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The spine is part of the supporting framework
of the body and is composed of vertebrae, discs,
and ligaments. It continues to mature postnatally,

with marked changes occurring predominantly in
the vertebrae during infancy, childhood, and early
adolescence. Maturation of the spine is not only

manifested by the ossification process but by
changes in the shape of the vertebrae, spinal
curvature, spinal canal, discs, and bone marrow.

The parts of the spine and the maturation process
can be evaluated by various imaging modalities
such as conventional plain spine imaging (CPSI
[plain spine radiography]), CT, and MRI. CPSI is

historically one of the best modalities for imaging
the bony spine. CT provides better bone detail
and allows finer evaluation of subtle structures,

the soft tissue of the spine (discs, ligaments), and
the spinal cord. MRI is not the modality of
choice to demonstrate bone detail but it provides

excellent resolution of the bone marrow, liga-
ments, and discs of the spine. MRI can be used
as an adjunct for visualization of the soft tissue

of the spine and intraspinal contents (Fig. 1)
[1–4].
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Anatomy

The spine consists of osseous and soft tissue
components that provide support and mobility for

the body and a protective covering for the central
nervous system. The vertebral column is com-
posed of 7 cervical, 12 thoracic, and 5 lumbar

vertebrae; the sacrum (composed of 5 fused
vertebrae that become progressively smaller);
and the coccyx (3 to 5 rudimentary vertebrae). A

typical vertebra consists of a body and neural
arch. The neural arch is composed of bilateral
pedicles, laminae, superior and inferior articulat-
ing facets, transverse processes, and a unilateral

spinous process. The vertebral body is composed
of an outer rim of cortical bone and an inner
matrix of cancellous bone, marrow, and fat (see

Fig. 1). Some minor differences exist at segmental
levels of the bony spine. The cervical vertebrae
(from C1 to C6) have a foramen in each of their

transverse processes called the foramen transver-
sarium (for the vertebral arteries) (Fig. 2). The
first and second cervical vertebrae are unique

and differ considerably from the other cervical
vertebrae. The first cervical vertebra (atlas) has
the shape of a ring. It consists of anterior and
posterior arches with paired lateral masses. The

arches form in the midline. Each lateral mass con-
sists of a transverse process with a foramen trans-
versarium and superior (condylar fossa) and

inferior articular facets (Fig. 3). The second cervi-
cal vertebra (axis) consists of the odontoid process
(dens), body, lateral masses, laminae, and a spi-

nous process. Each paired lateral mass consists
ghts reserved.

neurosurgery.theclinics.com

mailto:sebyrd7730@sbcglobal.net


432 BYRD & COMISKEY
Fig. 1. Normal spine images. (A) Lateral CPSI in a 5-year-old demonstrating bone detail. (B) Sagittal reformatted CT

(multiplanar reconstruction) of a 2-day-old demonstrating bone detail with oval-shaped ossification centers of vertebrae

(arrow) with posterior channel for basivertebral vein (curved arrow) and subdental synchondrosis of C2 (arrowhead). (C)

Sagittal MRI T2-W fast spin-echo in a 1-year-old showing bone marrow, hyperintense discs (arrow), and spinal cord.
of a pedicle, a foramen transversarium, and supe-
rior and inferior articular facets. The odontoid

process consists of a tip (os terminale) and
a body, which is connected to the main body of
the axis at the subdental synchondrosis (Fig. 4).
The thoracic vertebrae have costal facets for the

rib attachments (see Fig. 2) [1–6].
Twenty-three intervertebral discs (IVDs) ex-

tend from the C2-3 to the L5-S1 intervertebral

levels. No IVDs exist between the cranium and
C1, between C1 and C2, in the sacrum, or in the
coccyx. The IVD is composed of an outer fibrous

tissue or fibrocartilage (the annulus fibrosus) and
a central semiliquid gelatinous substance (the
nucleus pulposus). The IVD is connected to the
adjacent end plates of each vertebral body by its

annulus fibrosus and is considered an amphiarth-
rosis, or half joint. The IVD becomes avascular
after 4 to 5 years of age (Fig. 5) [1–15].

The other joints of the spine consist of the facet
joints, the joints of Luschka, and the sacroiliac
joints. The facets (apophyseal or zygapophyseal)

are true synovial joints extending bilaterally from
each vertebral level from C3 to S1, consisting of
hyaline cartilage on the articular surfaces of the

inferior articular facet of the superior vertebra to
the superior articular facet of the inferior vertebra
(Fig. 6) [1–15].
The joints of Luschka are not true synovial
joints. They are bilateral articulation from C3 to

C7 between the uncinate process of the supero-
lateral margins of the vertebral body and the
inferolateral margin of the above adjacent verte-
bral body. The joints of Luschka do not form

until after 10 years of age when loose fibrous
tissue in this area is reabsorbed, leaving a cleft
that appears similar to an articulation. The

sacroiliac joints are complex multiplanar articula-
tions between the sacrum and pelvis. The costo-
vertebral and costotransverse articulations are

true synovial articulations between the ribs and
vertebral bodies (costovertebral), and between the
ribs and transverse processes. The craniocervical
articulations are a complex set of synovial

articulations that allow flexion, extension, and
rotary motion of the head on the neck (see Fig. 6)
[1–15].

The main ligaments of the spine are the
anterior and posterior longitudinal ligaments
running along the anterior and posterior surfaces

of the vertebral bodies. The ligamentum flava join
contiguous borders of adjacent laminae. The
supraspinous and interspinous ligaments join

adjacent spinous processes. The intertransverse
ligaments join adjacent transverse processes (see
Fig. 5) [1–15].
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Fig. 2. Diagrams and CT scans of typical vertebra at each level. (A and D) Cervical vertebra diagram and CT axial with

bilateral transverse foramina (arrows in A). (B and E) Thoracic vertebra diagram and CT axial with bilateral costal facets

(arrowheads in B). (C and F) Lumbar vertebra diagram and CT axial; diagram shows body (1), pedicle (2), transverse

process (3), superior articulating facet (4), lamina (5), spinal process (6), and spinal canal (7). (From McLone DG. Pe-

diatric neurosurgery. 4th edition. Philadelphia: Saunders; 2001. p. 113; with permission [Fig. 2A–C].)
The major ligamentous attachments at the base
of the skull, C1 and C2, consist of the anterior

longitudinal ligament; the apical ligament (which
extends from the tip of the dens to the tip of the
clivus); the cruciform ligament (the transverse
portion, which lies behind the tip of the dens
between the inner aspect of the lateral masses of

C1, and the vertical portion, which connects the
body of the dens to the occiput); the posterior
longitudinal ligament; the tectorial membrane (the
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continuation of the posterior longitudinal liga-
ment along the posterior border of the dens to the

clivus); the atlantoaxial ligaments (which attach
the body of C2 to the lateral masses of C1); the
alar ligaments (which extend from the tip of the

dens to the inferomedial aspects of the occipital
condyles); the anterior atlantooccipital ligament
(which is continuous with the anterior longitudi-

nal ligament and extends from the anterior arch of
C1 to the anterior portion of the foramen mag-
num ligamentum flavum at C1-C2); and the
posterior atlantooccipital ligament analogous to

the ligamentum flavum of the spine (which
extends from the posterior arch of C1 to the
posterior portion of the foramen magnum)

(Fig. 7) [1–15].
The spinal canal is a bony tube lined with

ligaments that contains primarily the spinal cord,

spinal nerve roots, and cerebrospinal fluid. Its
borders are anteriorly, the posterior aspect of the
vertebral bodies, IVDs, and posterior longitudinal

ligament; posteriorly, by the bony neural arch and
ligamentum flavum; and laterally, by the pedicles
and facet joints (see Fig. 5). It is round to oval in

Fig. 3. C1 (atlas) vertebra: typical appearance. Superior

surface (A) with condylar fossa (short arrows) for articu-

lations with occipital condyles, and inferior surface (B)

with inferior articulating facets (long arrows) for articu-

lations with axis (C2). (From McLone DG. Pediatric

neurosurgery. 4th edition. Philadelphia: Saunders; 2001.

p. 113; with permission.)
shape in the cervical, thoracic, and upper lumbar
regions. It becomes triangular in appearance in
the mid- and lower lumbar and sacral regions.
In the young adult, the sagittal diameter of the

spinal canal measures 15 to 27 mm in the lumbar,
17 to 22 mm in the thoracic, and 15 to 27 mm in
the cervical region of the spine [1–15].

The intervertebral foramina are bilateral bony
openings extending the length of the spine, con-
taining the spinal nerve roots, vessels, and fat.

