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Abstract

The chapter initially discusses normal spi-
nal development and variants. Pathology is
addressed first in terms of general structural ver-
tebral anomalies. These are then applied to con-
genital scoliosis, kyphosis, and lordosis, as well
as anomalies involving the craniovertebral junc-
tion. Discussion of spinal dysraphism follows,
including tethered filum terminale, hydrosyrin-
gomyelia, and diastematomyelia. Congenital
intraspinal tumors are briefly reviewed.
Klippel-Feil syndrome and caudal regression
are presented, as well as spine manifestations of
neurofibromatosis and several other syndromes.
Idiopathic scoliosis is discussed in detail,
including curve measurement, imaging tech-
niques, and treatment options. Neuromuscular
scoliosis is briefly reviewed. The chapter con-
cludes with juvenile kyphosis.
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Congenital abnormalities of the spine are rela-
tively common and occur as an isolated finding or
as part of a syndrome or association. Anomalies
can be severe and lead to debilitating physical
deformities with significant neurological conse-
quences. Others have relatively mild clinical man-
ifestations and may even be initially overlooked.
Correct categorization depends in part on an ade-
quate understanding of vertebral development, as
well as the ability to recognize variant anatomy.
Congenital scoliosis may result from segmenta-
tion abnormalities, including hemivertebrae and
vertebral fusion. In addition, depending on sever-
ity, spinal dysraphism may be associated with
extensive anomalous development of the spine.

1 Normal Development
and Variant Ossification
1.1 Normal Development
Vertebral body development begins during embryo-
genesis and continues until the third decade [1].
Development occurs in four overlapping stages: the
mesenchymal stage, chondrification, primary ossifi-
cation, and secondary ossification. During the mes-
enchymal stage, the notochord forms; cells migrate
from the bilaminar embryonic disc toward the prim-
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Fig. 3.1 Sclerotome division and reconvergence.
Sclerotome division allows the spinal nerves to emerge
from the neural tube and extend to the periphery (a).
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itive knot where the notochord forms. This occurs
between the endodermal yolk sac and the ectoder-
mal neural plate; the latter then folds, forming the
neural tube. The notochord then induces differentia-
tion of the ectoderm and mesoderm. By day 20 of
embryonic life, the paraxial mesoderm is ready to
separate into lateral plates, from which the genito-
urinary system later forms (thus explaining the close
relationship between vertebral and renal anomalies),
and medial columns, from which the myotomes and
sclerotomes develop. By the end of the fifth gesta-
tional week, the paraxial mesoderm has divided into
between 42 and 44 somites (Fig. 3.1). Each consists
of three cell groups: the sclerotome, or future verte-
bra; the myotome, or future skeletal muscle; and the
dermatome, or future dermis [2].

The sclerotome grows to surround the noto-
chord and neural tube and then forms the annulus
fibrosus. The enveloped notochord goes on to
form the infantile and childhood nucleus pulpo-
sus. Once adjacent to the notochord and neural
tube, the sclerotome divides, allowing the spinal
nerves to emerge from the neural tube. When
division of the sclerotome is complete, the cau-
dal half of the sclerotome above merges with the
cranial half of the sclerotome below to form the
vertebra precursor. Fibrocartilagenous cells grad-
ually replace the original notochord cells of the
nucleus pulposus.

Muscle

The sclerotome then reconverges to form the final
vertebrae (b) (Reprinted with permission from
Schoenwolf et al. [127])
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Chondrification of the membranous verte-
brae occurs between fetal weeks 4 and 7. Two
cartilaginous centers form in the centrum
(either dorsal-ventral or side-by-side). Every
neural arch and every costal/transverse process
develop one center as well. Ossification begins
in the neural arches at fetal weeks 8-9, starting
at the upper cervical region. Ossification of the
vertebral bodies starts in the lower thoracic and
upper lumbar region and moves caudally and
cranially; this process is complete by about
week 20. All vertebrae below C2 and above the
level of the sacrum have three ossification sites:
one for the vertebral body and for each neural
arch (Fig. 3.2). The single vertebral body ossi-
fication center results from coalescence of the

