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When the paediatric spine develops, important morphologi-
cal and biomechanical changes occur, during the synchro-
nised growth of the vertebral bodies, posterior arches, spinal

cord and roots [1].

Vertebrae formed as somites derived from paraxial meso-
derm at 3 weeks of gestational age begin to surround the neu-
ral tube and notochord, forming a sclerotome. These sclerotome
cells on either side of the cord migrate around the cord merg-
ing together at 4 weeks of gestational age. Segmentation of

these sclerotomes forms the vertebral bodies [2].
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Chondrogenesis and then endochondral ossification of the
vertebral bodies start at 40-60 days gestational age, with
ossification continuing up to 25 years of age [3]. The three
primary ossification centres are the vertebral body and bilat-
eral neural ossification centres forming a neurocentral syn-
chondrosis, contributing to vertebral body, spinal canal and
posterior element development. Five secondary ossification
centres include the superior and inferior surfaces of the ver-
tebral body, transverse process tips and spinous process tip.

At term the oval ossified nucleus of the vertebral body is
small relative to the large cartilaginous endplates, with
unfused neurocentral synchondrosis. The neurocentral syn-
chondrosis closes at different ages within the cervical, tho-
racic and lumbar spine, up to the age of 17 years [4]. As the
ossification of the vertebral bodies and posterior elements
completes, the spinal canal diameter reduces.

Cervical spine curvature is present in utero, secondary to
head weight and uterine constraints [S]. The primary curves
of the spine at birth are the thoracic and sacral curves.
Biomechanical changes when able to hold the head and when
able to weightbear result in the normal cervical and lumbar
lordosis curvatures of the spine [2]. By the age of 10 years, the
spinal curvature is similar to an adult, although absence of
cervical lordosis can be seen up to the age of 16 years [6].

Cervical Spine

Basilar Invagination/Impression

Basilar impression is the upward displacement of the verte-
bral elements with normal bone, into a normal foramen mag-
num. Basilar invagination is similar upward displacement due
to pathology of the bones [7]:

e Chamberlain line (Fig. 1): Line drawn from posterior mar-
gin of the hard palate to opisthion (posterior margin of the
foramen magnum). Tip of odontoid process should nor-
mally be <2.5 mm above this line. If the odontoid process



FIGURE 1 A sagittal CT image demonstrating the Chamberlain line

tip is >2.5 mm above the line, there is basilar invagination
[8]- However, using this criterion alone to diagnose basilar
invagination may lead to high false positives [9].

e Clivodens angle (Fig. 2): Angle formed when line drawn
along long axis of clivus and long axis of dens. A value of
<125° suggests basilar invagination [9].

Atlanto-Occipital Junction

e Basion-dens interval in assessing atlanto-occipital disloca-
tion (Fig. 3): Distance between the basion and the odon-
toid process of C2 should be 12 mm or less [6]. This
measurement should be used cautiously in children as the
odontoid height increases with age in normal develop-
ment. Under 9 years of age, the odontoid is shorter than
the level of the anterior arch of C1 height [10].
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FiGURE 3 A sagittal CT image demonstrating the basion-dens inter-
val
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FiGure 4 A sagittal CT image demonstrating the lines drawn to
calculate Powers ratio (BC/OC). BC: basion to posterior C1 (in
white) and OC: ophistion to anterior C1 (in dotted yellow)

e Powers ratio to detect subluxation/dislocation (Fig. 4):
Distance from the tip of the basion to the posterior arch of
C1 (BC) divided by the distance from the opisthion to the
anterior arch of C1 (OC). A Powers ratio (BC/OC) of less
than 1 is considered standard on radiographs. On CT, a
ratio of less than 0.9 (midline sagittal plane) is considered
standard. A Powers ratio (BC/OC) of more than 1 on flex-
ion and extension views is diagnostic of anterior atlanto-
occipital instability [11].
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FIGURE 5 A sagittal CT image demonstrating the atlanto-dens interval

Atlanto-Dens Interval (ADI)

This is an important measurement when assessing atlanto-
axial subluxation. The ADI is measured between the
posteroinferior margin of the anterior arch of the atlas and
the anterior surface of the odontoid process (Fig. 5).
Extension/flexion of the cervical spine during positioning can
affect ADI measurement; hence, ADI should be measured in
neutral position [12]. Normal values in neutral position are
<4 mm in children <9 years of age and <3 mm in children
>0 years age [13].

Posterior Atlanto-Dens Relationship
If a posterior ligamentous injury is suspected on lateral

X-rays performed in flexion, the posterior atlanto-dens rela-
tionship can be assessed. The ratio between the posterior arch
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FIGURE 6 A diagram demonstrating the spinolaminar line (SLL) and
flexion interspinous distance (FID)

of C1 at the spinolaminar line (SLL) and the interspinous
distance between C1 and C2 (FID) in flexion is calculated
(Fig. 6). FID/SLL >2 suggests a posterior ligamentous injury
in all ages [14].