They are oval in shape and increase in size as they
extend inferiorly down the spine. They are
bounded anteriorly by the vertebral bodies and

IVD, above and below by the pedicles, and
posteriorly by the superior and inferior articular
facets and ligamentum flavum [1–15].

Fig. 4. C2 (axis) vertebra anterior view (A) with odon-

toid process (dens) (short arrows), superior (1) and infe-

rior (2) articulating facets, transverse processes (3), and

body of axis (4). Oblique lateral view (B) with tip (small

arrow) and body (large arrow) of odontoid process and

spinous process (arrowhead). (From McLone DG. Pedi-

atric neurosurgery. 4th edition. Philadelphia: Saunders;

2001. p. 114; with permission.)
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Fig. 5. IVDs and ligaments of the spine. (A) Lateral diagram of a segment of the upper lumbar spine with IVDs and

ligamentous attachments: anterior (closed arrow) and posterior (arrowhead) longitudinal ligaments, ligamentum flavum

(open arrow), and interspinous ligaments. (From McLone DG. Pediatric neurosurgery. 4th edition. Philadelphia: Saun-

ders; 2001. p. 14; with permission.) (B) Sagittal multiplanar reconstruction CT of a 17-year-old upper lumbar spine. Ver-

tebral body with ring apophysis increased density at end plates (small arrow) and isodense IVDs (large arrow). (C)

Sagittal MRI T2-weighted image of an 11-year-old thoracolumbar spine with hypointense anterior longitudinal ligament

(arrows).
Imaging modalities

Conventional plain spine imaging (plain spine

radiography)

Various imaging modalities are available to
evaluate the pediatric spine. CPSI is the initial
modality of choice, with CT and MRI as adjuncts

to define better the bone, soft tissue, or intraspinal
contents. CPSI and CT use x-rays to create an
image and thus are a form of radiation to the

pediatric patient. Because CPSI uses ionizing
radiation, care and experience are extremely im-
portant in obtaining adequate views. Initially,
anterior-posterior (AP) and lateral views are ob-

tained. Additional views, such as the lateral swim-
mers’ view (to evaluate cervicothoracic junction),
flexion and extension lateral views (to evaluate

movement), oblique views, or views through the
mouth AP (to evaluate atlas and axis) are obtained
only depending on the history, the physical exam-

ination, or findings on the initial images (Fig. 8).
Practices have changed and CT is now often used
to evaluate the spine further, instead of obtaining

some of these additional views (see Fig. 8).
The radiologic evaluation of CPSI consists of

analyzing the soft tissues, alignment, vertebral
bodies, posterior elements, spinal canal, and in-
tervertebral (neural) foramina. All of the spine at

each level should be visualized. For example, in
evaluating the cervical spine, the craniocervical
junction, C1 to C7, and the upper border of T1,

should be seen. The prevertebral and paraverte-
bral soft tissue symmetry, size, and delineation of
normal planes are assessed. The prevertebral soft

tissue of the cervical spine is best seen on the
lateral view. The retropharyngeal space (between
the posterior pharyngeal wall and the anterior-
inferior margin of C2) should not be greater than

7 mm, with an average of 3.5 mm in children. The
soft tissue space between the posterior tracheal
wall and the anterior-inferior aspect of C6 should

be less than 14 mm, with an average of 7 to 8 mm
in children. Occasionally, a prevertebral fat stripe
may be seen on the lateral view in children. This

stripe is a thin radiolucent line adjacent to the
anterior surface of the vertebrae, lying parallel to
the anterior longitudinal ligament. These soft

tissues planes can be seen not only on CPSI but
also on CT and MRI (see Fig. 8). In the thoracic
and lumbar spine, the paravertebral soft tissue is
seen on the AP views. The soft tissue should be

symmetric, with sharp planes [1–6,15].
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Fig. 6. (A) Three-dimensional volume rendering technique of anterior posterior view of cervical spine in a 2-day-old

child; normally, the joints of Luschka (black arrows) and os terminale (white arrow) of C2 vertebra are not developed

at this age. (B) Three-dimensional volume rendering technique of anterior posterior view of cervical spine in a

17-year-old with joints of Luschka (large arrows). (C) Three-dimensional volume rendering technique lateral view and

(D) multiplanar reconstruction CT sagittal view of facet joints (arrowheads) of cervical spine in a 17-year-old.
The vertebrae should have normal alignment
on all views. The spine should be straight on the

AP view (Fig. 9). The normal lordotic curvature
of the cervical and lumbar spine and the normal
kyphosis of the thoracic and sacrococcygeal
spine are seen on the neutral lateral view. Align-

ment of the spine is maintained by the ligaments,
joints, vertebrae, discs, and adjacent musculature.
Fig. 7. (A) Lateral diagram of craniocervical junction with ligamentous attachments: apical (1), cruciate (2), tectorial

membrane (3), posterior longitudinal (4), and spinous (5) ligaments. (B) Posterior-anterior diagram of ligaments at cra-

niocervical junction with apical (1), vertical and transverse bands of cruciate (2), tectorial membrane (3), posterior lon-

gitudinal (4), and alar (5) ligaments. (From McLone DG. Pediatric neurosurgery. 4th edition. Philadelphia: Saunders;

2001. p. 115; with permission.)
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Fig. 8. CPSI lateral views in (A) extension and (B) flexion, and (C) multiplanar reconstruction CT sagittal in a 17-year-

old with abnormal ununited os terminale of odontoid of C2 (os odontoideum) (black arrow) and fusion to body of C1

(white arrow).
Lordosis, kyphosis, and anterior and posterior
subluxation are evaluated on the lateral views.
Flexion and extension views may be necessary to

evaluate abnormal movement of the spine. The
degree of scoliosis, torticollis, and lateral subluxa-
tion is evaluated on AP views. The vertebra

should align with those above and below. Imagi-
nary lines can be seen, or lines drawn, on the
CPSI images to connect parts of the spine to
evaluate alignment. The most common lines are

demonstrated on lateral views. The three lines
are the anterior and posterior vertebral lines,
and the laminar line connecting the laminae.

These lines flow in gentle curves following the nor-
mal curvature of each specific level of the spine
(Fig. 10). Straightening of the spine (loss of the

normal curvature) on the lateral view is abnormal;
some of the common causes are muscle spasm,
trauma, infection, and poor posture [1–6,15].

Normal areas of pseudosubluxation can be

seen on the lateral view. The most common
locations of normal pseudosubluxation are in
the cervical spine at C2-C3 and C3-C4 in young

children and C4-5 or C5-6 in older children
(Fig. 11). The C1-dens distance (atlantoaxial rela-
tionship between the posterior margin of the arch

of C1 and the anterior margin of the odontoid
process) should measure no more than 5 mm in
children. This distance is usually between 3 and

5 mm in infants and young children, and can
normally increase 1 to 2 mm on the flexion lateral
view. Pseudospread of the lateral masses of C1 is
a normal variant in infants, and could simulate
a Jefferson fracture on AP views [1–6,15,16].

The vertebra (bodies and posterior elements),

spinal canal, and neural foramina vary in appear-
ance and size during the postnatal development of
the spine. In general, in the older child, the

vertebral bodies are rectangular in appearance.
Unique vertebrae (C1, C2, sacrum, and coccyx)
differ considerably in appearance from most
vertebrae.

CT

CT is the next modality for evaluating the
pediatric spine. CT is a computer-based non-
invasive imaging modality that uses x-rays (ioniz-

ing radiation) to produce radiologic images in the
axial, coronal, sagittal, or oblique planes. It pro-
vides the best bone detail, with some detail of the

discs, paraspinal musculature, spinal cord, and
nerve roots. State-of-the-art CT scanners can
produce a submillimeter slice thickness image in
less than a second. CT technology is based on a

x-rays beam and detector system [17–21].
Introduced 30 years ago, CT has undergone

breakthrough technology within the last 10 years,

with the emergence of multislice CT (MSCT)
scanners. One of the major advantages of MSCT
is in postprocessing. MSCT, in comparison to

single-slice CT, took a fundamental step from
a cross-sectional view to a truly three-dimensional
(3D) imaging modality that allows arbitrary cut



438 BYRD & COMISKEY
planes and superb display of data sets. The newer
generation of MSCT scanners allows near-

isotropic voxel acquisitions, which is a prerequisite
for delineation of highly detailed two-dimensional
multiplanar reconstructions (MPR) and 3D re-

constructed images (see Figs. 6 and 8). MSCT pro-
vides spine sections in the same image quality as
the source. Any plane can be reformatted from

the acquired volume. Three-dimensional postpro-
cessing has different 3D rendering software
packages. The two most common are the surface

Fig. 9. (A) CPSI AP view with normal straight spine and

paraspinal soft tissue planes in a 3-month-old child.

