaneous development
of the organs within the RC and to other related structures such as the upper extremities, abdomen, and pelvis, [8,9].

From a functional perspective, breathing movement starts only in the late embryonic period, with an occasional
hiccup at 9 weeks of gestation and breathing movement at the10th week of gestation, [10, 11, 12].

Carnegie stages (CS ) are a standardized systemof 23 stages used to provide a unified developmental chronology of
the vertebral embryo, [13].

Okumo et al 2019, [12], described the 3-D description of the morphogenesis of the human RC (including the ribs
and vertebrae) during the embryonic period and they characteristically wrote:
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Formation of Cranial View of each Rib pair: The morphology of all rib pairs was similar at Carnegie stage CS17,
with the RC consisting of almost linear rib pairs concentrated on the dorsal side. The morphological differences
between the upper and lower regions of the RC became prominent at around CS20, when the ribs appeared curved,
with their ends elongating medially to form an arch in the upper region after CS20. As the ends of the ribs in the
upper region became joined with the sternum, the ends of the ribs in the lower region elongated almost
anterolaterally.

Formation of the Ventral View of RC: The depth of the RC was smaller than its width and height at CS17 19. The
differences between the upper and lower regions of the RC became prominent after CS20, with two notable features: a
downward shift in the area of largest width and the joining of ribs in the upper region. The RC cage was initially
larger in the upper than in the lower region, but the area of largest width shifted caudally toward the end of the
embryonic period, being located at the 5th rib pair at CS17, the 6th rib pair at CS18, the 7th rib pair at CS19, the 8th rib
pair at CS20 CS22 and the 9th rib pair at CS23. Regarding these important feature, the ends of the ribs from the 1st to
the 7th pair became closer in the median plane. Their eventual fusion would lead to the formation of the sternum. This
process resembled the closing of a zipper from the cranial end to the caudal end between CS21and CS23. Specifically,
the ends of corresponding ribs were separated by 2.02 4. mm for all 12 pairs of ribs between CS17 and CS19 but
then decreased in the upper region and increased in the lower region during development explaining the
developmental differences between the two regions.

Formation of the Lateral View of RC: At CS17, the depth of the RC was similar across the 1st 7th rib pairs, with the
largest depth at the 3rd pair. Enlargement of the RC was detected after CS20, with a prominent local maximum in the
middle. The largest depth of the RC was noted for the 7th rib pair at CS20 and CS21 and for the 8th pair at CS22 and
CS23. The degree of curvature of the thoracic spine was similar fromCS17 through CS19. However, the spine became
more kyphotic after CS20, increasing to38.1 .6 degrees by CS23.

The curvature of the thoracic spine affects the orientation of the ribs forming the RC, the angle of each rib pair in
relation to the ventral-dorsal axis. The ribs in the upper region, from the 1st pair to the level with maximum width (7th

rib pair), elongate to fuse together in the median plane, while the ribs in the lower region separate caudally, [12].

The heart and the liver develop and become functional during the early embryonic period and descent, that is the
heart is situated just inferior to the pairs of ribs that give the highest depth of the rib cage, whereas the liver is located
just inferior to the pairs of ribs that give the highest width of the rib cage in almost all specimens. In contrast,
respiratory organs develop relatively later, [8,9,12]. Furthermore, the chest cavity is not filled with the lungs during
the embryonic period, [14]. Therefore, the size and formof the rib cage may not be affected by the size of the lungs.
These facts may be a significant reason for the narrower shape of the upper rib cage, and wider lower RC forming the
funnel shape of the newborn thorax.

4. Postnatal development of RC and lung
The funnel shape of the RC of the newborn remodels during growth into a barrel- like shaped construction due to
widening of the upper part of the RC and the narrowing of the lower part of it, [15, 16].

4.1 Development of the normal RC. The newborn infant s RC is circular in cross section. As the infant grows, the
RC becomes more barrel shaped, with greater width in the mid-thoracic spine and there is symmetry and coupled
growth between the upper and lower thoracic ribs. The mid-thoracic ribs grow linearly, and increase in volume
according to the Fibonacci sequence logarithmic spiral, fig.1.
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Fig.1: - The growth according to the mathematical representation of a logarithmic spiral, sequence of Fibonacci,
(Modified from [19]).

Growth of the RC cage is more linear with only small increases in annual growth rates during the pubertal growth
spurt, while the most important events occur during the first few years of postnatal growth. The circular cross-
section of the very young child s thorax reaches ovoid shape, adult-like, before the age of six years, [17], fig. 2.

Fig. 2: - The changes in shape of the thorax during growth are shown in this figure, (Modified from [20]].

Briefly, the ribs largely determine the RC shape and its development: the rib height at 1styear of age is half of adult
rib height, the width of the ribs at the age of one year is almost that of the ribs of adults, middle ribs grow 2.6 times
faster than end ribs, 0.4cm/year, the symmetrical development of the ribs determines the barrel-shaped RC, and
during development of the ribs the increasing radius of the curve follows the rule of the golden spiral.

The segmental thoracic ratios, (TR), are not direct measurements of rib growth, but an indirect indication of it and
the provided longitudinally obtained data from thoracic radiographs estimate lung growth, too, [25]. Unlike the
centile charts form head size and foot length, the charts for lung width and length were The centile charts for lung
width and length were unexpected in that the girls never exceeded the boys. By using a stereoradiographic 3-
dimensional reconstruction using x-rays, direct measurements of rib growth are achievable, [21,22]. More details on
normal rib growth and lung are reported, [17, 19, 23,24, 25].

Several factors influence the morphology of the RC after birth, including anatomical constraints such as the
association with the sternum, functional anatomy such as the kinetics of respiration and integration with the adjacent
anatomical regions i.e. pelvis, [12, 26,27,28,29,30]. In this context, the physiological remodeling of postnatal RC
during growth in relation to the of pelvis and gait in humans will be discussed below.

Kinetics: 1. branch of science that deals with the effects of forces upon the motions of material bodies or with
changes in a physical or chemical system: the rate of change in such a system. 2. the mechanism by which a
physical or chemical change is affected.

Kinematics: a branch of dynamics that deals with aspects of motion apart from considerations of mass and force.
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4.2 Frontal and sagittal diameters of the RC; values of mid-thoracic diameters and the Thoracic Index,
(TI).

In a Greek population sample of 810 boys and girls, aged 2-12 years old, the values and the line graphs by age of the
numerator (a1), the denominator (a2) and their quotient (a3) for the TI, (frontal diameter divided by the sagittal
diameter), are 5. The found average values of the TI show that
there is a clear tendency to increase by age. That is, the numerator increases or the denominator remains smaller
compared to the numerator. Namely, the RC is more cylindrical at younger ages and progressively widens in the
frontal plane. Until the age of 5 years for the boys and 6 for girls, TI increases more quickly the depth of the RC in
relation with its width while in older children the relationship reverses and the RC becomes oval shaped, as it is seen
in adults, [31].

Fig. 3: - The way the frontal and anteroposterior diameter in the middle of RC is measured in a child, using a special
anthropometric tool, [from Grivas 1984].

Fig 4: - Frontal ( 1) and sagittal ( 2) measured diameter values in the middle of RC in cm SD for boys by age (2-
12 years old), and their thoracic index, (TI), ( 3), expressed as the quotient of 1 by 2, see 3, [from Grivas

1984].
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Fig 5: - Frontal ( 1) and sagittal ( 2) measured diameter values in the middle of RC in cm SD for girls by age (2-
12 years old), and their thoracic index, (TI), ( 3), expressed as the quotient of 1 by 2, see 3, [from Grivas

1984].

This developmental normal remodeling of the RC during this age period may be genetically programed to facilitate the
multiplication of alveoli of the lung which happens until the age of 5-6 years in the growing child, [32,33], see fig 6.