Fig.3.2 Formation of a lower cervical vertebra. Axial (a)
and sagittal (b) views. The body (/) appears by the fifth
fetal month. Neural arches (2) appear by the seventh to
ninth fetal week and are separated from the body by the
neurocentral synchondroses (3), which close between 3
and 7 years of age. The posterior synchondrosis (4)
between the spinous processes usually closes by age
2—-4 years. Superior and inferior epiphyseal rings (5)
appear at puberty, contribute to the vertical growth of the
vertebral body, and unite with it at about age 25 years
(Reprinted from Ghanem et al. [4] with kind permission
from Springer Science and Business Media)
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Fig. 3.3 Normal spine synchondroses. (a) Frontal view
shows unfused neural arches (arrow) in a 3-month-old
infant. (b) Normal neurocentral synchondrosis (arrow) in
a neonate, shown on a lateral radiograph. (¢) Computed

two chondral centers that are transiently pres-
ent (dorsal-ventral or side-by-side), which
helps explain the occurrence of posterior and
lateral hemivertebrae.

The strip of cartilage that separates the two
neural arch centers from the single vertebral cen-
trum, the neurocentral synchondrosis, is slightly
anterior to the base of the pedicles (Fig. 3.3). The
age at closure of the neurocentral synchondroses
varies by position—cervical (3—7 years), lumbar
(4-10 years), and thoracic (5 to >10 years) [3, 4].
The ossified portions of each neural arch fuse
with each other dorsally by 2—4 years of age; the

tomography (CT) shows normal unfused neural arch
(asterisk) and bilateral unfused neurocentral synchondro-
ses (arrowhead)

radiolucent lines seen on the frontal projection of
the spine before this age should therefore be rec-
ognized as normal (Fig. 3.3). Between 3 and
6 years of age, this synchondrosis disappears as
bone bridges the segment, although more distal
levels may fuse later [5].

Around puberty, secondary ossification centers
appear at the tips of the spinous, transverse, and
mammillary processes, as well as in the cartilagi-
nous ring apophysis surrounding the vertebral end
plate (note that this ossification can appear as early
as 2-6 years of age) [6]. Complete rings are
rarely visible—on lateral radiographs, they
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appear as small ossification centers in notches
adjacent to the anterior and posterior borders of
the vertebral end plates. These secondary ossifica-
tion centers fuse with the vertebral body in the
third decade, usually by age 25.

Ossification of the atlas and axis is somewhat
different. Most of the cranial half of the first cer-
vical sclerotome normally merges with the occip-
ital condyles, with a small portion forming the tip
of the dens. The caudal half of the first cervical
sclerotome forms the anterior, lateral, and poste-
rior masses as well as the posterior arch of the
atlas (C1). In the atlas, three separate ossification
centers are present in the lateral masses and ante-
rior arch (Fig. 3.4). The anterior arch’s center is
ossified at birth in only 20 % of infants and may

Fig. 3.4 Development of the atlas (C1). Axial (a), coro-
nal (b), and sagittal (c¢) views. The neurocentral synchon-
drosis (/) unites the neural arch (2) to the anterior arch (3)
of the atlas. The ossification center of the anterior arch (3)
appears between age 6 months and 2 years. The posterior
synchondrosis at the spinous process (4) unites by
4-6 years of age, followed by the neurocentral synchon-
drosis (/), which fuses by about age 7 (Reprinted from
Ghanem et al. [4] with kind permission from Springer
Science and Business Media)

A

47

not be radiographically evident until 2 years of
age [7]. Incomplete incorporation or failure of
segmentation of the first cervical sclerotome can
cause a broad spectrum of fusion anomalies
involving the craniocervical junction and acces-
sory structures.

The usual pattern of ossification occurs in the
centrum and neural arches of the axis. However,
two additional centers form in the base of the
dens and fuse into a single odontoid center, either
by birth or a few months later (Fig. 3.5) [8, 9].
The ossification centers of the body and dens are
separated by a well-demarcated synchondrosis,
the homologue of the disc between C1 and C2

Fig. 3.5 Development of the axis (C2). Coronal (a) and
sagittal (b) views. The dens (odontoid process) (/) devel-
ops from two primary ossification centers that usually
coalesce within the first 3 months of life. The C2 centrum
(2) appears by the fifth fetal month and is separated from
the dens (/) by the dentocentral synchondrosis (3). The
dentocentral synchondrosis fuses between ages 3 and 11,
though it usually closes by age 67 years. The bilateral
neural arches (4) appear by the seventh fetal month and
fuse posteriorly by age 3 years. The neurocentral syn-
chondroses (7), located on each side between the dens/
vertebral body and neural arch, close between 3 and
7 years. The ossiculum terminale (5) at the tip of the dens
appears between 3 and 10 years of age and fuses to the
dens between ages 10 and 12. The inferior epiphyseal ring
(6) appears at puberty and fuses at about age 25
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Fig. 3.6 Dentocentral synchondrosis at the base of the
odontoid (curved arrow) in a 3-year-old boy

(Fig. 3.6). This synchondrosis closes between 3
and 11 years [5] and the neurocentral synchon-
droses by 3—7 years. A small ossification center
appears at the tip of the odontoid between 3 and
10 years; it fuses between 10 and 12 years [5].