(From McLone DG. Pediatric neurosurgery. 4th edition.

Philadelphia: Saunders; 2001. p. 116; with permission.)

(B) MRI T1-weighted coronal view with normal straight

spine, hypointense bone marrow of the vertebral bodies

(large arrow), and hyperintense cartilaginous end plates

(small arrow) in a newborn.
shaded display (SSD) and the volume rendering
technique (VRT) (Figs. 12–14). SSD is capable

of demonstrating gross 3D relationships but fails
to display lesions hidden beneath the bone surface.
The 3D VRT conveys more information than SSD

and can show multiple internal and overlying fea-
tures, such as the IVDs and ligaments and the
bony vertebrae. One of the major disadvantages
of MSCT is the increased radiation dose compared

with conventional single-slice CT scanners; how-
ever, the radiation dose to the child can be signif-
icantly reduced by tailoring the image protocol

(parameters) to the clinical question [17–21].
The spine is routinely scanned in the direct

axial plane with the child supine. The x-ray beam

is perpendicular to the long axis of the spine. With
special software packages, the axial images can be
postprocessed into coronal, sagittal, or oblique

images with MPR, or into 3D images. The images
are viewed with bone settings (high window and
level settings) to evaluate bony detail and with soft

Fig. 10. Lateral cervical CPSI in a 3-year-old normal

cervical spine with partial fusion (closing) of subdental

synchondrosis (arrow), normal kyphosis curvature, and

the three alignment lines (anterior, middle, and

posterior).
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Fig. 11. (A) Lateral CPSI in a 2-year-old with normal pseudosubluxation C2-C3 and incompletely ossified subdental

synchondrosis of C2 (black arrow in A and B and large white arrow in C). (B) MRI T1-weighted and (C) fast spin-

echo T2-W in a 5-year-old with normal pseudosubluxation at C2-C3 and cartilaginous body of C1 (small white arrow).
tissue settings to evaluate discs, ligaments, spinal
cord, nerve roots, and paraspinal muscles. In the
infant and very young child, the discs and other
soft tissue components are not well demonstrated

(see Figs. 12–14). CT studies are routinely per-
formed without intravenous iodinated contrast
material. To evaluate the dura or soft tissue
abnormalities of the spine, contrast may be re-
quired [17–21].

The anatomy demonstrated on the CT study of
the spine is the routine spine anatomy, with bone

anatomy and pathology being well demonstrated.
Although soft tissue components such as bone
marrow, discs, ligaments, spinal cord, nerve roots,
Fig. 12. 3D VRT images of 2-day-old cervical spine. (A) Posterior-anterior view with nonossified os terminale of odon-

toid process (OP), body of C2, lateral masses of vertebrae (LM) and nonossified laminae/spinous processes. (B) 3D VRT

lateral view. (C) Midline section of the lateral view of 3D VRT with non visualization of body of C1 due to ossification

centers not developed at this age, odontoid process (OP) and body of C2 ossification centers, cervical vertebral bodies

demonstrate oval shaped ossification centers, as well as, ossification centers demonstrated in posterior elements of these

cervical vertebrae.
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Fig. 13. CT of a 2-day-old newborn. (A) MPR sagittal soft tissue settings with spinal cord (SC), discs (arrow). (B) MPR

sagittal bone settings with dense ossification centers of bodies and posterior elements of vertebrae, nonossified subdental

synchondrosis of C2 (small white arrow), and posterior channel for basivertebral vein (curved arrow). (C) MPR coronal

bone settings. No os terminale, not ossified, nonossified neurocentral synchondrosis at junction of bodies with lateral

masses of vertebrae (arrowheads), C2 (body) and odontoid process (OP), channel for basivertebral vein (black arrow),

C1 lateral masses (LM).
and paraspinal muscles are demonstrated on CT,
these structures are better defined on MRI.

MRI

MRI is a computer-based imaging method that
uses radio waves and a strong magnetic field to
generate an image of the tissues and organs of the
body. The contraindications to an MRI examina-
tion consist of various pacemakers, some aneu-

rysmal clips, and any metal in the eye. MRI is the
modality of choice in evaluating intraspinal
pathology. It can be used as an adjunct in further

evaluating bony abnormalities in children to
Fig. 14. CT of a 4-year-old cervical spine (sagittal views). (A) SSD bone settings. (B) MPR soft tissue settings. (C) Bone

settings with body of C1 (white arrow), ossification of subdental synchondrosis (arrowhead), ossification of os terminale,

and partial fusion with body of odontoid process of C2 (black arrow).
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determine any compression or extension into the
spinal canal. However, MRI’s greatest role is in
the evaluation of abnormalities affecting the soft
tissues of the pediatric spine [7–10,18,22–24].

MRI is highly dependent on various factors
that affect resolution (signal-to-noise ratio). These
factors include the field strength of the MRI

scanner and which technical parameters to use
on the MR scanners, and the problems of
physiologic and voluntary patient motion. Spin-

echo T1- and gradient echo (GE) T2-weighted
(W) or fast spin-echo (FSE) T2-W acquisitions are
routinely used to evaluate the pediatric spine

(Fig. 15). FSE T2-W pulse sequences scan times
are shorter, and the resolution of the bone detail
is better, than GE T2-W sequences. However,
FSE T2-W pulse sequences do not suppress cere-

brospinal fluid motion as well as GE T2-W se-
quences, and flow (motion) artifacts are more
pronounced on the images of the spinal canal in

infants and young children and may obscure in-
traspinal pathology. Therefore, flow compensa-
tion parameters should be used. The FSE T2-W

pulse sequences do not effectively suppress fat,
so if fat suppression is desired, a GE or FSE
(with fat suppression) T2-W pulse sequence

should be used [7–9,18,23–26].
It is important to obtain at least two MRI

projections of the spine in children. The sagittal
and axial projections are the most commonly
obtained. However, in some children with severe
scoliosis, some forms of spinal dysraphism, or
paravertebral masses with spinal canal extension,

the coronal projection may also have to be
obtained.

Prenatal development of the spine

The development of the vertebral column

occurs in three stages: membranous, cartilaginous,
and osseous (Fig. 16 and 17). The notochord acts
as a framework for the developing spine. Lack of

development, or an arrest in the development, of
the vertebra during the stages of chondrification
or ossification can result in various anomalies in

the pediatric spine. These anomalies range from
sagittal and coronal clefting to an absent or hypo-
plastic body (Fig. 18) [1,6,10,27,28]. The prenatal
development of the spine is discussed in detail in

an article elsewhere in this issue.

Postnatal development of the spine

The spine continues to grow and develop
postnatally, with major changes occurring in the

curvature, vertebrae, ossification process, spinal
canal, discs, ligaments, and bone marrow. These
Fig. 15. MRI sagittal T1-W (A) and FSE T2-W (B) of thoracolumbosacral spine in a 7-year–old child. FSE T2-W (C)

and GE T2-W (D) of cervical spine in an 11-year-old.
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Fig. 16. Axial/transverse images of a thoracic vertebra demonstrating the three stages of development of the vertebral

column: (A) membranous with notochord (arrow); (B) cartilaginous with chondrification centers; and (C) osseous with

ossification centers. (D) The appearance of the vertebra at birth, with areas of ossification (centers) seen at birth on the

imaging studies. (From McLone DG. Pediatric neurosurgery. 4th edition. Philadelphia: Saunders; 2001. p. 123; with

permission.)

Fig. 17. (A) Differentiation of somites into sclerotomes anteriorly (large arrows) and demomyotomes posteriorly (small

arrows) flanked by the neural tube (nt) and notochord (arrowhead), with all structures surrounded by ectoderm (large

open arrow). (B) Development of sclerotomes into the vertebral column with division of sclerotomes into rostral (r)

and caudal (c) halves (B1) and formation of vertebral bodies (open arrows) from the fusion of the caudal half of one

sclerotome and the rostral half of the adjacent sclerotome; the IVD (arrowhead) forms from the caudal half of the somite

(B2). (From McLone DG. Pediatric neurosurgery. 4th edition. Philadelphia: Saunders; 2001. p. 112–4; with permission.)
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changes can be seen on the various imaging
modalities used to evaluate the pediatric spine
[1–6,29–40].