Fig 6: - Graph summarizing multiple small series of morphometric studies of autopsied lungs, [34, 35, 36, 37, 38]
with relative percent adult thoracic size by age, (modified from [39]).

Meredith and Knott 1937, Sinclair 1969, [40,41], mention and Burwell et al 1980, 1983, [42, 43], agree that after the
age of 5 years the RC widens. In order to understand the changes in RC width related to age and sex, the lung
growth must also be considered.

4.3 Lung growth. Thurlbeck, 1975, reviewed the development of the lung after birth, [36]. Hieronymi1961, [44],
stated that the shape of the lung changes as it grows, and that the growth in height is greater than the growth in
width. Simon et al.1972, [25], found that, lung width and length in boys increase from 5 to 19 in a fairly linear
mode, in thoracic radiographs, while in girls, lung width increases less than length. Keith 1923, [45], noted that the
roots of the lungs are attached to the pericardium which is fixed to the diaphragm, and the diaphragmatic
movements are therefore essential for the proper aeration to the upper RC, due to the evolution of the upright posture,
[45].
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The plot of TRs, by age groups, depicts the proportional changes of RC viscera, especially of the lungs, and the
relative narrowing of the girls' lower RC between childhood and pubertywhich is consistent with the proportionate
change in the girl's lung later, fig.8, [25].

4.4 Biomechanical Contribution of the RC to thoracic stability. The RC increases the stiffness of the thoracic spine in
all loading directions, [46]. During flexion/extension, the sternum and anterior RC most contribute to stability.
During lateral bending, the posterior RC most contributes to stability. Coupling between lateral bending and axial
rotation is mild in the thoracic spine and unaffected by ribs. The stability offered by the RC differs among
anatomical regions with true ribs, floating ribs, or false ribs. As far as the rotation of the thoracic spine is concerned,
the large variance in the anteroposterior location of the axis of rotation (AOR) is probably due to the absence
of a well-defined pivot point structure during flexion and extension. That is, with the RC and other anterior tissues
sharing the load applied distally, the pivot point is shifted to a new position that is more ambiguous than the disc
space, [47].

4.5 Increase in frontal & sagittal thoracic diameter during breathing. During respiration the RC expansion movements
in inhalation are like (a) a pump handle in the upper ribs and like a bucket handle in the lower ribs, fig. 7

A B

Fig. 7: - Respiratory movements of ribs: a) elevation of the upper ribs, like pump hand movement and increase of the
anteroposterior diameter of thoracic cavity, b) elevation of the lower ribs like bucket handle movement and increase

of the lateral diameter of thoracic cavity, (modified by [48]).

4.6 The infancy, Childhood, puberty (ICP) model of growth. A useful way to study the normal RC remodeling due to
growth after birth until the skeletal maturation, is to group the children into three age and sex groups, according to the
classification of Karlberg (1989): infancy (I) = 0-2.999 years; childhood (C) = 3-10.999 years, and puberty (P) =11-
17.999 years, [49]. The components of this model depict the different hormonal phases of the growth. Consequently,
the above model is an improved instrument for detecting and understanding growth failure, [49]. This ICP model has
already been applied to AIS, [50].

4.7 Assessment of normal and deformed RC in Early Onset Scoliosis (EOS) and Late Onset Scoliosis (LOS)-
(segmental Rib Vertebra Angles (RVA), segmental RVAD differences, (RVAD), segmental Thoracic Ratios,
(TR)).There are several proposed radiographical, CT and MRI methods and parameters to assess the normal thorax,
and its deformity, see Harris et al 2014 Table 1.However, a convenient way to study the normal thoracic
remodeling due to growth, is to use the segmental thoracic ratios (TR) and the segmental rib vertebra angles (RVA)
from T1 to T12 level, on chest radiographs, to assess the shape of the thorax in the frontal plane, in growing infants,
children and adolescents. This study of segmental TRs and segmental RVAs considers frontal plane radiographs.
Currently more frequently three-dimensional analysis is used as a procedure to study the morphology of scoliotic
curvatures, [21, 52, 53, 54, 55], as any study based exclusively on coronal plane has its limitations.

Dansereau el al. 1987, [55], proposed a 3-D rib cage assessment, which certainly offers interesting possibilities but
requires special equipment. Nevertheless, from the practical point of view the studies based on anterior-posterior (a-
p) radiographs may have a valuable contribution. The most important and frequently used radiological parameters
are designed and measured on a-p radiographs (Cobb, Mehta, Perdriolle angles). Lateral radiographs are not
systematically made to children with scoliosis. In the majority of hospitals, the material accessible for retrospective
studies contains almost exclusively frontal plane radiographs. Moreover, the plain chest radiographs of children and
adolescents, being easily available at medical archives, can effectively serve this study, without the need for any
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other special radiographs and exposure to additional radiation. One additional benefit of these methods is its
implementation not only in prospective but also in retrospective studies, using the existing initially obtained chest or
spinal radiographs of IS patients, provided that the radiography is performed in a standard way.

4.8 Thoracic ratios (TR). [15]. The method of TRs is a means of expressing RC shape and relative size to the
distance from T1 to T12, in frontal plane, and segmentally in hemithoraces. On each anteroposterior chest
radiograph, the outline of the lateral border of the thorax is drawn, fig. 8. Next, the mid-point of the distal end-plate
at each vertebral body from T1 - T12 is marked. Then at each segment, the distance from the middle of the end-plate
to each outline of the right and left thoracic cage is measured. These distances are standardized by dividing by the
measured T1 - T12 distance, fig 8. They are termed segmental left and right TRs. Ratios are also calculated
segmentally for the total width of the RC.

Table 1: -Methods and parameters to assess the normal thorax, and its deformity, (from [51]).
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(left plus right measured lengths). Children or less spinal curves, were included studying the TRs because such
curves may influence the results minimal. Length of the ribs in patients with IS were reported by Kasai et al 2002,

[56].

Fig.8: - Method of calculating segmental TRs on RC radiographs. DR and DL are distances from the middle
of an end- plate to the outlines of the RC, H= the distance fromTl-12, [from Grivas et al 15].

In a study of the anteroposterior thoracic radiographs in 412 children with minimal disorders or diseases involving
trauma, infections, foreign bodies, heart murmurs and mild asthma and none with a scoliosis of 5 degrees or more,
the findings are as follows, fig. 9.

Fig. 9: - TR for normal boys and girls plotted by age group (infancy, childhood and puberty; see text). I/C, infancy /
childhood; C/P, childhood/puberty. Infancy= , childhood = , puberty =

* 0 0 1 <P < 0 0 5; ** 0 001 <P < 0 01; *** P < 0 001, [fromGrivas et al 15].
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4.8.a TR changes by age. In both boys and girls between infancy and childhood (I- C), per part of the RC in boys. In
girls than boys at T1-4, there is a greater percentage diminution of TRs while at T5 and below the percentage
diminution is similar. Between childhood and puberty (C-P), in contrast to the boys, the girls show a further relative
narrowing of the lower RC belowT5(T7- 12), but little or no change in the upper part of the RC(T1-6).

4.8.b TRs and sex differences. In infancy, between boys and girls there are no significant differences in TRs. In
childhood, there are no sex differences for TRs at T1-5 in the left hemithorax and at T1-9 in the right hemithorax.
The sex differences for left TRs are at T6 toT10. Hence, the TRs are lower in girls than in boys and particularly for
the left hemithorax; i.e. the lower, particularly left, RC of girls is narrower than that of boys. In puberty, the girls'
TRs are significantly lower than those of the boys at left T1-10, right T1-12. According to these findings the girls'
RC from 11 years of age is narrower relative to spinal length than that of the boys at most levels.