At the sacrum, in addition to the usual three
centers for the body and neural arches of each
segment, there are two epiphyseal plates that pro-
vide secondary ossification centers to form the
superior and inferior portions of the sacral ala of
the first through third segments.

Most people have 33 vertebrae: 7 cervical, 12
thoracic, 5 lumbar, 5 sacral, and 4 coccygeal.
About 5 % have variant distribution (e.g., 6 lum-
bar and 11 thoracic vertebrae) but still have a
total of 33 vertebral bodies. Three percent have
one or two extra vertebrae, and 2 % have only 32
vertebrae [10, 11].

Fig. 3.7 Transitional S1 vertebra in a 14-year-old girl
with scoliosis. Note pseudoarticulation of S1 and S2 on
the left (arrow) (Courtesy of Thomas Ray Sanchez)

The lumbosacral junction is unstable during
embryogenesis, and variations in formation and
ossification are common in this area. Transitional
vertebrae occur in approximately 20 % and often
involve the sacrococcygeal and lumbosacral
junctions. These vertebrae retain some features
of the adjacent segments and often do not alter
the overall number of vertebrae. Common vari-
ants include “sacralized” L5 and “lumbarized”
S1 vertebrae (Fig. 3.7). Hemi-sacralization or
lumbarization can be seen in up to 6.5 % and can
cause back pain due to nonuniform articulation.
Symptomatic abnormal articulation, known as
Bertolotti syndrome, may be characterized on
magnetic resonance imaging (MRI) by adjacent
edema (Fig. 3.8). Confusion is common when it
comes to labeling levels of transitional verte-
brae—complete evaluation of the spinal axis
before surgical intervention will allow correct
assignment of vertebral levels.

The individual vertebral bodies enlarge cir-
cumferentially by the process of periosteal appo-
sition and grow vertically by endochondral
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Fig. 3.8 Bertolloti syndrome in a 15-year-old girl with
back pain. (a) Transitional vertebral segment with pseudo-
articulation on the left (black arrow). (b) Coronal inver-

ossification; the cartilage of the vertebral end
plates functions like other growth plates. The ring
apophyses do not contribute to vertical growth.
Following a relatively rapid length increase dur-
ing the first 2 years of life, the spine grows lin-
early until age 16 [12]. Normal weight bearing
helps balance vertical and horizontal growth and
maintains an acceptable ratio between axial
diameter and vertebral height. Without normal
upright or walking postures, as in children with
spinal muscular atrophy or cerebral palsy, verte-
bral bodies grow disproportionately tall and thin,
developing biconvex end plates and decreased
disc space height (Fig. 3.9).

1.2 Variant Ossification

Common developmental features as well as
unusual normal variants can be easily mistaken
for pathologic processes. The variants described
below are common but not exhaustive. Ultimately,
consultation with atlases of normal variants when
bony defects are uniform, disproportionate to
physical exam findings, or asymptomatic should
prevent mischaracterization of congenital vari-
ants as disease.
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sion recovery (IR) image shows hyperintensity due to
marrow edema on both sides of the pseudoarticulation
(white arrow) (Courtesy of Chirag V. Patel)

Fig. 3.9 Increased height of vertebral bodies (caniniza-
tion) in an 11-year-old boy with congenital myopathy
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Fig.3.10 Multiple Schmorl
nodes in a 17-year-old male.
Arrows delineate L3—4 on
radiograph (a) and sagitally
reformatted CT (b) (Courtesy
of John Hunter)

The multiple primary and secondary ossification
centers and their intervening synchondroses are
often mistaken for fractures or avulsion fragments.
Ossification in the superior and inferior ring apoph-
ysis may begin in children as young as 6 years of
age and may persist well into adolescence.