Curvature

At birth, the neonate has a very mild posterior
convex curve seen on the lateral view. This gentle
kyphosis is the primary curvature of the spine and

is seen over its entire length. A totally straight
spine is abnormal, even in the newborn. At 3
months, with development of head control, a sec-

ondary convex anterior cervical curve develops.
This development is the beginning of the normal
lordosis of the cervical spine. At 12 months, when

the infant begins to crawl and walk, another
secondary anterior convex curve develops in the
lumbar spine. This development is the beginning
of the normal lordosis of the lumbar spine. As the

child continues to grow, movement is improved
and the paraspinal muscles, ligaments, vertebrae,
and discs develop further. The spinal curvature

continues to develop into its adult configuration,
with its primary curves of kyphosis at the thoracic
and sacrococcygeal levels and secondary curves of
lordosis at the cervical and lumbar levels (Fig. 19)
[1–6].

Vertebrae

The shape of the vertebral bodies in the
neonate is usually oval with slightly rounded

anterior margins. This shape extends throughout
the entire spine, although occasionally it may be
more prominent at the lumbar level and the

thoracic level may have a slightly squared appear-
ance. The height of a vertebral body is about
equal to, or slightly smaller than, the height of the

IVD space as seen on lateral CPSI. This simula-
tion of a smaller-sized vertebral body in the
neonate is not a true finding. On the CPSI, only
the ossified portion of the vertebral bodies is

visualized, and the body and the IVD are not
visualized, simulating a disc larger than it actually
is. Two central indentations or clefts exist within

the anterior and posterior walls of the midportion
Fig. 18. Axial view of the normal and abnormal development of the vertebrae, with osseous formation in black and car-

tilaginous formation in white. (a–e) Normal formation of a vertebra. (f–l) Abnormal formation. (m–s) End-stage abnor-

mality. The abnormalities are (m) vertebral body sagittal cleft due to nonfusion of the cartilaginous centers, (n)

hemivertebra due to nonfusion of the cartilaginous centers with unilateral nondevelopment of an ossification center,

(o) remnant of a notochord, (p) agenesis of a vertebral body due to nondevelopment of the ossification centers, (q) an-

terior hypoplasia of a vertebral body due to nondevelopment of the anterior ossification center, (r) posterior hypoplasia

of a vertebral body due to nondevelopment of the posterior ossification center, and (s) vertebral body coronal cleft due to

failure of the anterior and posterior ossification centers. (Modified fromHarwood-Nash DC, Fitz CR. Neuroradiology in

infants and children. St. Louis (MO): CV Mosby; 1976. p. 1055; with permission.)
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of the vertebral bodies. These anterior and poste-
rior indentations represent vascular channels. The
anterior channel consists of nutrient artery and

a sinusoidal channel that disappears by the end of
the first year of life. However, the anterior channel
may be sharply visible up to 3 to 6 years of age
and may persist as a slitlike channel with sclerotic

margins. The posterior channel consists of a drain-
ing vein (the basivertebral vein) and a nutrient
artery. The posterior channel does not disappear

but persists throughout childhood into adulthood
(see Figs. 13, 19) [1–6,29,31,32,34–36].

In the neonate, a normal variation in appear-

ance of the vertebral body of ‘‘bone within bone’’
can be seen on CPSI. This appearance of a lucent
area within the outer aspect of the ossified
vertebral body is more common in premature

infants but can be seen in some series in as many
as 50% of full-term normal infants. This appear-
ance is related to the normal ossification process

of the vertebral body. It is primarily seen before 6
weeks of age and disappears by 2 to 3 months of
age (see Fig. 19) [6,40,41].

The coronal cleft in the vertebral body can be
a normal variation or a pathologic process. The
coronal cleft is an incidental finding that usually
involves the lower lumbar vertebrae (L3-L5), with
L4 being the most common. It can be seen

occasionally at the thoracic level. It is usually
single (38%) but it can involve two (18%), three
(18%), or multiple (25%) vertebral bodies. It is
seen on the lateral CPSI in the midhalf of the ver-

tebral body. The coronal cleft is seen within the
first few months of life and disappears by age 6
to 12 months, although it can persist for up to 2

to 3 years. The cleft is believed to be a result of
slow or delayed fusion of the anterior and poste-
rior ossification centers of the vertebral body. Per-

sistence of a coronal cleft is not necessarily
significant, although persistent coronal clefts are
associated with other segmentation anomalies of
the vertebral bodies and spinal dysraphic condi-

tions [1–6].
On the lateral CPSI, the ossified vertebral body

does not appear connected to the ossified neural

arch (see Fig. 19; Fig. 20). The lucent area at this
junction on the lateral CPSI is nonossified neuro-
central synchondrosis. The neurocentral syn-

chondroses are paired and connect both sides of
the neural arch to the vertebral body. The paired
Fig. 19. Lateral CPSI normal spines. (A) Relatively straight thoracolumbosacreal spine of a newborn. (B) Relatively

straight lower thoracic lumbosacreal spine of a 1-month-old with anterior notches for vessels and neurocentral syn-

chondrosis. (C) Thoracolumbosacral spine of a 1-year-old with beginning of formation of curvatures. (D) Thoracolum-

bar spine in 5-week-old demonstrating ‘‘bone with bone’’ appearance and anterior notch in vertebral body for anterior

vascular channel.
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neurocentral synchondroses are seen on AP CPSI
along the lateral aspect of each side of the spine.
The primary ossification centers of the posterior
elements of the vertebrae are present, although

the laminae are not fused [1–6,37].
Ossification is present within parts of all of the

vertebrae from C1 to sacrum and can be seen on

CPSI at birth. C1 and C2 ossify slightly differently
than the other vertebrae, and certain important
parts (such as the body of C1 and part of the

odontoid process) are not seen on the CPSI at
birth. The coccyx is not ossified at birth and is not
demonstrated on CPSI [38,39].

With further development of the vertebrae at
age 2 to 3, the vertebral bodies assume a more
rectangular shape, which continues throughout
life. The AP diameter of the vertebral body is

greater than its vertical height, and its vertical
height is greater than the IVD height. The
vertebrae continue to ossify, with an increase in

density (ossification) occurring within the neuro-
central synchondroses by age 3 to 6 [1–6].

By age 5 to 8, superior and inferior steplike

recesses appear on the anterior surface of the
vertebral bodies, producing an anterior beaking
on lateral CPSI (Fig. 21). This finding is caused by

an annular rim of cartilage that develops at this
time called the ring apophyses. This rim forms
over the superior and inferior surfaces of the ver-
tebral bodies. It extends more into the upper and
lower anterior borders of the body. This cartilage
rim develops outside of the cartilaginous end
plates and does not take part in the growth of
the vertebral body. This annular ring apophysis

begins to ossify and small calcific foci are usually
seen at the superior and inferior anterior borders
of the vertebral body, most often at the lumbar

and thoracic levels and less commonly at the cer-
vical level (Fig. 22). The calcification of the ring
apophysis begins to coalesce and ossify to form

a complete ring by puberty and to fuse with the re-
mainder of the vertebral body by age 18 to 25. The
beaking of the vertebral bodies disappears by pu-

berty (age 10 to 13) but the calcification and later
ossification at the superior and inferior rims may
persist until 18 to 25 years of age. This normal
beaking of the vertebral bodies is never as severe

as seen in pathologic conditions such as Mor-
quio’s syndrome [1–6].

The last important process that changes the

shape and size of the vertebrae is the develop-
ment of the secondary ossification centers. These
centers occur at the tips of the transverse pro-

cesses, superior and inferior articulating facets,
spinous process, and ring apophysis by puberty,
with complete ossification by age 18 to 25. These

secondary ossification centers can be seen as
small lucent areas just proximal to the tips of
these processes on CPSI (Fig. 23) (Table 1)
[1–6].
Fig. 20. Neonate’s CT scan of spine with nonfused, nonossified neurocentral synchondrosis at junction of lateral masses

with the bodies of the vertebrae (arrows). (A) MPR sagittal off-midline, slightly rotated cervicothoracic spine. (B) MPR

coronal. (C) Axial of C4. (D) Axial of T1.
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Fig. 21. (A–E) Lateral views of the postnatal development of the vertebral body. (A) Newborn with oval shape. (From

McLone DG. Pediatric neurosurgery. 4th edition. Philadelphia: Saunders; 2001. p. 129; with permission.) (B) Age 5 to 8,

with the beginning of development of the ring apophyses (with superior and inferior steplike indentations). (C) Beginning

of calcification of the ring apophyses. (D) Vertebra with calcification in the anterior and posterior ring apophyses. (E)

Ossified ring apophyses with a rectangular-shaped vertebral body in a teenager. (F) CPSI lateral view of upper lumbar

vertebrae, (G) CT MPR sagittal of upper lumbar vertebrae, and (H) 3D VRT lateral view of lumbar vertebrae, with os-

sification of portions of the ring apophyses (arrows).