Posterior Cervical Line/Posterior Line of Swischuk

Anterior displacement of C2 on C3 has been observed in
children up to the age of 7 years [15]. The posterior cervical
(Swischuk) line (Fig. 7) helps differentiate physiological dis-
placement/pseudosubluxation from pathological subluxation.
The posterior cervical/Swischuk line is drawn through the
anterior cortex of the posterior arches of C1-C3.

In pathological subluxation, the line will miss the posterior
arch of C2 by more than 2 mm [15] (Fig. 8).
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FIGURE 7 A lateral X-ray demonstrating the posterior cervical line/
posterior line of Swischuk
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FiGure 8 A diagram demonstrating pathological subluxation of
C2 in relation to C3

Prevertebral Soft Tissue Assessment

e The prevertebral soft tissue thickness aids in the detection
of cervical spine injuries. Thickness can be measured on
both lateral cervical spine X-ray and sagittal CT, at C2 and
C6 levels (Fig. 9), given the reduced variability in the mea-
surements at these levels (Table 1).
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FiGure 9 A sagittal CT image demonstrating the prevertebral soft
tissue thickness at C2 and C6 vertebral levels

TaBLE 1 Mean values of prevertebral soft tissue thickness at C2 and
C6 levels, measured on MDCT [16]

Mean prevertebral soft

Mean prevertebral soft

Age tissue thickness at C2 tissue thickness at C6
(years) (mm) mean = SD (mm) mean = SD
0-2 5.0+13 63+14

3-6 50«17 75«12

7-10 46+ 1.1 9.1+15

11-15 4.6 +1.1 10.9 = 1.8

18 years 3.7+12 13.0 2.6

plus
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Spinal Canal Size
After the age of 4 years, only minimal growth of the spinal
canal diameter occurs, increasing on average 3.2 mm at C2

and 2.6 mm at C7 in males and 2.8 mm and 2.0 mm in females,
respectively (Table 2) [17].

Vertebral Body Height

Cervical vertebral body height increases with age and growth,
as well as changing from an oval morphology to rectangular
(Table 3).

TaBLE 2 Cervical spine canal AP dimension at C2 and C7 (modified

from [17])

Male Female

C2 C7 C2 C7

diameter diameter diameter diameter
Age (mm) (mm) (mm) (mm)
(years) mean=SD mean=SD mean=SD mean = SD
1 1441 +£123 1335+135 13.53+128 12.56 +0.89
4 1623 + 1.05 1491 +£0.94 1530+ 159 14.56 +0.90
9 16.99 + 1.21  15.06 + 1.18  16.12+1.00 14.12+0.85
15 1570 + 143 1453 +1.17  15.61 + 1.67  14.15 + 1.06

TaBLE 3 Cervical body height at C3 and C5 (modified from [18])

Male Female

C3 Cs C3 C5

vertebral vertebral vertebral vertebral

body height body height body height body height
Age (mm) (mm) (mm) (mm)
(years) mean=SD meanx=SD mean+SD mean = SD
0-5 552+ 1.18 547 £ 1.19 5.84 £ 1.18 574 112

5-10 782 +1.29 753 £0.99 8.09 +1.20 769 + 1.10
10-15 1151 +2.45 1051 +2.10 1156 £2.69 10.79 + 2.16




50 M. K. Heir et al.
Thoracolumbar Spine

Thoracic Kyphosis

e The spine has characteristic alignment in the coronal and
sagittal planes. In the sagittal plane, the spine is lordotic in
the cervical and lumbar regions and kyphotic in the tho-
racic region.

e The thoracic kyphosis angle increases with age and the
increase is greater in females than in males.

e Kyphosis is a marked curvature of the spine in the sagittal
plane, with a posterior convexity.

¢ According to the Scoliosis Research Society classification
system, the curvature in the sagittal plane is normally
smooth and comprised between 20° and 45°.

Modified Cobb Angle

e The upper (commonly T4/5) and lower (commonly T12)
vertebral bodies defining the curve are selected and lines
are drawn, extending along the superior border of the
upper end vertebra as well as along the inferior border of
the lower end vertebra. Perpendicular lines are drawn
from these and the angle is measured at the intersection
(most modern PACS systems will have angle tools that
measure directly as in Fig. 10).

Sagittal Balance

e Essential for the spine body to maintain equilibrium.
Alterations affect forces and energy required to maintain
a horizontal gaze in the upright position.

e Sagittal balance is evaluated by measuring the distance
between the posterosuperior aspect of the S1 vertebral
body and the plumb line.