After birth, remodeling during the development of the normal RC, especially in its lower region relative to RC
length, occurs with its broadening in the upper region in frontal plane relative to its AP dimension, fig 10; [58, 43,
31].

Fig 10: - The shape of the RC in infants and in adults, [modified from 57].

The hypothesis was made that the relative narrowing of the lower chest with increasing age reduces the rotational
inertia of the thorax in human bipedal gait. This will be discussed furthermore below in association with the
segmental rib-vertebra angles (RVAs) as well.

4.9 Segmental Rib-vertebra angles (RVA), [16]. The study of the segmental (T1-12) RVAs and rib-vertebra angle
differences (RVADs), were reported by Grivas et al 1992, [49]. as a new method. The ICP model of growth was
used for analysis of these data.

The RVA technique which was used previously, [59], fig. 11, was modified because the head of the rib in infants is
not as clearly evident as it is in older children, and the upper ribs curve upwards and laterally from the spine.
Consequently, to measure the RVAs, fig.11, a line is drawn along the distal end-plate of each vertebra. At the middle
of each end-plate a vertical line is drawn and two points are defined on the rib, one where the rib meets the vertebra,
and the second at a point midway between the edge of the vertebra and the outer margin of the RC. These two points
are joined and extrapolated to meet the vertical line. The angle formed between the rib line and the vertical vertebral
line is measured as the RVA fromT1 to T12, for both left and right hemithoraces.

The findings, [16], fig. 12, show the following changes of RVAs by age and sex: 1) RVAs decrease fromT1- 12,
especially so between T8 and T12. 2) Between infancy and childhood (IC), RVAs of the upper ribs increase, more so
in boys than girls. 3) Between childhood and puberty/adolescence (CP) there is a further elevation of ribs, involving
more ribs in boys than girls (boysT1-10, girlsT1-8). 4) Between infancy and childhood (IC), the lower ribs droop
more in girls than boys (boysT9/10-12, girlsT7/8-12). There is no change in the RVAs of the lower ribs between
childhood and puberty (CP) in either boys or girls. 5) We hypothesized that RVAs are influenced by the CNS
mediated trunk muscle activity. 6) RVADs pattern reflects the common age, sex, and laterality patterns of IS,
[16], fig.
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13. Extremes of such asymmetries may be an aetiological factor for both IIS and AIS. Segmental analysis of RVAs
in AlS RC, fig 12, reveals crossed RVA asymmetry with aetiological implications, [60, 16].

The above finding of our cross-sectional studies, reveal how and when the RC remodels by age and gender during
growth. We suggested that the triangular-shaped RC of the neonates remodels into a barrel shaped one during
growth, in evolutionary terms, asamechanismconsistentwithanadaptationoftheRCtohumanbipedalgait, [61]. The
above led to a novel multifactorial theory for the pathogenesis of IS, [62].

.
Fig.11: - Chest radiograph showing the methods of measurement of RVAs, [59], [modified fromGrivas et al

2002, [64]).

Fig. 12: - Segmental rib-vertebra angles (RVA's in degrees), in boys and girls, for each of the infancy (I), childhood
(C), and puberty (P) groups by rib level. (see text) [modified from Grivas et al 1992, [16]).
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Fig.14: -Mechanical model of trunk muscles in scoliosis to show the effect of unilateral imbalance of the entire
composite muscle trunk rotator (CMTR, on the left). This imbalance produces a right thoracic scoliosis (modified

fromWemyss-Holden et al.1991, (Modified fromBurwell et al 1992, [62]).

In line with the above findings, Yuseng Liu et al 2019, [68], studied the biomechanical properties of the thoracic
paravertebral muscles on concave and convex side in AIS patients with Lenke 1-3 curves. It was found that the
concave paravertebral muscle tone and stiffness were greater than those on convex side and their asymmetric
biomechanical characteristics were closely related to the severity of scoliosis, [68].

Grivas et al 2015,2016, [69,70], studying Idiopathic and normal lateral lumbar curves, (LLC), commented on the
existence of 12th rib length asymmetry related to these curves. They propose a pathomechanic role for quadrates
lumborum, (QL) based on the new finding of bilateral length asymmetry of 12th rib related with IS and small
non- scoliosis LLC, [70], see fig. 15.

(A a,b) B) C)
Fig 15 A) a, Cobb angle Rt lumbar IS curve with a longer Rt 12th rib, likewise in b, a 22 of Cobb angle Rt
lumbar IS with a Rt 12th rib longer B) QL attachments, C) the suggested hypothesis for Rt lumbar IS curves,

[From Grivas et al 2016, [70]).

To the 12th ribs, numerous small muscles are attached, including the diaphragm, QL, fig. 15b, internal and external
intercostals, serratus posterior inferior, short and long rib elevators, external oblique abdominal, internal oblique
abdominal, transversus abdominis, iliocostalis and longissimus thoracis. The largest of these muscles is QL
which has attachments as origins and as insertions the pelvis, 12th ribs and transverse processes of lumbar vertebrae,
and very probably exert the greatest forces on the 12th ribs. Two theories were proposed: a) a relatively increased
activity of the right QL muscle causes the LLCs, and b) QL counteracts the lumbar curvature as part of the body s
attempt to compensate for the curvature, [70]. Grivas et al 2016, proposed that one mechanism responsible for the
relatively increased length of the right 12th ribs is mechanotransduction, {71], according to Wolff s and Pauwels
laws, fig. 15C, [72,73, 74, 75].

5. Posterior truncal asymmetries (TA) and school scoliosis screening (SSS)
Knowledge of the normal variability of the posterior truncal morphology in healthy children and adolescents is
essential since the presence of asymmetry is an indicator for referral to specialists and further orthopaedic
evaluation. Grivas et al 2006, 2008a, b, documented this variability, analyzing the data of their SSS program.
The scoliometer was used to assess back TA, in mid thoracic, thoracolumbar and lumbar region. Juveniles were
more symmetric than adolescents and girls more symmetric than boys. Juvenile back TA pattern seems to be the
same, with the higher incidence of JIS, in boys. Moreover, severe TA, which could be linked with a IS curve, was
found more
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frequently to the left side. Adolescence girls were more frequently asymmetric than boys. Right TA was more
frequent than left, [76, 77,78].

Grivas et al 2006 presented a study assessing the probable correlation of TA, measured with a scoliometer, to
lateralization of the brain as expressed by handedness in a school aged children, [79]. A strong, (p <
0.038), correlation of TA and handedness was found both in boys and girls, at mid-thoracic region having 2-7
degrees of TA. Thus, this significant correlation to the dominant brain hemisphere in terms of handedness, exists in
children who are entitled at risk of developing IS, and implicate a potential scoliogenetic role of cerebral cortex
function in the formation of the RC external morphology, [79].

6. The RC in IS
The shape of RC was assessed segmentally, using the TR method, both in radiographs of 24 pre-operative
children suffering progressive IIS, and in the chest radiographs of 233 heathy children. The RC in progressive IIS is
considerably narrower at T1-T5 compared to normal peers.

The funnel-shaped upper RC of IIS is similar to the one of the normal human foetus, of the rabbit and of the RC in
Jeune's disease, fig 16, suggesting different postnatal growth patterns of upper and lower ribs in
humans.

Fig. 16: - The funnel-shaped upper RC of IIS is similar to the one of the normal human foetus, the thorax in Jeune's
disease, and the rabbit, (fromGrivas et al 1992, [80]).

The pre-operative vertebral rotation at T4-T5 is significantly related to the apical one at follow-up. It was suggested
that the prognostic value of specific rotation above the apex of the thoracic curve (Perdriolle and Vidal, 1985)
reflects reduced rib control of spinal rotation due to the growth defect of the upper RC, [80,81, 82, 83].
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Fig. 18: - The vertebral rotation at T4-T5 is significantly related to the apical one at follow-up, (from Grivas et al
1992, [80]).