Fig. 22. (A) Sagittal view of the lumbar spine showing the relationship of IVDs (large arrows) to ossification of the ring

apophysis with cartilaginous ring (1), appearance of ossification centers (2), further enlargement of ossification centers

(3), and fusion of ossification of the ring to the vertebral body (4). (Modified from Silverman FN, Kuhn JP. Caffey’s

pediatric x-ray diagnosis: an integrated imaging approach. St. Louis (MO): CV Mosby; 1993. p. 134; with permission.)

(B) CT MPR coronal view of upper lumbar spine with ossification in ring apophysis area of increased density (arrow).

(From McLone DG. Pediatric neurosurgery. 4th edition. Philadelphia: Saunders; 2001. p. 112–4; with permission.)
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Table 1

Maturation of the spine

Age at closure

Vertebrae Primary ossification centers Age at presentation Neurocentral synchondrosis Laminae

C3-L5 1 middle (body) At birth 3–6 y 1–3 y

2 lateral

(1 in each half of neural

arch)

At birth

C1 Middle (body) 20% at birth; 80%

6–12 mo

5–7 y (average 6 y) 3–4 y

C2 1 body of C2 At birth 3–6 y 3–6 y

2 lateral

(1 in each half of neural

arch)

At birth

1 body of dens (rarely, 2) At birth

1 tip of dens (os terminale) 2–6 y fuses

with body of dens

(10–12 y)

Vertebrae Secondary ossification centers Age at presentation Ossification completed

C3-L5 Superior articulating facets Puberty (10–13 y) 18–25 y

Inferior articulating facets 10–13 y 18–25 y

Transverses processes 10–13 y 18–25 y

Spinous process 10–13 y 18–25 y

C3-L5 Ring apophyses Puberty (10–13 y) 18–25 y

From McLone DG. Pediatric neurosurgery. 4th edition. Philadelphia: Saunders; 2001. p. 125; with permission.
Ossification process

The ossification process within the vertebrae is
an ongoing process from fetal development until
early adulthood. Most primary ossification

centers develop with the vertebral bodies and
neural arches during the ossification stage of
development of the bony spine, beginning at the

eighth week of gestation. At birth, these primary
ossification centers can be seen as three bony
centers within each vertebra from C3 to L5. Each
of these vertebrae has one center in the centrum
(the vertebral body) and one in each half of the

neural arch (Fig. 24). These ossification centers
can be seen at birth as areas of increased density
(ossification) within the vertebral body and

neural arch. Cartilaginous attachments called
Fig. 23. Vertebra. Anteroposterior (A) and oblique lateral (B) views of development of secondary ossification centers at

the tips of the superior and inferior articulating facets, transverse processes, spinous process, and ring apophysis at the

superior and inferior surfaces of the vertebral body. (From McLone DG. Pediatric neurosurgery. 4th edition. Philadel-

phia: Saunders; 2001. p. 129; with permission.)
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neurocentral synchondroses are on each side of
the neural arch to the vertebral body. These syn-
chondroses appear lucent on CPSI but they ossify

and become dense on CPSI by age 3 to 6. This os-
sification proceeds in an orderly fashion from
cephalad to caudal, with ossification occurring
first in the cervical vertebrae at age 2 to 3 and

progressing inferiorly, with completion by age 6
to 7 in the lumbar region. When the ossification
process is complete in the neurocentral syn-

chondroses, the vertebral body is fused to the
neural arch. The laminae fuse posteriorly in the
midline by age 1 to 3. This process continues in

an orderly fashion from inferior to superior, with
the laminae fusing in the lumbar area beginning
at the end of the first year of life and progressing
superiorly, with fusion of the cervical laminae by

3 years of age (Fig. 25) [1–6].
The primary ossification centers of C1, C2,

sacrum, and coccyx appear at slightly different

times when compared with the rest of the vertebrae
(C3-L5). The atlas (C1) commonly has two pri-
mary ossification centers at birth, one in each half

of the neural arch. The primary ossification center
in the body of C1 is only present 20% of the time at
birth. It usually appears between the sixth to the

twelfth month of life. The neurocentral syn-
chondroses of C1 usually fuse by age 5 to 7 (about
6) and the laminae fuse by age 3 to 4, although
nonfusion of the laminae is a common malforma-

tion seen at C1 (Figs. 26 and 27) [1–6,38,42].
The axis (C2) has four primary ossification

centers at birth, one within the half of each neural

arch, one in the body of C2, and one in the body
of the dens of C2. The body of the dens (odontoid
process) initially has two ossification centers (one

on each side) during fetal development. These two
ossification centers usually fuse before birth, with
one center appearing at birth on CPSI. At times,
the two ossification centers may not fuse until 3

months, or up to 1 to 2 years after birth. When
this occurs, the odontoid process (body of the
dens) has a bifid appearance on AP CPSI. The

primary ossification center at the tip of the dens,
called the os terminale, usually does not develop
until age 5 to 6, although it may be seen as early as

the first or second year of life. It appears as a small
triangle or round area of density at the tip of the
dens (atop the body of the dens). The os terminale

fuses with the body of the dens by age 10 to 12,
although, rarely, it may not fuse and may persist
as a small ossicle. The body of the dens joins the
body of C2 at the subdental synchondrosis, which

appears as a lucent line slightly below the plane of
the superior border of the body of C2. This line

disappears (ossifies) by age 4 to 6, although it may
persist as a small lucent line up to age 10.
Complete ossification of the subdental synchond-
rosis fuses the body of the dens to the body of C2.

The neurocentral synchondroses of C2 ossify by
age 3 to 6 and the laminae fuse posteriorly by age
3 to 4 (Figs. 28 and 29) [1–6,39,42].

An ossification center is seen in each of the
bodies of the sacrumat birth andwithin each side of
the neural arch (see Fig. 19A, C). Ossification may

vary and may not be complete in the sacrum until
age 18 to 20. During infancy, the sacral vertebrae
are separated from each other by intervertebral fi-
brocartilage. The two lower vertebrae fuse around

the 18th year of life, and fusion proceeds gradually

Fig. 24. (A–C) Vertebra from C3-7, which is representa-

tive of the vertebra from C3-L5, demonstrating the three

ossification centers for the body and each of the neural

arches. The neurocentral synchondroses (small arrows)

and ununited laminae (large arrow) are present. (From

Malone DG. Pediatric neurosurgery. 4th edition. Phila-

delphia: Saunders; 2001. p. 130; with permission.)



Fig. 25. CT axial (bone settings) of representative cervical vertebrae of C3-7. (A) A 3-day-old child with ossification in

the body (centrum) and each half of the neural arch, with neurocentral synchondrosis (black arrow), transverse foramina

(white arrowhead), and ununited laminae (large white arrow). (B) A 4-day-old child with incomplete ossification of the

neurocentral synchondrosis (small arrow) and laminae (large arrow), and persistent anterior channel (curved arrow).

(C) A 16-year-old with complete ossification of vertebra. (From McLone DG. Pediatric neurosurgery. 4th edition.

Philadelphia: Saunders; 2001. p. 112–4; with permission.)
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in a cranial direction until the entire sacrum is
united. The vertebral arches unite with the bodies
of the lower sacral vertebrae at approximately age
2, and the upper segments unite at approximately

age 6. This development occurs by fusion (ossifica-
tion) of the neurocentral synchondrosis.

The coccyx is not ossified at birth. Each coccy-

geal segment ossifies from a single center. The
ossification center for the first coccygeal vertebra
appears approximately at age 4, the secondbetween

ages 5 and 10, the third between ages 10 and 15, and
the fourth between ages 14 and 20. At times, the
segments may undergo bony fusion, but generally,

they are united with one another by fibrocartilage.
Secondary ossification centers appear in the

vertebrae from C3 to L5 at around puberty (age
10 to 13) and completely ossify by age 18 to 25.

These secondary ossification centers appear at the
tips of the transverse processes, superior and
inferior articulating processes, spinous process,

and ring apophyses [1–6].
Simple spina bifida, ununited laminae posteri-

orly at one or two spinal levels, can occur without

any significance or it can be associated with
certain forms of spinal dysraphism, especially if
multiple segments are involved. Simple spina
bifida can be seen in 9% to 22% of children and

1% to 9% of adults in certain series based on
CPSI. The overall occurrence of simple spina
bifida is seen more commonly at L5-S1, C1, C7-
T1, and the lower thoracic level, in decreasing
order of frequency. Transitional vertebrae exist in

the vertebral column at the cervicothoracic, thor-
acolumbar, and lumbosacral levels. Variations that
are not malformations, including those involving

the cervical ribs, hypoplastic or absent twelfth ribs,
lumbarization of the first sacral segment or first
lumbar ribs, and sacralization of the fifth lumbar

segment, occur at these levels [6,42].
Other anatomic variations consist of occipital-

ization of the C1 vertebral body, third condyle

(spur attached to the inferior edge of the anterior
border of the foramen magnum); absence of the
posterior arch of C1 (usually a fibrous ring is
seen); anterior cleft in the anterior ring of C1,

secondary to failure of the central ossification
center to develop; bifurcation or duplication of
the odontoid, os terminale; absence of pedicles:

and thinning of pedicles at the thoracolumbar
junction (commonly T11-L2) [6,42].