During adolescence, the nucleus pulposus
may herniate through the vertebral end plate,
resulting in Schmorl nodes (Fig. 3.10).
Additionally, notochord remnants may appear as
impressions on consecutive inferior end plates,
mimicking erosive or lytic lesions. Similarly,
anterior intraosseous herniation of the interverte-
bral disc, also referred to as a limbus vertebra
(Fig. 3.11), may be mistaken for a teardrop frac-
ture. These normal variants may be differentiated
from fractures by examining the edge of the
lesion: physeal plates should be smooth and regu-
lar, with subchondral sclerotic lines, whereas
acute fractures are irregular and non-sclerotic;
fractures can occur at any location.

During the first two decades, the appearance
and physiology of the cervical spine varies tre-
mendously. Until age 15, a normal atlantoaxial

B.H. Taragin and S.L. Wootton-Gorges

Fig.3.11 Limbus vertebra at L2 (arrow) in a 16-year-old
girl
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Fig. 3.12 Normal pseudosubluxation of C2 on C3. A dis-
continuous line connects the posterior C2 and C3 vertebral
bodies, but the posterior cervical line along C1-3 is contin-
uous and normal (Reprinted from Cakmakei [14] with kind
permission from Springer Science and Business Media)

interval can be as large as 5 mm and occasionally
even 6 mm. More accurate assessment evaluates
for change in distance between passive flexion
and extension, which should not exceed 2 mm.
Physiologic displacement of C2 anteriorly on
C3 is common in normal children due to liga-
mentous laxity (Box 3.1). Known as pseudosub-
luxation, this occurs because until age 10, flexion
and extension are centered at the C2-3 level
(Figs. 3.12 and 3.13). (In adolescence and
throughout adulthood, maximum mobility is at
C4-6.) In order to determine whether subluxation
results from this normal variant or from a C2 arch
fracture and pathologic subluxation, one can
draw a curved “posterior cervical” line, connect-
ing the anterior cortices of the C1 and C3 spinous
processes (Fig. 3.12). With physiologic sublux-
ation, this line either passes through the C2 pos-
terior arch or passes less than 2 mm anterior to it.

Fig. 3.13 Normal pseudosubluxation of C2 on C3.
Radiograph (a) and sagitally reformatted CT (b) show
forward displacement of C2 on C3. However, the poste-
rior cervical line is normal

In the presence of an arch fracture, the distance
will be greater, since the atlas and the C2 centrum
slip forward at the fracture site while the spinous
process remains posterior [13, 14].
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Box 3.1: Pseudosubluxation of C2-3

Before about age 10 years
Due to normal ligamentous laxity

Posterior cervical line connects the anterior
cortex of spinous processes of C1 and C3

Passes through the posterior arch of C2 or
<2 mm anterior to it

Developmental pseudospread of the atlas is a
normal phenomenon that occurs because the
growth of the atlas is linked to the relatively rapid
growth of the skull base, whereas the growth of
the axis is influenced by the slower growth of the
spine. With pseudospread, the lateral margins of
C1 lie symmetrically lateral to the margins of C2,
mimicking the bilateral lateral displacement of a
Jefferson fracture of the arch of the atlas. This
disparity generally resolves after age 2. The over-
lap is usually less than 2 mm, whereas in the case
of fracture, it generally exceeds 3 mm [15].

In up to 5 % of newborns, a coronal cleft is
apparent on a lateral radiograph of the thoracic or
lumbar spine. This appears as a vertical lucency at
the junction of the anterior two thirds and posterior
third of the vertebral body [16]. The cleft is filled
with hyaline cartilage, possibly a remnant of the
division between dorsal and ventral ossification
centers. The coronal cleft ossifies during infancy
and does not persist or lead to other anomalies.

A horizontal cleft in the midportion of the ver-
tebral body, also referred to as a Hahn cleft, may
also be visible on a lateral view. It marks both the
boundary of fusion between sclerotomes and the
nutrient foramen (Fig. 3.14) and may persist as a
sclerotic line throughout adolescence.

Bone-in-bone is another common finding dur-
ing infancy (Fig. 3.15). This results from rapid
growth during the first postnatal months, before
remodeling of the fetal spine begins [14]. The
outline of a smaller replica of the vertebral body
is seen within the centrum.