The funnel shape of the RC at birth in order to become barrel-shaped during aging towards adolescence and
adulthood must undergo the following changes: a) an increase to the development of the ribs in the upper part of the
RC in relation to the thoracic spine and/or a satisfactory elevation of the upper ribs (increase of their RVA) and
drooping of the lower ribs of the RC. To achieve this, the muscles of the shoulder girdle must be developed
normally and be robust. Also, the ribs of the lower part of the RC must "droop" with a reduction of their RVAs as a
result; the muscles that attach at these ribs must contract robustly caudally, and they must not be weak and/or
underdeveloped. In IIS, the chest shows the characteristic of a funnel-shaped RC of the newborn child, in other
words, the shape of the fetal shaped chest remains in infants.

6.1 RC development in resolving IIS, [85, 90,91].
Jones et al 1992, [85], reported the RC deformity regression in resolving in IIS by age. The segmental findings
relating to thoracic shape in 19 children (15 boys, 4 girls) with resolving IIS from the peak of the spinal curvature to
its resolution up to 14 years of age were documented. Ribcage shape was evaluated by measuring thoracic ratios
segmentally from a longitudinal series of spinal radiographs for each child. The TR were calculated for each
vertebral level using the method of Grivas et al. (1991), [15], correcting for the loss of height due to the scoliosis by
the method of Hodgett et al (1986), [84]. The findings show that the RC in resolving IIS is considerably narrower
than that of controls at all vertebra levels, at both peak and resolution of the curve. However, the RC in the resolving
scoliotics shows the same physiological narrowing of the lower RC by growth as the controls do. In the light of the
Nottingharn theory of aetiology for IS, it is suggested that the onset of resolving IIS involves a selection process
from the general population of infants and young children who have both: 1) a developmental anomaly of the RC
(narrowing); and 2) a central nervous system (CNS) asymmetry. According to this concept, resolution of IIS curves
results from two mechanisms: 1. CNS function establishes symmetry with increasing age; 2. The narrowing of an
already narrow RC allows a reduction in the rotational inertia produced by the pelvis in gait; this rebalances the
pelvic rotation-inducing and the spinal rotation-defending systems in the trunk, [85, 90, 91].

6.2 RC development in progressive IIS {86, 92,93].
In progressive IIS the shape of the upper part of the RC is funnel-shaped and looks like the one of a normal human
foetus, fig. 18.
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It is hypothesized that there is a developmental delay of upper ribs leading to the funnel shaped RC in progressive
IIS, [89]. The funnel-shaped upper RC may be considered an early expression of RC asymmetry and it seems to
derange the symmetric forces that the ribs act on the spine and may contribute to the development of the spinal
deformity. Namely, the upper rib system is insufficient to act as spinal rotation-defending system in the trunk against
the pelvic rotation-inducing system during gait, particularly in this very sensitive developmental period when
bipedal gait in infants is established. This hypothesis may be relevant to the Nottingham concept of IS aetiology.

Curves in IIS are usually left thoracic. Boys are more affected than girls. At childhood, pre-menarche girls, present
usually left thoracic curves like these that usually IIS scoliotics suffer, while post -menarche girls usually present
with right thoracic curves like these in AIS, [86, 94]. We hypothesize that the mechanism of the development of
these left curves in girls at their early age period may be similar to the one that develops IIS. Specifically, the upper
RC ribs may do not grow and elevate symmetrically in both sides but for some reason this only happens
unilaterally (i.e. there is no increase of RVA in one side) and unlike to the healthy thorax in childhood ,which
undergoes normal remodeling, in these girls the upper rib system is insufficient to act as spinal rotation-defending
system in the trunk to the pelvic rotation-inducing system during gait, causing deformity. This hypothesis may
also be relevant to the Nottingham concept of IS aetiology.

6.3. RC development in AIS. Grivas et al 2002, [64], compared the RVAs of 47 children with thoracic (T),
thoracolumbar (TL), and lumbar (L) curves 10 - of Cobb angle suffering LOS with mean age 12 .4 years to the
RVAs of 60 nonscoliotic children of a similar age group previously studied, (Grivas et al 1992). Comparing the
RVAs between the scoliotic and nonscoliotic children, it was shown that the LOS children RC had lower RVAs
(p<0.01) at almost all thoracic levels. It was reported that RVAs is an expression of the opposing muscle forces,
that act on each rib, and that RVA asymmetries are aetiological for IS by weakening the spinal rotation-
defending system, [62]. This study showed that scoliotic children with mild curves have underdeveloped RC
compared to normals, fig 21. The differences are more apparent in the scoliotic children with thoracic curves. We
suggested that the differences of the RVAs between right and left side in this group are an expression of
asymmetric muscle forces acting on the RC. We concluded that asymmetric muscle forces participate in the
pathogenesis of IS on the RC, which deforms before the spine.

Fig.21: - Children with mild and moderate IS have underdeveloped RC compared to nonscoliotic counterparts, (blue
line represents the RVAs for the nonscoliotics, and the rest lines, are those of T, TL, and L curves RVAs, * =

statistical significant different), (modified fromGrivas et al 1992 and 2002, [16, 64]).
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6.4 Menarche and laterality of thoracic curves, [87].
Grivas et al 2002, in a SSS program referred sample, gender and age documented, [87], found that girls before
menarche had considerably more left curves, (10 degrees or more) and after menarche more right curves. A
hypothetical mechanism for the development of these curves was discussed above, but also this finding may support
the view that left curves result from a physiological mechanism that controls left/right laterality, [95, 96].

6.5 Scoliotics and congenitally fused ribs. Scoliotics suffering congenitally fused ribs in one hemithorax may develop
scoliosis through the same mechanism, in line with the above described hypothesis for IIS. Congenital rib fusions
of one upper hemithorax (hemi funneling), fig. 22, show that they can be associated with narrowing of the
hemithorax on the affected side and with an IS curve below the level of rib fusions which is convex to the side of the
rib defect. These outcomes may be relevant to a Nottingham concept of aetiology for IS, and they are also in line
with the observation of Bisgard 1934, [97], that the apex of the curve in thoracogenic scoliosis, moves downward
with each successive stage of multistage thoracoplasties, [50, 62, 80, 89, 97, 98].

Fig. 22:- Congenital rib abnormalities and scoliosis. [(from Grivas et al 2006, [86]).

6.6 Pulmonary function in children with IS
Tsiligiannis and Grivas 2012, [99], in a review on pulmonary function in IS children stated that IS affects respiratory
function during periods of rapid somatic growth. Scoliosis results in a restrictive lung disease with a multifactorial
decrease in lung volumes, displaces the intrathoracic organs, hinders the movement of ribs and disturbs the
mechanics of the respiratory muscles. Scoliosis decreases the RC wall as well as the lung compliance and results in
increased work of breathing at rest, during exercise and sleep. Pulmonary hypertension and respiratory failure may
develop in severe disease. Mayer and Redding 2009note that the lung volumes change due to EOS, [100]. FVC and
RV reflect total lung capacity (TLC). The Forced Vital Capacity (FVC) reflects intrathoracic volume, RC wall
mobility and respiratory muscle function and in 53 EOS children it was found the 62 4% of normals. The residual
volume (RV), reflects the gas reservoir left after complete exhalation, and it was found 79 12% of normals, as well.
Redding 2013, [101], stated that especially in severe cases of IS, the low lung volumes lead to hypoxemia, poor sleep
and cor-pulmonale. The decreased RC wall distensibility and excursion result to increased effort and poor growth.
The decreased respiratory muscle force and movement lead to decreased exercise tolerance. All these deficiencies
and weaknesses may lead to respiratory failure. It is common knowledge that restrictive lung disease (RLD) is
associated with IS as well as with syndromic and congenital scoliosis, [102].