Pseudosubluxations

During the postnatal maturation of the spine, cer-
tain spine measurements and pseudodisplacements
in children differ in comparison with adults. The
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atlantoaxial relationship between the posterior
margin of the arch of C1 and the anterior margin

of the odontoid process (C1-dens) usuallymeasures
2 to 4mmbutmay be as great as 5mm in children or
young adults. This distance can normally increase 1

to 2 mm on the flexion lateral view but the overall
measurement should not exceed 5 mm. The vari-
ance in this distance is felt to be a combination of
laxity of surrounding ligaments and incomplete

ossification of the dens.
Pseudosubluxations (anterior displacements)

of the body of C2 and C3 or C3 onto C4 are 3

to 4 mm but can vary from 1 to 5 mm when the
spine is flexed from the neutral position on lateral
CPSI. These pseudosubluxations occur during

infancy and childhood, up to 10 years of age
(usually seen between ages 1 and 7) (see Fig. 11).
After age 10, pseudosubluxations can be seen at

C4-5 or C5-6. Differentiation of these pseudosu-
bluxations from true subluxations depends on
the maintenance of the normal alignment of the
spinolaminar line. Normally, the alignment of

the posterior arches (spinolaminar junction lines)
is maintained in these pseudosubluxations. These

Fig. 26. C1 in an infant with the body of C1 (small

arrow), lateral masses (large arrows), and ununited lam-

inae (arrowhead). (From McLone DG. Pediatric neuro-

surgery. 4th edition. Philadelphia: Saunders; 2001.

p. 132; with permission.)

areas of pseudosubluxations occur at the principle
cervical motion, which in the infant and young
child occurs at the C2-3 or C3-4 level. The princi-

ple cervical motion changes to the C4-5 or C5-6
level at approximately 10 years of age [1–6,42–45].

Intervertebral disc

Changes also occur in the maturation of the
IVD. The disc is ovoid in appearance on CPSI and

blends into the nonossified vertebral end plates in
the neonate and infant. With ossification and
development of the vertebral bodies, the disc

appears rectangular in shape on CPSI by age 2
to 3. However, the true shape of the disc in the
neonate is best seen on the T2-W sagittal view as
a hyperintense ovoid or rectangular structure

separate from the cartilaginous end plates of the
vertebral body. It is approximately one third to
one fourth the size of the body, depending on the

age of the child. The disc is larger in the newborn
and infant [1–6,23,33–35,46].

The disc is a vascular structure at birth. It

receives its vascularity from the adjacent verte-
brae. The arterial supply is primarily from nutri-
ent arteries of the body extending to the

Fig. 27. CT axial (bone settings) image of a 2-day-old

neonate with ossification center in each lateral mass of

C1 (large arrows), transverse foramen (arrowheads),

and ossification center of odontoid process of C2 (small

arrow). The ossification center in the body of C1, which

lies anterior to odontoid process, is not seen. It is com-

monly not present on CT or CPSI until the 6th to 12th

month of life.
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cartilaginous end plates and adjacent discs. This
vascularity gradually decreases throughout in-

fancy and early childhood until about age 4,
when the disc becomes an avascular structure.
The disc is composed of a central nucleus pulpo-
sus and an outer ring, the annulus fibrosus. The

nucleus pulposus develops from notochordal and
perichordal mesenchyme. It consists of a mucoid
substance, oncotic proteoglycan (product of no-

tochordal degeneration), water (88% at birth),
and a few fibrocartilaginous strands. The annulus
fibrosus develops only from perichordal mesen-

chyme and consists of fibrocartilage and water
(78% at birth). As the disc matures through
childhood and into early adulthood, it loses water.
By age 25 to 30, the water content of the nucleus

pulposus has decreased to 76%, and that of the

Fig. 28. Ossification centers of C2 with os terminale (at

tip of dens) (small arrow), body of dens (1), body of C2

(2), lateral masses (3), and neurocentral synchondroses

(large arrows). (From McLone DG. Pediatric neurosur-

gery. 4th edition. Philadelphia: Saunders; 2001. p. 133;

with permission.)
annulus fibrosus to 70%. The normal disc is not
visualized on CPSI but it can be seen on CT (see
Figs. 1, 5, 12, 13, and 21). It is best imaged on
MRI because of its high water content (see Figs.

1, 5, 12, 13 and 22) [1–10,23,27].
The ligamentous attachments of the spine are

not seen on CPSI. Some of the ligaments can be

demonstrated on the soft tissue settings on CT but
they are not well delineated. The ligaments are
best seen on MRI on T2-W images. The spine has

two types of joints. The IVDs form amphiarthro-
ses and the facets form diarthrodeses joints, which
are demonstrated on CT and MRI.

Spinal canal and intervertebral foramina

The bony spine grows by enchondral and
membranous ossification. The vertebral body
grows in height by enchondral ossification at its

cartilaginous end plates and in width by membra-
nous ossification. The posterior elements grow by
membranous ossification. At birth, the average

length of the spine without the sacrum is 20 cm,
during first 2 years of life it is 45 cm, at puberty it
is 50 cm, and in the adult it averages 60 to 75 cm.

The maximum length is attained at age 22 to 24.
The parts of the spine grow at different rates. At
birth, the cervical spine is 25%, the thoracic spine

is 50%, and the lumbar spine is 25% of the total
length of the spine without the sacrococcygeal re-
gion. In the adult, the cervical is 17%, the thoracic
50%, and the lumbar 33% of the total length of

the spine [4,47].
The spinal canal grows by enchondral and

membranous ossification of the vertebrae and by

enchondral ossification of the neurocentral
synchondroses. The spinal canal grows as the
vertebrae grow, but once the neurocentral syn-

chondroses and the midline posterior arch ossify
and close, the spinal canal can no longer grow.
The spinal canal diameter reaches adult size by

age 6 to 8, after which very little diametric canal
growth occurs. In the newborn and during in-
fancy, the spinal canal is oval in shape and its
transverse diameter is larger than its sagittal

diameter. By late childhood, it assumes a more
round-to-oval configuration in the cervical, tho-
racic, and upper lumbar regions, and is round to

triangular in the lumbar and sacral regions [1–6].
At birth to age 3 months, the sagittal diameter

of the spinal canal is 1.0 cm in the cervical region

and 1 to 1.3 cm in the lumbar region. At the end
of the first decade of life, the spinal canal should
approach adult size, whereby the sagittal diameter
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is 15 to 27 mm in the cervical, 17 to 22 in the tho-
racic, and 15 to 27 mm in the lumbar spine. The
transverse diameters are larger than the sagittal

diameters. The interpedicular (transverse)
measurements of the spinal canal have been used
and delineated more succinctly in the literature;
Elsberg and Dyke in adults, French and Peyton

in infants and children, Simril and Thurston in
children, Landdmesser and Heublein in children
from 1 to 15, and Hinck, Clark and Hopkins in

children and adults [48–57].

Vascularity and vascular structures

The vascularity to the bony spine is provided

by arteries and draining venous plexuses and
veins. The arterial trunks to the spine are virtually
complete by the seventh month of gestation. The
cervical region is supplied by arterial vessels

from the vertebral, ascending cervical, cervical,
and occipital arteries. The thoracic spine receives
arteries from the dorsal branches of the intercostal

arteries. The lumbar spine is supplied by the
posterior branches of the lumbar arteries. These
arteries eventually supply the bony spine by nutri-

ent arterial branches. In the newborn, arterial
vessels can be seen extending anteriorly into the
middle of the vertebral body. The main vessel is

a nutrient artery and it forms an anterior channel
and anterior notch seen at birth and during in-
fancy in the middle of the vertebral body on
CPSI and CT. This anterior channel usually dis-

appears by age 1; however, it may persist and be
sharply visible for up to age 3 to 6, or even in
older children, as a slitlike notch with sclerotic

margins. On MRI, this anterior nutrient artery
can be seen on sagittal T1-W images in the neo-
nate and young infant (Fig. 30) [1–10,24,58,59].