Incomplete bony fusion at the neural arch
of L5 or Sl is very common in children, but
the incidence decreases during childhood.
Cartilage usually fills this apparent gap, so it is

B.H. Taragin and S.L. Wootton-Gorges

Fig.3.14 Hahn clefts (arrow), the boundary of fusion of
the reformed sclerotomes and also the level of arterial
entry into the vertebral bodies (sagittally reformatted CT)

Fig.3.15 Bone-in-bone (arrow) in a newborn with mal-
rotation (curved arrow) (Lateral view from a fluoroscopic
study)
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not functionally open [17]. The S1 neural arch is
incompletely fused in up to 58 % at age 8, 48 %
at age 12, and 10-26 % of adults. A separation of
3 mm or less is normal and will often ossify dur-
ing childhood. Occasionally, a similar narrow cleft
may be encountered as an isolated finding at the
T11 or T12 level. The term spina bifida occulta
has been applied to this appearance (at any iso-
lated level), but this term may be misleading as
it implies pathology. Misreporting of this finding
may result in confusion and unnecessary imaging.

At the T12 and L1 vertebrae, localized moder-
ate to marked pedicle thinning occurs in 7 % of
normal children and adults. The developmentally
aberrant pedicle may be differentiated from a
pedicle that is being deformed by mass effect
because the lateral border of the aberrant pedicle
is flat or concave, rather than rounded.

2 Structural Vertebral
Abnormalities

Spinal defects may be restricted to the vertebrae
or may involve neural and non-neural structures
[18]. Sixty-one percent of those with congenital
spinal defects have other abnormalities as well.
For example, a prenatal neural crest and sensory
nerve injury may lead to a field defect that causes
the constellation of upper limb, vertebral, and rib
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Fig.3.16 Diagrammatic representation of the classifica-
tion system of congenital scoliosis. (a) Failures of forma-
tion: various types of hemivertebrae (semisegmented,
fully segmented, wedge vertebra). (b) Failures of segmen-
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anomalies. The mnemonic VACTERL describes
the clinical confluence of vertebral, anorectal,
cardiac, fracheoesophageal, renal, and [/imb
anomalies [19]. It is important to recognize that
VACTERL is an association not a syndrome.
Less common associated abnormalities are found
in the ear, choanae, lips, palate, intestinal tract,
abdominal wall (hernias), and genital system.

Scoliosis may develop if vertebrae fail to
form, as with wedge vertebrae (unilateral hypo-
plasia) or hemivertebrae (unilateral aplasia). Less
often, a hemivertebra may be supernumerary,
resulting from partial duplication. Failure of seg-
mentation may be unilateral or bilateral, resulting
in an osseous bar (or bars) connecting the poste-
rior elements, vertebral bodies, or both
(Fig. 3.16). If anomalies are multiple and bal-
anced, alignment may be normal.

2.1 Vertebral Anomalies

Wedge vertebrae (Fig. 3.16) form asymmetrically
such that one side is hypoplastic and the other
develops normally. Both pedicles are present, but
one is larger than the other. A single wedge verte-
bra results in scoliosis, with the apex at the abnor-
mal vertebra. However, bilateral wedge vertebrae
may balance each other and result in a straight
spine [20].

b c

‘ f? %‘f‘
Unsegmented bar
with hemivertebrae

Block Unsegmented
vertebrae bar

tation: block vertebra, unsegmented bar. (¢) Mixed: com-
bination of hemivertebra and unsegmented bar (Reprinted
with permission from Erol et al. [128])
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Fig. 3.17 Congenital scoliosis. Radiograph (a) and
3-dimensional (3D)-CT reconstruction (b) show three
hemivertebrae on the left. The most cephalad (arrowhead)

Hemivertebrae (Figs. 3.16,3.17, and 3.18) are
completely aplastic on one side, resulting in a
single unpaired pedicle attached to a triangular
vertebral half-body [21]. Hemivertebrae usually
replace a normal vertebra but if supernumerary
tend to be positioned slightly more laterally than
are the other vertebrae. The hemivertebra may
fuse with an adjacent vertebral body (“nonseg-
mented”), creating a tripediculate block vertebra
with two pedicles on one side but only one on the
other. If the hemivertebra is not fused to adjacent
vertebrae (“fully segmented”), it is more likely to
cause continued asymmetrical growth [21], since
it has two functioning—and tilted—growth
plates. However, curve progression is less likely
with a tripediculate block vertebra. The hemiver-
tebra may also be semisegmented, in which case

B.H. Taragin and S.L. Wootton-Gorges

is fully segmented, whereas the more caudad are semiseg-
mented (arrows), fused to the vertebra below

one growth plate is fused to the adjacent vertebra
and the other is not. Computed tomography (CT)
or magnetic resonance imaging (MRI) helps
assess the extent to which a hemivertebra is fused
to the adjacent vertebrae [22].