7. Pathogenesis of IS: The Nottingham concept and RC
No generally accepted scientific theory for the aetiology of IS exists up to now, [103], therefore, current treatment is
symptomatic and not aetiological. In Nottingham UK, a new concept of scoliogenesis was presented based on
Studies of the hips, pelvis, spine, RC and trunk muscles in scoliotic (pre-and post-operative), control patients, and
cadavers. Evidence was presented that IS results in part from a developmental abnormality in the CNS, involving
functional asymmetry of one or more inherited and actively acquired (by movement repetition) spinal cord central
pattern generators (CPGs) which control gait, [104].

The ensuing neuromuscular asymmetry results to a cyclical failure of mechanisms of rotation control in the trunk.
These mechanisms involve rotation defending (mainly musculo-costal, but also musculo- spinal, discal and
ligamentous) and inducing (pelvi-spinal) mechanisms acting mainly in gait, see 'Dinner Plate'- 'Flagpole' concept. In
essence, when the human RC is developmentally unable to control these muscular forces in the spine which
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are transmitted to it from forces generated elsewhere in the skeleton during physical activity and particularly gait, a
cyclical failure of trunk rotation equipoise occurs which is termed IS. Pelvi-thoracic size disparity may contribute to
this mechanical impairment of rotation; the latter occurs in relation with a lateral spinal curvature and a short- segment
lordosis to increase the initial deformity of IS. The ensuing asymmetrical loading on the immature human spine in the
erect position alters spinal growth; this abnormal growth together with normal linear spinal growth, potentiate the
continuing mechanical failure resulting from the opposing rotation-defending and rotation- inducing mechanisms to
produce progressive IS. Resolution of asymmetry in CPGs, [104], explains the resolution of Infantile and Juvenile IS
before irreversible changes occur in the spine and RC. The Nottingham concept views IS in the broader view point of
function in the trunk, development and human evolution, relative to bipedalism. In the last three million years of
human evolution, the rounding of the RC and pelvis may have been caused by the CNS and trunk muscles adapting to
their new role of oscillating the trunk to give man his unique bipedal gait; the rounding of the female pelvis may have
contributed to the rapid evolution brain size in humans. The predisposition of adolescent girls to progressive IS is
likely to result from several factors involving the pelvis, spine, ribcage, trunk muscles, CNS, growth and joint laxity,
[105, 106].

An important unanswered question raises as to which of the above mentioned factors play a protagonistic deleterious
role and which is the harmful resultant effect on the rest of the above involved factors.

Fig. 23: - The AIS scoliogeny concept, ('Dinner Plate'-'Flagpole' concept), (fromBurwell et al.1981,
[105]).

The elevation of the upper ribs during postnatal growth may change respiratory volume. Additionally, may provide
more stability of the upper thoracic spine, more control of the spine in the frontal plane during lateral flexion, and of
spinal counter-rotations against to the rotations of the thoracolumbar spine and pelvis during gait with a cross-over
at T7, [105, 107].

8. Thorax and pelvis during gait - the rotational inertia
The study of postnatal remodeling of RC using the TR and RVAs shown that the funnel-shaped upper newborn RC
gradually changes to a barrel-shaped one, [15, 16, 89].

The drooping of the lower ribs seems to provide an evolutionary explanation for the development of the barrel-
shaped RC, a mechanism to save energy by narrowing the lower chest and consequently to reduce the rotational
inertia transmitted to the thorax from the rotating thoracolumbar spine and pelvis in gait, [50].

This drooping of the lower ribs is greater in girls, due to their larger mature pelvis diameter in the frontal plane, fig.
24, and the larger mass of their larger pelves, the teleology of which is that his sexual dimorphism is an
evolutionary mechanism to serve an easier and safer birth giving, due to the human infant s evolved increased head
size.

This relative narrowing of the RC during growth triggered the postulation of the concept involving pelvic and
thoracic rotational inertia in gait. The decrease of TRs of the lower RC by age in boys and girls may be a way
to
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reduce the rotational inertia created in the RC from the rotating thoracolumbar spine and pelvis in gait. Such a
mechanism would consume energy. It will be recalled that inertia (I) equals mr2, (where = sum, m = mass and r =
radius), fig 24. Hence, a relative diminution of lower RC width would produce a much greater reduction of rotational
inertia, as inertia is a function of the square of the distance. The RC narrowing, in evolutionary terms, is
consistent with an adaptation of the RC to bipedal gait of humans, [50].

One other hypothetical reason for the change of funnel shaped to the barrel-shaped thorax during growth could be
based on an evolutionary theory claiming that this took place in response to a warmer climate and a meat-based diet,
which favored a taller, thinner body, [ 108, 109].

The size of the female pelvis and human head size at birth. Contemporary growth data show that the human head
grows most rapidly in the first two years of postnatal life. It seems likely then that the natural selection to an increase in
human head size, in order to contain an evolutionarily larger human brain over the last three million years, was made
possible by the natural selection of females with a larger pelvis to provide for a larger fetal head at birth. This larger
pelvis of females is likely to have affected the RC development of females differently from that of males due to the
need, in gait, to reduce rotational inertia transmitted to the thorax from the larger female pelvis [110, 40, 42); this
explains the sexual dimorphism in the RC, figs. 24. Some credence for this interpretation is provided by
comparative anatomical studies of the pelvis, [111].

Fig. 24: - The sexual dimorphism of human pelvis. The females have larger mature pelvis diameter in the frontal
plane.

9. The Double Rib Contour Sign (DRCS) and Rib Index (RI)
The assessment of the IS deformity in the coronal and sagittal plane depends on radiographic measurements of the
Cobb angles, Cobb 1948, [112]. Nash and Moe 1965, [113], used the pedicle shadow to assess the vertebral rotation.
Bunnel 1984, [114], introduced and used a scoliometer to measure clinically the hump deformity. Perdriolle and
Vidal, 1987, 1985, [81, 115], used the pedicle shadow and measured the rotation angle through a line drawn through
the convex pedicle. Grivas et al 2002, [116], introduced the rib index (RI) method extracted from the double rib
contour sign (DRCS) as radiographic method to evaluate RH deformity, (RHD), in IS patients, attempting to create a
safe reproducible way to assess the RHD based on lateral radiographs.

IS results in a deformity of the RC, which is a primary concern for the patient and the family, which causes a
significant cosmetic problem, affecting negatively the patient s self-image and self-esteem. The RHD is also a
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constant concern for the orthopedic surgeon and a major cause of spinal revision surgery in AIS patients, [117,
118].
In the lateral spinal radiographs of all asymmetric children with a RHD, it is found that there is a double rib contour
(DRC), an interesting radiologic sign. Grivas et al 2002, [116], coined this double rib contour sign, (DRCS) , fig 25,
[119, 120,121].

Fig 25: - The DRCS in lateral radiographs, (fromGrivas et al 2002, [116]).

Fig 26: - The DRCS of the RC in a spinal radiograph and the RI, (from Grivas 2014, [121]).

In a scoliosis school screening (SSS) program, the screened children were those attending the first grade of the
primary school aged 5 to 6 years to the last grade of high school aged 17 to18 years. Therefore, the collected data
covered this wide range of ages. The children were screened with a scoliometer and the asymmetric ones presenting
with an angle of trunk rotation (ATR) reading more than 5 degrees were referred to the scoliosis clinic of the hospital,
for more evaluation. These referred children, at the initial period of our SSS program, were assessed radiographically.
The RC and the spine were assessed in coronal and sagittal plane. The Cobb angle and these segmental left and right
RVAs of the RC were also measured. In the lateral spinal radiographs in all asymmetric children the DRCS was
present, fig 25.