The venous drainage of the spine is by way of
venous plexuses and veins that drain into verte-
bral veins. Epidural veins posterior to the poste-

rior border of the vertebral body within the
anterior epidural space can be seen as soft tissue
densities running as bilateral parallel bundles
along the anterolateral aspect of the spinal canal.

These bundles are best appreciated in the epidural
fat on the axial CT scans filmed with soft tissue
settings and as vascular bundles with signal void

or mixed signal on axial MRI scans. These venous
bundles represent a combination of the retrover-
tebral plexus of veins and paired anterior internal

vertebral veins. The basivertebral vein is part of
the venous drainage of the vertebral body. It is at
the midpoint of the vertebral body, best seen on
axial CT scan as a Y or V lucent structure

draining posteriorly into the retrovertebral plexus
at the midline, as a single venous channel, or as
two channels separated by a bony septum. On the

lateral CPSI, sagittal MPR CT, and sagittal T1-W
and T2-WMRI, the basivertebral vein can be seen
as a posterior channel and notch in the middle of

the vertebral body. It is present at birth and
persists throughout life. These venous channels
will enhance with contrast [1–10,18,23,24].

Bone marrow

The marrow spaces in the spine are predomi-
nantly within the vertebral bodies. At birth, the

vertebral body consists of cartilaginous end
plates, an outer shell of cortical bone, and an
inner matrix composed of cancellous (trabeculae)

bone and cellular (bone) marrow. Bone marrow is
composed of hematopoietic cells, fat cells, and
reticulum cells. Marrow can be categorized as red
(hematopoietically active) or yellow (hemato-

poietically inactive). Red marrow is a rich vascu-
lar network made up of water (40%), protein
(20%), and fat (40%). Yellow marrow consists of

a sparse vascular network of water (15%), protein
(5%), and fat (80%) [7–10,23,27].

During fetal development, all bone marrow is

red. At birth, the marrow is almost totally red.
Over the next 10 years, the red marrow begins its
progressive conversion to yellow marrow. By age

Fig. 29. CT axial (bone settings) image of C2 in a 2-day-

old child with ossification in the body (small arrow), lat-

eral masses (large arrows), neurocentral synchondroses

(small arrowheads), and ununited laminae (large

arrowhead).
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Fig. 30. MRI of newborn spine lower thoracolumbosacral. (A) Sagittal T1-W, with marked hypointense vertebral bod-

ies’ ossification center (white arrow), marked hyperintense cartilaginous end plates (white arrowheads), iso/hypointense

discs (curved arrow). (B) Sagittal T1-W of thoracolumbar area with nutrient artery extending into anterior channel of

the vertebral bodies (back arrow). (C) Sagittal GE T2-W of thoracolumbosacral spine with marked hypointense vertebral

bodies’ ossification center (arrow), marked hyperintense cartilaginous end plates, and hyperintense discs (curved arrow).
10, only 58% of the bone marrow is red, with 42%

being yellow. The conversion to the dominant
pattern of yellow marrow (adult pattern) is
completed by early adulthood, around age 25.

Red marrow is still present, but most of the
marrow is yellow. MRI is the best modality to
evaluate the changes in bone marrow

[7–10,23,27,46,60–63].

MRI of the normal pediatric spine

The MRI appearance of the pediatric spine is
related to signal from the vertebrae and IVDs. The

signal intensity of the vertebrae is caused by its
outer cortical shell and inner matrix of bone
marrow. The signal intensity of the disc is primarily

from the water content of the nucleus pulposus.
The pediatric spine demonstrates changes related
to the development of the vertebrae during the first
2 years of life. The changes in the development of

the vertebrae are related to the cartilaginous end
plates and the ossification centers, consisting of
mainly red (hematopoietic) marrow. The vertebral

bodies/ossification centers and the cartilaginous
end plates are considered one unit. The cartilage is
hyaline, which forms the endochondral growth

layer around the ossification centers at the end
plates. These changes are more pronounced on
MRI during the first 24 months of life and more
readily demonstrated in the vertebral bodies on the

different pulse sequences. The GE T2-W pulse
sequence suppresses fat and the red bone marrow
appears more hypointense on these images, com-

pared with the FSE T2-W pulse sequence at all
ages. Changes also occur with the shape of the
vertebral column and the IVDs [7,8,24,46,63]. The

MRI signal changes outlined in the following dis-
cussion of the postnatal maturation of the spine
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are based on a high field strength 1.5 Tesla MRI
scanner (Table 2).

From birth to 1 month of life (neonatal

period), the spine is relatively straight because
weight-bearing forces are inconsequential at this
time. The vertebral body (ossification center) is
oval in shape and demonstrates marked hypoin-

tensity on T1-W, marked hypointensity on GE
T2-W, and moderate hypointensity on FSE T2-W
images because of the almost totally red marrow

content of the ossification center. The cartilagi-
nous end plates are markedly hyperintense on
T1-W and GE T2-W images, with mild hyper-

intensity on T2-W images. The cartilaginous end
plates comprise about 25% to 50% of the
vertebral body height. The IVD is a thin band
that is iso- or hypointense on T1-W images and

hyperintense on T2-W images, and is about 20%
to 30% of the height of the vertebral body. The
posterior elements with their ossification centers
follow the same signal as the vertebral bodies. The
neural foramina are round (see Fig. 30; Figs. 31

and 32) [24,46,63,64].
By age 1 month to 6 months, the spine is still

relatively straight. During this stage, a thin black
rim/cortex surrounding the ossification center

becomes visible on some of the pulse sequences.
The vertebral body (ossification center) is oval in
shape and demonstrates the beginning of mild,

slight hyperintensity to its superior or inferior
aspects, with a larger central area of hypointensity
on T1-W and FSE T2-W images and continued

hypointensity on the GE T2-W images. The
cartilaginous end plates are iso- to moderately
hyperintense on T1-W images, iso- to mildly
hyperintense on T2-W images, and mild to

moderately hyperintense on GE T2-W images,
and comprise 20% to 30% of the vertebral body
Table 2

MRI changes in the normal pediatric spine from birth to age 3

Vertebral body T1-W GE T2-W FSE T2-W

Birth to 1 month of age

Ossification center Marked hypointensity Marked hypointensity Moderate hypointensity

Cartilaginous End plates Marked Marked Mild

Hyperintensity Hyperintensity Hyperintensity

Intervertebral disc Iso- or hypointensity Hyperintensity Hyperintensity

1 to 6 months of age

Ossification center Slight hyperintensity;

superior or inferior

aspect with larger

central area of

hypointensity

Hypointensity Slight hyperintensity;

superior or inferior

aspect with larger

central area of

hypointensity

Cartilaginous End plates Iso- to moderate Mild to moderate Iso- to mild

Hyperintensity Hyperintensity Hyperintensity

Intervertebral disc Iso- or hypointensity Hyperintensity Hyperintensity

6 to 12 months of age

Ossification center Iso- or slight hyperintensity Slight hypointensity Iso- or slight hyperintensity

Cartilaginous End plates Not well seen Not well seen Not well seen

Iso- to hypointensity Iso- to hypointensity Iso- to mild hyperintensity

Intervertebral disc Iso- to hypointensity Hyperintensity Hyperintensity

1 to 2 years of age

Ossification center Mild to moderate

hyperintensity

Slight hypointensity Iso- to slight hyperintensity

Cartilaginous End plates Not well seen Not well seen Not well seen

Hypointensity Hypointensity Hypointensity

Intervertebral disc Hypointensity Hyperintensity Hyperintensity

2 to 3 years of age

Ossification center Slight hyperintensity Slight hypointensity Slight hyperintensity

Cartilaginous End plates Not well seen Not well seen Not well seen

Cortical rim surrounding

body

Cortical hypointense

rim surrounding body

Cortical hypointense

rim surrounding body

Intervertebral disc Hypointensity Hyperintensity Hyperintensity
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Fig. 31. Cervical spine of newborn sagittal MRI. (A) T1-W hypointense vertebral bodies’ ossification centers (white ar-

row), hyperintense cartilaginous end plates (arrowhead), and isointense discs (curved arrow). (B) FSE T2-W with hypo-

intense vertebral bodies’ ossification centers (white arrow), mild hyperintense cartilaginous end plates (arrowhead), and

isointense discs (curved arrows). (C) T1-W postgadolinium contrast demonstrating some enhancement of the vertebrae

and cartilaginous end plates.
height. During this stage, the signal intensity of
the ossification center/vertebral body becomes
equal to that of the cartilaginous end plates. The

IVD is band shaped, iso- or hypointensive on
T1-W images and hyperintense on T2-W images,
and 20% to 30% of the height of the vertebral
body. The posterior elements follow the same

signal as the vertebral body. The neural foramina
are round (Fig. 33) [24,46,63,64].