FIGURE 10 A
lateral X-ray
demonstrating
modified
Cobb angle
measurement

C7 Plumb Line

e The plumb line is a vertical line drawn downwards from
the centre of the C7 vertebral body, parallel to the lateral
edges of the radiograph (Fig. 11).

e This line should pass through the superior endplate of
S1, + 2 cm of the posterosuperior corner of the S1 verte-
bral body [19, 20].
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FIGURE 11 A lateral
X-ray demonstrating the
C7 plumb line

e The position of this line is can be positive, neutral or
negative:

— Positive balance: the plumb line passes more than 2 cm
in front of the posterosuperior corner of the S1 verte-
bral body.

— Neutral balance: the plumb line passes within 2 cm of
the posterosuperior corner of the S1 vertebral body.

— Negative balance: the plumb line passes more than 2 cm
behind the posterosuperior corner of the S1 vertebral
body.

Scoliosis

e Represents the presence of one or more lateral curves of
the vertebral column in the coronal plane.
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e Scoliosis is defined as a lateral spinal curvature with a
Cobb angle of >10°.

e The Scoliosis Research Society classifies paediatric scolio-
sis as [21]:

— Infantile 0-3.
— Juvenile 4-10.
— Adolescent 11-18.

Infantile Idiopathic Scoliosis

e 1.5x more frequent in boys than girls.

® 76% of cases scoliosis is left convex.

e Many infants with infantile idiopathic scoliosis are healthy
and normal and simply have a small curvature of the spine.
In some patients, however, there is an increased associa-
tion with hip dysplasia, mental retardation and congenital
heart disease.

e Many infantile curves will resolve without treatment.

Juvenile Idiopathic Scoliosis

e 10-15% of all idiopathic scoliosis in children.

e Early years, boys are affected slightly more than girls and
the curve is often left-sided.

e Later years, predominance of girls and right-sided curves.

e As a rule of thumb, about 20% of children who are
younger than 10 and who have a curve greater than 20°
will have an underlying spinal condition (particularly an
Arnold-Chiari malformation).

e Juvenile curves that reach 25-30° tend to continue to
worsen without treatment.

Cobb Angle

e Lines are drawn along the endplates of the terminale ver-
tebrae, and the angle between the two lines, where they
intersect, is measured.

e The cephalad and caudal terminale vertebra are those ver-
tebrae whose endplates are most tilted towards each other
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(most modern PACS systems will have angle tools that
measure directly as in Fig. 12).

— Mild 10-15°.
— Moderate 20-40°.
— Severe >40°.

FiGURE 12 An anteroposterior X-ray demonstrating the Cobb angle
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Coronal Balance

e Coronal balance is evaluated by measuring the distance
between the central sacral vertical line (CSVL) and the
plumb line.

e It measures whether or not the upper spine is located over
the midline (normal) or off to one side.

e The CSVL is a vertical line that is drawn perpendicular to
an imaginary tangential line drawn across the top of the
iliac crests on radiographs. It bisects the sacrum.

e The plumb line is a vertical line drawn downwards from
the centre of the C7 vertebral body, parallel to the lateral
edges of the radiograph.

e The horizontal distance between this plumb line and the
CSVL is measured (Fig. 13).

e The position of this line can then termed positive, neutral
or negative, depending on distance and direction from the
midline:

— Positive balance: the plumb line passes to the right of
the midline, by >2 cm.

— Neutral balance: the plumb line passes within 2 cm of
the midline.

— Negative balance: the plumb line passes to the left of
the midline, by >2 cm.

Lumbar Spinal Canal Dimensions

e Anteroposterior spinal canal development is fully com-
plete by 5 years of age, while transverse spinal canal diam-
eter increases until 15-17 years [22, 23].

e Considerable variation in the developmental size of the
normal lumbar spinal canal exists within and between
populations.

e The sagittal diameter is the shortest midline perpendicular
distance from the vertebral body to the inner surface of
the neural arch (Table 4) [24].
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FIGURE 13 An anteroposterior X-ray demonstrating coronal balance
(short black line is the CSVL and yellow line is the plumb line)
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TaBLE 4 Radiographic spinal canal dimensions [24]

Spinal canal dimensions (mm)
minimum-maximum

Age (years) L1 L2 L3 L4 L5

3-5 16-24 16-24 15-22 15-22 15-22
6-8 15-25 15-25 14-24 14-24 14-24
9-10 16-24 16-24 15-23 15-23 15-23
11-12 15-26 14-25 14-24 14-24 15-25
13-14 1724 17-23 16-22 13-28 13-28
15-16 16-24 16-24 15-23 15-23 15-23
17-18 16-28 16-28 16-28 16-28 16-28

e Khnirsch et al. measured the sagittal diameters of the lum-
bar spine (vertebral body and dural sac) on MRI in 75
healthy children (32 boys, 43 girls) between 6 years and
17 years of age (Table 5).

e Measurements are made perpendicular to the long axis of
the vertebral body and the dural sac (Fig. 14). The dural
sac dimension (DSD) was measured as the longest dis-
tance between the posterior border of the vertebral body
and the anterior border of the spinous process.
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FIGURE 14 A sagittal T2 MR image demonstrating spinal canal
dimension measurements
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