The assessment of the severity of the deformity of the RC is based on both clinical and radiographic measures, [118].
Multiple methods have been proposed to radiographically assess the rotational deformity of the ribs with the Nash and
Moe, [113], and Perdriolle and Vidal methods [81, 82, 83, 115], remaining the most commonly used. However, these
methods do not assess the degree of RHD affecting the RC. The DRCS was reported as being an excellent method of
assessing RHD because of its simplicity and the ability to be calculated on the lateral IS radiographs with no need for
special imaging or additional exposure to radiation, [118]. In line with this, Haber et al
2020, [122], stated that as many patients and visits were lacking scoliometer measurements, the rib index can be
used as a surrogate to scoliometric measurement. It must be noted that the RI is a measurement on the standing
radiographs. The scoliometer reads asymmetry in the bending, (during Adams test), and not in the erect position, (in
standing radiographs). Maragkoudakis et al 2019, [123], found that in all three anatomical regions of the spine
(thoracic, thoracolumbar and lumbar), in both males and females, the change from a forward bending position, (Adam
test), to a standing erect position shows a reduction of the mean trunk asymmetry, probably due to the vertebral
rotation changes during the change of the two positions. Consequently, if these subjects had their TA assessed using a
scoliometer in Adams test, their TA would be greater that this measured using the RI method at the
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erect taken radiographs. Therefore, as shown above, the RI is a reasonably strong surrogate for scoliometric
assessment of asymmetry.

10. The effect of growth on the relationship of spinal and thoracic deformity
It is commonly accepted that growth is an important factor for the worsening of a scoliotic curve. However, the
question is if growth affects the thoracic deformity simultaneously with the spinal deformity and if there is a
relationship of spinal and thoracic deformity during growth. The answer to this question could be addressed studying
the initiating deformity and not the severe and progressed IS and this could also provide an answer whether the spinal
or the thoracic deformity presides this condition, [124].

Several studies on the correlation between the surface deformity (existence of the hump) and the Cobb angle were
conducted but without considering growth as an important factor that may influence this correlation. Grivas et al,
[124], reported that in some younger referred children from the SSS program there was a discrepancy between the
thoracic scoliometer readings and the morphology of their spine. Namely there was a RHD but no spinal curve and
consequently no Cobb angle reading in spinal radiographs, discrepancy which fades away in older children, [124].
Therefore, it was hypothesized that in scoliotics the correlation between the RC deformity and this of the spine is
weak in younger children and vice versa. Eighty-three girls on the basis of their hump reading on the scoliometer
referred, with a mean age of 13.4 years old (range7 18), and were studied. The spinal deformity was assessed by
measuring the thoracic Cobb angle from the postero- anterior spinal radiographs. The RC deformity was quantified
by measuring the rib index (RI) at the apex of the thoracic curve to the lateral spinal radiographs. The RI is defined as
the ratio between the distance of the posterior margin of the vertebral body and the most extended point of the most
projecting rib contour, divided by the distance between the posterior margin of the same vertebral body and the most
protruding point of the least projecting rib contour. Statistical analysis included linear regression models with and
without the effect of the variable age. The sample was divided in two subgroups according to the mean age of
participants, namely the younger (7 13 years old) and the older (14 18yearsold). A univariate linear regression
analysis was performed for each age group in order to assess the effect of age on Cobb
Angle and RC correlation. Twenty-five percent of patients with an angle of trunk inclination, (ATI), more than or
equal 7 degrees had a spinal curve under 10 degrees or had a straight spine. Linear regression between the dependent
variable "Thoracic Cobb angle" with the independent variable" rib-index" without the effect of the variable "age" is
not statistical significant. After sample split, the linear relationship is statistically significant at the age group14 18
years old (p<0.03). It could be stated that growth has a significant effect in the correlation between the thoracic and
the spinal deformity in girls with IS, fig 27. Pizones et al 2016, [125], confirm the correlation of thoracic
deformity in ages more than 14 years and in severe IS. Therefore, the age should be taken into consideration when
trying to assess the spinal deformity from surface measurements. These findings, [124,126], implicate the
protagonistic role of the thorax, as it shows that the RC deformity precedes the spinal deformity in the pathogenesis
of IS.

Fig 27: - Linear relationship between thoracic Cobb angle and RI is only found at the age group of 14 18
years.
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11. Postoperative fate of IS hump deformity
The RH expresses the thoracic deformity in IS mainly in the transverse plane. It is of great significance to see the
reports on the correction of the RH after surgical treatment of IS by posterior spinal fusion (PSF), which addresses
the spinal deformity only and does not involve the RC. This study will provide valuable information on the
relationship between the RC and the vertebral column.

Among the articles cited the article "The Double Rib Contour Sign (DRCS) in lateral spinal radiographs, aetiologic
implications for scoliosis", [116], selected those that used the RI to assess and present the results of the operation of
spine and the RHD. Additionally, we reviewed similar articles using a different method than the RI for evaluate the
RHD fate postoperatively. Nineteen relevant articles were found published from 1976 to 2022. In these reports, the
correction of the thoracic deformity in terms of RH fate, indicate that the hump not only is insufficiently corrected
compared to the spinal correction, but it also reasserts during the follow up, especially more intensively in the
skeletally immature operated scoliotics, see Table 1, and fig. 28 and 29.

Fig. 28: -Measurement of the vertebra translation (VT) in axial section of the CT scan. Measured in millimeters
as the horizontal distance between the line dropped from the center of the spinal canal and the center of the sternal

width, [modified from Easwar et al 2011 [140]).

Fig 29: - Similarity of the RI method depicted in the two middle photographs with this in right photo (B)-Rib hump
index (RH) measured in a CD, which means the maximal differences in the RH divided by the distance from the

dorsal central aspect of the vertebral foramen to the peak of the inner rib cage wall. (RH = D1 D2/H), (fromGrivas
et al 2014, and modified from [121, 140, 141]).

Surgery is straightening the central axis, that is the spine. However, the degree of the RHD improvement
approximately matches to the improvement of the post-operative degree of spinal derotation. The only way to
correct significantly or completely the RHD is the costoplasty, which usually, for many reasons, is not done.
The main cause of the formation of the RHD is the asymmetric development of the ribs and much less than the
vertebral rotation. The operation does not a) limit the asymmetric growth of the ribs in IS and b) does not interrupt
the mechanism that leads to their asymmetrical development. The results in all the reviewed articles, in table 1, imply
the view that the protagonistic role on scoliogenesis of the thorax, which probably lead to the deformity, [148].
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(the relative excel file will also be sent to replace this picture)

Table 1. A) the author/s of the reviewed articles and related figures, B) the instrumentation used, or the preoperative
findings acting as alert parameters preceding curve magnitude progression in diagnosed IS patients, C) Number of
patients, D) pre-operative and postoperative RI outcomes of RH correction, E) Cobb angle outcomes.

12. RI and aetiological implications
Changes in TA with age in normal subjects leading to AIS were interpreted as the result of growth resulting in RC
deformity, which precedes the spinal deformity, [124]. The role of the RC asymmetry was also recognized as
responsible for the development of IS, and as an evidence that the deformity of the RC goes before the spinal
deformity, in mild scoliosis, [124]. Additionally, Grivas et al 2022, confirmed that there is the lack of correlation
of surface topography findings, (hump), that is the TA, to the Cobb angle in mild and moderate IS, [149].

TA without central axis deformity, that is spinal deformity, was described in bibliography, [150, 151]. Pruijs et
al stated that surface topography can be used in SSS, but does not allow a sharp distinction between normal and
pathologic cases, although they did complete any study on their examined sample by age, [150,151].