By age 6 to 12 months, the cartilaginous end

plates are not as well seen. They blend into the
signal of the adjacent disc. The ossification within
the cortical rim is more apparent and demon-
strates no signal. The cortical rim appears as black

on all of the pulse sequences. The spine starts to
develop a mild cervical and lumbar lordosis. The
normal cervical lordosis develops when the infant
begins to have head control. The thoracic kypho-

sis and lumbar lordosis begin to develop when the
child starts to bear weight (crawling and walking).
The vertebral body (ossification center) is ovoid to

slightly rectangular in shape and demonstrates
Fig. 32. MRI newborn cervical spine axial images. (A) GE T2-W hyperintense neurocentral synchondrosis (arrow). (B)

T1-W postgadolinium contrast image with some enhancement of the neurocentral synchondrosis (arrow).
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Fig. 33. MRI sagittal of a 3-month-old cervical spine. (A) T1-W slight hyperintense peripheral aspect of vertebral bod-

ies’ ossification centers with larger central area of hypointensity and a midlinear area of slight hyperintensity related to

the basivertebral vein, hyperintense cartilaginous end plates. (B) FSE T2 iso- to slight hyperintense ossification centers

of the vertebrae (arrow). (C) GE T2-W hypointense ossification centers (arrow), cartilaginous hyperintense body of C1

(arrowhead), and hyperintense cartilaginous end plates and discs (curved arrow).

Fig. 34. Sagittal MRI of cervical spine in an 11-month-old child. (A) T1-W iso- to slightly hyperintense ossification cen-

ters of the vertebrae, isointense discs (curved arrow), and iso- to hypointense cartilaginous end plates that are not well

seen, hypointense cortical rim. (B) GE T2-W iso- to slightly hypointense ossification centers, hyperintense discs (curved

arrow) and iso- to hypointense cartilaginous end plates that are not well seen, hypointense cortical rim.
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Fig. 35. MRI GE T2-W axial of cervical spine in an 11-month-old child. (A) anterior arch (body of C1) (curved arrow),

cartilaginous tip of the odontoid process (arrowhead), superior articulating facets of lateral masses of C1 (short white

arrows). (B) Inferior articulating facets of lateral masses of C1 (LM) and odontoid process (OP) of C2. (C) Junction

of odontoid process with body of C2 (arrow). (D) Body (arrow) and lateral masses of C2. (E) C3 vertebra with nerve

root (arrow) in intervertebral foramen. (F) C3-4 disc (arrow). (G) C4 intervertebral neural foramen (arrows). (H) C4-5

disc (large arrow) and transverse foramen (small arrow). (I) C5 vertebra.
either iso- or slight hyperintensity on T1-W
images and FSE T2-W images, or slightly greater

superior or inferior areas of mild hyperintensity,
with a central area of hypointensity on T1-W
images, and slight hyperintensity of the vertebral

body on T2-W images. The cartilaginous end
plates are not well seen and are mainly iso- to
hypointense on T1-W images and iso- to mildly
hyperintense on T2-W images, and comprise 20%

to 30% of the vertebral body height. The IVD is
rectangular shaped, iso- to hypointense on T1-W
images, hyperintense on T2-W images, and 20%

to 30% of the height of the vertebral body. The
posterior elements/spinous processes are iso- to
slightly hyperintense on T1- and T2-W images.

The neural foramina are round to oval in shape
(Figs. 34 and 35) [24,46,63,64].

From 1 to 2 years of age, the spinal curvature

has a mild cervical and lumbar lordosis and mild
thoracic kyphosis. The vertebral body is more
rectangular in shape and demonstrates mild to
moderate hyperintensity on T1-W images, iso- to

slight hyperintensity on FSE T2-W images, and
slight hypointensity on GE T2-W images. By age
2, the cartilaginous end plates and ossification

center have reversed their relationship with
Fig. 36. MRI of cervical spine in 3-year-old sagittal images. (A) T1-W slight hyperintensity of vertebrae, isointense discs

(arrow) and thin cortical hypointense rim (arrow head). (B) FSE T2-W slight hyperintense vertebrae and more marked

hyperintense discs (arrow). (C) T1-W post gadolinium contrast with no enhancement of the vertebrae.
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Fig. 37. MRI of 2 and one half year old cervical C4 vertebra axial. (A) T1-W and (B) FSE T2-W hypointense neuro-

central synchondroses (arrows).
respect to signal. The cartilage is hypointense,
becoming thinner and more difficult to visualize,
and comprises 10% to 15% of the vertebral body

height. The IVD is rectangular shaped, hypoin-
tense on T1-W images and hyperintense on T2-W
images, and 20% to 25% of the height of the

vertebral body. The posterior elements/spinous
processes are the same signal as the vertebral
bodies. The neural foramina are ovoid in shape

[24,46,63,64].
The spine of a 2- to 3-year-old child can be

used as the norm for the pediatric patient. By this
time, the normal spinal curvature has developed.
The lack of signal from the ossified cortex of the
vertebral bodies is seen on all pulse sequences,
with some very mild changing in the marrow of

the vertebrae producing a slightly high signal on
T1-W and FSE T2-W images. The developing
slight hyperintensity seen in the vertebrae on the

T1-W and FSE T2-W images in infants and young
children is felt to be related to some lipid in-
filtration of the marrow early in life. However,

true conversion to fatty marrow appears to be
a different process because 80% to 90% of the
marrow in young children is red and not
yellow (fat) (Figs. 36–38). The neurocentral
Fig. 38. MRI sagittal images of cervical spine in a 6-year-old. (A) T1-W slightly hyperintense vertebrae. (B) FSE T2-W

slightly hyperintense vertebrae. (C) GE T2-W slightly hypointense vertebrae.
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Fig. 39. MRI sagittal images of thoracolumbosacral

spine in a 7-year-old. (A) T1-W slightly hyperintense ver-

tebrae. (B) FSE T2-W slight hyperintense vertebrae. The

posterior channel in the midportion of the vertebral

body for the basivertebral vein demonstrates hyperinten-

sity (arrows).
synchondroses are hypointense on T1-W and FSE
T2-W images, and hyperintense on GE T2-W im-
ages (see Fig. 32 and 37). The disc is hypointense
on T1-W images and markedly hyperintense on

T2-W images. The parts of the disc, the annulus
fibrosus (outer part) and nucleus pulposus (inner
part), may begin to be differentiated by age 5.

The anterior artery of the vertebral body can be
seen in the newborn and young infant (see
Fig. 30). However, the posterior channel with

the basivertebral vein can be seen throughout
life on some of the different pulse sequences
(Fig. 39) [24,46,63,64].

The spinal ligaments demonstrate no signal on
either the T1- or T2-W images in all age groups.
The T2-W images better demonstrate the liga-
ments, with easy differentiation of the anterior

and posterior spinal ligaments. The ligamentous
attachments at the base of the skull with C1 and
C2 and the ligamentous attachments of the

posterior elements, although demonstrated on
MRI, cannot be separated into individual attach-
ments (see Fig. 39; Fig. 40) [7–9,64].

During infancy and childhood, enhancement
on MRI using a routine intravenous dose of
gadolinium 0.1 mmol/kg or 0.2 mL/kg can be

seen in certain structures such as vertebrae and
their cartilaginous end plates. In the newborn to
children age 2, marked to mild homogeneous
enhancement can be seen in the vertebrae (body

and posterior elements) (see Figs. 31 and 32).
Mild homogeneous enhancement can be seen in
Fig. 40. MRI sagittal images of cervical spine in an 11-year-old. (A) T1-W slightly hyperintense vertebrae. (B) FSE

T2-W slightly hyperintense vertebrae. (C) GE T2-W slightly hypointense vertebrae.



460 BYRD & COMISKEY
the vertebrae from 2 to 7 years of age. No en-
hancement in the vertebrae should be seen after
7 years of age (Figs. 39 and 40). Enhancement

of the hyaline cartilaginous end plates of the ver-
tebral bodies can be seen in the newborn to age 18
months. Enhancement of the basivertebral venous
plexus can be seen in all pediatric patients but it is

most pronounced in newborns, infants, and young
children. The normal IVDs and spinal cord
should not demonstrate enhancement on MRI.

Enhancement of the vertebrae and cartilaginous
end plates are related to their rich vascular supply,
the permeability of the endothelium of their capil-

laries, and their extensive extravascular spaces
[65].
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