Nissinen et al 1989, [152], stated that hump size was found to be the most powerful predictor of scoliosis. Large
humps were more prevalent among those children that subsequently developed IS. The predictive significance of
baseline TA was independent of all the other determinants entered in the multifactorial logistic model, (sitting
height, kyphosis, lordosis, arm length inequality, pelvic tilt).

The relative risk (odds ratio) for an increase of 1 mm of hump size was 1.72 in boys and 1.55 in girls. Thus boys
with humps of 6 mm had approximately a fivefold risk of developing IS as compared with boys having a symmetric
trunk (hump = 0 mm) at the age of 10.8 years. Additionally, Nissinen et al 1993, [153], stated that the asymmetric
children with a hump deformity, but without radiographical diagnosed scoliosis, will develop IS with an odds ratio
1.72 in boys and 1.55in girls, during a three years follow up in 896 children who were free from scoliosis at entry,
having several anthropometric measurements for their prediction of IS.
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In a longitudinal analysis of a case series, all children in whom progressive IS developed also had visible asymmetry
at the age of 10 years, [154].

Willner 1984, also reported, using the moir topography method, [156,157], that on the moir photographs with the
children standing in the erect position, 12% of the girls and 9% of the boys with clinically observed asymmetries in
the forward bending position had very small shadow asymmetries (deviation of < 1 contour line). Also, in former
Malmo studies, these small asymmetries of the trunk were not related to a lateral deviation of the spine, seen
roentgenographically, exceeding 9 .

In our SSS program, approximately 30% of our SSS program referred asymmetric girls with an ATR aged less
than 13 years, assessed either with a straight spine or a curve less than 10 Cobb angle. In this age group the
correlation between clinical deformity in terms of TA and radiographic measurement in terms of Cobb angle, is
not statistically significant, while in aged 14 18 years girls it is, [124]. This finding was confirmed in one of our
more recent studies, {149]. The correlation of surface topography deformity hump - to radiographical shown
deformity - Cobb angle - was quite poor, Pearson corr. Coeff. 0.077, 0.211, p: 0.768. Therefore, it was shown that
the changes in the spine in IS are secondary, because these children have a preceding thoracic deformity without a
spinal deformity, fig. 30, [149].

Fig 30:- In mild and moderate scoliosis, the RHD of the RC, assessed by the scoliometer and the sagittal spinal
profile are not correlated to Cobb angle,(from Grivas et al 2021. [149].

At this point, we highlight our view, that is, "at initiating and mild IS, the patho -biomechanics are probably
dissimilar from the biomechanics when the curve is severe". Furthermore, we consider that at initiating and mild IS,
genetics, epigenetics, and biology have the dominant/protagonistic aetiological role; however, we should not
overlook the non-protagonistic role of patho-biomechanics at this stage, which later become dominant for
progressive IS, [157].

Based on our above findings, our evidence-based policy recommendation on SSS implementation currently is: all
younger asymmetric SSS referrals, who are assessed having a TA without a radiographically confirmed spinal curve
are at risk of developing IS, and they need to be followed and not discharged from the scoliosis clinics.

13. The role of sternum: The rib-sternum complex
Kenanidis et al 2018, [158], in their study reported preliminary data demonstrating morphological differences of
the sternum, between AIS and normal peers. They concluded that the sternum of AIS was more inclined than
In normal peers and they hypothesized that the sternum is involvement in scoliogenesis,
[158].

14. John Sevastik research about IS thoracic deformity
Professor John Sevastikoglou, (John Sevastik), was one of the world famous researchers and a real milestone on the
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study of the RC related to aetiology of AIS. He postulate
cause of the thoracospinal deformity. Additionally, asymmetric growth and increased vascularization of the often
larger breast may stimulate, asymmetric left right, longitudinal growth at the underlying costosternal cartilage
upsetting the balance of forces acting on the normal spine , [159, 160].

14.1 Experiments on ribs
Sevastik et al 1990, reported that Elongation of one rib on the right side by 1 cm was achieved in two groups of
adult rabbits of different age, by osteotomy and application of a metallic expander. The procedure resulted in
immediate deviation of the spine in the frontal and sagittal planes, with moderate scoliosis, convex to the left, and a
significant decrease in the normal cervicothoracic lordosis and thoracolumbar kyphosis [ 161].

Sevastik Bo, et al 1995 in his pig specimen experiments described it was concluded that gradual elongation of one
rib affects the position of the numerically corresponding vertebra in relation to the suprajacent and subjacent
vertebrae in the three cardinal planes in the same way as the apex vertebra is affected in IS. Moreover, the registered
tilt, i.e., the rotational movement of the central vertebra in the coronal plane, could explain the wedging of the disc
space, and the ventral translation in combination with the tilt in the sagittal plane could account for the lordotic
tendency of the scoliotic segment , [162].

14.2 Correction of experimentally produced scoliosis
Sevastik et al 1990, [163], reported that resecting partially three intercostal nerves on the right side of growing
rabbits were, moderate left-convex thoracic scoliosis with rotation of vertebrae had developed from one to three
months later. A further resection of three intercostal nerves, this time on the left convex side, one and two months
after the first operation, resulted in regression of scoliosis or halted its progression. These results further support the
concept that the asymmetric longitudinal growth of the ribs cause scoliosis. They also proposed that regulation of the
rib length could be an approach to the effective correction of progressive IS at an early stage in man , [163].

14.3 Suggested surgical intervention on the ribs
Gr alou et al 2002, [164], reported on simulations of RC surgery for the management of scoliotic deformities. They
simulated and evaluated concave side rib shortening and convex side rib lengthening have been. Slight post-
operative immediate geometrical correction of the spine was found in any of the simulations. This biomechanical
analysis showed that proper rib surgery may counteract the progression of the spine deformity depending on the
remaining growth potential. These findings support the concept of early interventions on the RC that may be an
approach of treatment to prevent curve progression in small to moderate IS, [164].

Xiong and Sevastik 1998, [165], reported the results of an operation on a 7-year-old girl with right convex
thoracolumbar IS with 46 Cobb angle, who was operated upon by 2-cm shortening of three concave ribs. 27 months
after the operation the curves were reduced to 21 . They concluded that this approach is a harmless intervention and
may have vast beneficial implications for the young patients with early onset thoracic IS , [165].

14.4 Experiments on nerves
Sevastik et al 1990, [166, 167], reported that resecting three intercostal nerves on the right side of growing rabbits
after one to three months later, moderate left-convex thoracic scoliosis with rotation of vertebrae had developed, and
the sagittal curvatures of the spine had diminished. A further resection of three intercostal nerves, on the left convex
side, one and two months after the first operation, resulted in regression of scoliosis or halted its progression. These
experimental results further support the view that asymmetric longitudinal growth of the ribs, I the causative
scoliosis factor, [166, 167].

14.5 Vascular Changes in the Chest Wall After Unilateral Resection of the Intercostal Nerves
Agadir et al, 1990, [168], reported that right side intercostal nerves resection in young, growing rabbits developed
structural left convex scoliosis. The vascular structure changes of their anterior RC were evaluated. Their results
demonstrated that unilateral resection of the intercostal nerves significantly increases the vascularity of the structures
on the denervated side of the thorax. This development may account for the greater longitudinal growth of the ribs
on this side and for the development of the scoliosis observed in earlier studies, [168].

14.6 The John Sevastik thoracospinal concept of aetiopathogenesis of AIS
According to this concept which applies only to girls with right thoracic AIS, increased asymmetric longitudinal
growth of the left periapical ribs around the apex of the vertebral curve, triggers the thoracic curve simultaneously in
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the three cardinal planes. The concept does predict curve progression. Sevastik suggested operation on the ribs as a
treatment for early progressive thoracic curves, [169,170, 171], and hypothesized that the dysfunction of the ANS is
considered responsible for the scoliogeny of AIS, [169], see fig. 31.

Fig 31: - The hypothesis of the dysfunction of the ANS as responsible for the AIS scoliogeny, (modified from
Sevastic 2002, [169]).

Iliopoulos et al 2007, [172], reported also on the dysfunction of the ANS which results in asymmetric blood supply
evolution of the anterior RC wall in female AIS with progressive right convex thoracic IS, confirming what Prof.
Sevastik hypothesized.

14.7 Breast asymmetries in females suffering AIS.
There is evidence for developmental disruption of anterior chest wall blood supply in AIS girls with progressive
right thoracic scoliosis, [172].

Normally et al 1988, [173], stated that the left breast was significantly more often larger in the scoliotic series
of girls. Additionally, Normelli et al 1986, [174], assessed the vascularity of the breasts using thermographic and
diaphanographic methods in normal and scoliotic girls. They found that the vascularity of the left breast was
significantly greater for the girls with a right convex thoracic curve than for the control group. They propose d that
unilateral stimulation of rib growth due to a greater vascularity of the left breast and the underlying costosternal
junctions might be one initiating factor in the development of right convex thoracic AIS in girls .

Denoel et al 2008, [175], assessed of breast asymmetry in the presence of IS. Twenty-four women with right IS were
evaluated. In 20 girls they found a smaller right breast.

Cruz and Korchin 2013, [176], in their clinical study assessed 54 female patients suffering IS. Breast volume was
calculated using anatomic measurements.IS women consistently presented breast asymmetry with this of the convex
thoracic IS being always smaller in volume. The affected side also presents a smaller areola, a higher position of the
nipple and a higher position of the inframammary fold. However, the degree of asymmetry does not correlate with
the severity of the scoliosis. The authors assumed that the breast asymmetry even though it denotes an underling
scoliosis is indicative of curve progression, as Prof. Sevastic stated as well. Other factors probably are responsible
for curve worsening, [176].



ISSN: 2320-5407 Int. J. Adv. Res. 11(07), 1252-1290

1279

15. Different Cobb angle and RH correction using a biomechanical model
Closkey and Schultz 1993, [177], in a computer-implemented biomechanical model of a thoracolumbar spine and
deformable RC, investigated: a) the influence of spine morphology and RC stiffness properties on the RC
deformities that arise from scoliosis and b) the relationship of actual rib distortions with those seen on CT scans.
They reported that these model-obtained findings mirror the clinical findings that correction of the Cobb angle
leads to correction of the lateral offset of the RC but interestingly does not correlate well with correction of the RC
axial rotation. They admitted that correction of only the lateral curvature will reduce the lateral offset of the RC but
will minimally affect the derotation of it .

16. Thoracic kyphosis and hypokyphosis, the impact of LSP
The thoracic spine participates posteriorly in the formation of the RC. In some older publications it was suggested
that in IS, hypokyphosis is the triggering feature to the development of IS, [178, 179, 180]. This view was
formulated because almost all publications, endorsing this view, included and studied children with progressed IS
and not children with initiating IS. For example, in the Dickson et al 1984 paper, [178], the mean Cobb angle
of the examined cases is referred to be 39 degrees of Cobb angle, which is not a mild one. Moreover, Deacon et al.
1984, [180], stated that the apical deformation in IS is characterized by apical lordosis and alters the regional and
global sagittal profile, which is quite true, but this cannot be used for mild or moderate IS. All of Deacon s scoliotic
spines are severely deformed up to 184 Cobb degrees, except for one, with a severe rotation, which is not the case,
for mild or moderate IS. When mild IS children were analyzed, [181, 182], the above statement that resulted from
the study of severe IS patients seems to be inaccurate.

Grivas et al 2022, [181], stated that it would be useful to examine the definitions of the severity of IS as there is not
full agreement on what is mild and moderate IS. Mild IS is characterized by a Cobb angle [112], of more than 10
and less than 30 degrees, of more than 10 but less than 25 degrees [184], and of more than 10 but less than 20
degrees [62]. Moderate IS is considered when Cobb angle is 25 40 degrees, which is indicated for non-operative
treatment [184, 185], and a Cobb angle is greater than 21 to 35 degrees [62]. We consider as mild IS those with a
Cobb angle 10 to 20 degrees and as moderate those with a Cobb angle 21 to 35 40 degrees. In these curves,
especially in the mild ones, the apical vertebral rotation is not large [169, 171]. This morphology is very important
for the measurements of a true LSP, which is minimally affected. This fact results in more reliable measurements,
and it is very important .

Grivas et al 2002, [181], addressed the thoracic spine morphology importance in mild and moderate IS. The aim of
their study was a) to study the LSP, in SSS referrals with and without LOS of mild curves 10 - Cobb angle and b)
to validate LSP s aetiological importance in scoliogenesis. They examined the spinal radiographs of 133 children, 47
boys and 86 girls with a mean age of13.28 and 13.39 years respectively and ATI 7 . They concluded that the
minor hypokyphosis of the thoracic spine and its minimal differences observed in the studied small curves with
nonscoliotics in their report add to the view that the reduced kyphosis, by facilitating axial rotation, could be
viewed as being permissive, rather than as aetiological, in the scoliogenesis, [181].

Pizones et al 2016, [146], analyzed the sagittal thoracic parameters of different types of progressive thoracic AIS
patients and compared them with healthy peers. They found that in their 2D analysis of moderate AIS, Lenke 1
curves of AIS exhibited normal thoracic sagittal parameters, which brings into question the effect of lordosis on the
development of single thoracic curves. Discussing the controversy arisen on the issue of the LSP of IS stated that
by facilitating axial rotation, this reduced kyphosis could be viewed as being permissive to progression rather than
an initiating factor, in the pathogenesis of IS [181, 186, 187].

The Pizones et al 2016, [125], completed a cross-sectional study analyzing prospectively registered data of 113 AIS
patients, with mean age 14.9 1.9 years, suffering progressive main thoracic deformity. They found that sagittal
variables were correlated the least to Mid Thoracic Cobb, (MT Cobb). In their discussion they wrote although
hypokyphosis was theorized to be an important trigger factor for the vertebra to spin and rotate creating IS, [179],
thoracic lordosis in their AIS curves was only seen clearly in Lenke type 3 curves. Thoracic hypokyphosis was also
reported that is strongly related to curve progression, [188, 189, 190].

The evolutionary development of the human from quadrupedalism to bipedalism has involved many adaptive
changes in the locomotor system, [62, 111]. Some of the skeletal changes have been observed in fossils: the
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AIS = Adolescent Idiopathic Scoliosis
ANS =Autonomic Nerve System
ATR = Angle of Trunk Rotation
ATI = Angle of Trunk Inclination
CMTR = Composite Muscle Trunk Rotator
CNS = Central Nervous System
CPG = central pattern generator
CS = Carnegie Stages
CT = Computerized Tomography
DRCI = Double Rib Contour Sign
EOS = Early Onset Scoliosis (EOS)
FVC = Forced Vital Capacity
HD= high density
ICP = Infancy, Childhood, Puberty
IIS = Infantile Idiopathic Scoliosis
IS = Idiopathic Scoliosis
JIS = Juvenile Idiopathic Scoliosis
LD = Low density,
LLC = Lateral Lumbar Curves
LOS = Late Onset Scoliosis
LSP = Lateral Spinal Profile
MRI = Magnetic Resonance Imaging
MTCobb = Mid Thoracic Cobb,
PSF = Posterior Spinal Fusion
RC = Rib Cage
RH = Rib Hump
RHD = Rib Hump Deformity
RI = Rib Index
RLD = Restrictive Lung Disease
RVA = Rib Vertebra Angle
RVASD = RVA Difference
RV = Residual Volume
STH = Selective Thoracic Fusion
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