The pedicle of the hemivertebra may induce
rib development. Additionally, ribs at the most
concave portion of the scoliosis may fuse.
Counting all the ribs on both sides is an essential
step in assessing the configuration and signifi-
cance of wedge vertebrac and hemivertebrae.
Since hemivertebrae may be supernumerary,
accurate assessment of vertebral level requires
evaluation of the entire spine, from C1 through
the coccyx.

Butterfly vertebrae (Fig. 3.19) have a partial
sagittal cleft resulting in two approximately sym-
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Fig. 3.18 Congenital rotatory scoliosis. Radiograph (a)
and 3-dimensional (3D)-CT reconstruction (b) demon-
strate a right-sided hemivertebra at T9-T10 interspace
(arrow). Even though the ribs end at same level, the right

metric segments that can be otherwise normal or
appear as bilateral wedge vertebrae or—if com-
pletely divided—hemivertebrae. If balanced, but-
terfly vertebrae do not cause significant scoliosis,
but they may suggest the presence of a syndrome
or other anomalies.

Isolated absence of the pedicle (Fig. 3.20) is
most common in the cervical and lumbar region
and is uncommon in the thoracic spine. It is
important to distinguish this congenital anomaly
from pathologic destruction of the pedicle. With
congenital absence of the pedicle, the pedicle
outline is completely absent, and the associated
intervertebral foramen is enlarged. In older chil-
dren, the opposite pedicle and lamina may be
hypertrophied.

side has 12 ribs and the left has 11, because of the extra rib
induced by the right hemivertebra. Also note fusion of the
left 9th and 10th ribs (arrowhead)

Congenital vertebral bars (Fig. 3.21) develop
when the laminae or pediculate bases of adja-
cent vertebrae fuse. Fusion that is limited to the
laminae and facets dorsal to the intervertebral
foramina leads to lordo-scoliosis. If the verte-
bral bodies at the base of the pedicles are also
fused, the intervertebral foramina will be small.
If there are no ribs in this region, a large con-
glomerate foramen develops, through which
multiple nerve roots pass. If these anomalies are
bilateral and symmetric, growth will be
restricted but alignment may be normal. If uni-
lateral, more problematic angular deformity
occurs.

If cleavage of somites fails, normal segmenta-
tion does not occur, and block vertebrae form.
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Fig. 3.19 Butterfly vertebra (arrow) in an 11-year-old
boy with Alagille syndrome

Fig.3.20 Transitional lumbosacral vertebra in a 6-year-
old girl. The pedicle on the right (arrow) is absent

Vertebral bodies do not separate, and there is no
(or very little) intervening disc space. The verte-
bral block appears constricted at the level of the
disc, and the height of the structure is slightly less
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Fig.3.21 Laminopediculate bar. The lamina of the hemi-
vertebra has fused to the lamina of the pedicle above
(arrow)

than that of two normal vertebral bodies (exclud-
ing the height of a disc). A thin sclerotic linear
density may replace the disc, or a rudimentary
disc may be present.

Fusion in young children is often cartilaginous
and thus may be radiographically occult. In older
children, a frontal radiograph demonstrates a lami-
nopediculate bar as a discrete sclerotic curved line
connecting pedicles at two or more levels (see
Fig. 3.21). The ipsilateral vertebral body and disc
space are often hypoplastic, and the vertebral bodies
may be fused as well. If the fusion is coronal rather
than sagittal, the anterior aspect of the vertebral
body is almost invariably wedge shaped or entirely
absent, resulting in kyphosis or lordosis (further dis-
cussed below). In young children, radiographs may
fail to demonstrate fusion, but MRI readily depicts
block vertebra formation by demonstrating absence
of intervertebral disc signal (Fig. 3.22).

CT is valuable in showing associated spinous
process obliquity, transverse process hypoplasia,
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Fig. 3.22 Lack of normal hyperintense intervertebral
disc signal in the upper thoracic and lower cervical region
(arrows) denotes areas that will develop into block verte-
brae when ossification is complete (sagittal T2-weighted
(T2-W) fat-suppressed (FS) magnetic resonance image
(MRI)) (Incidental flow artifact dorsal to the spinal cord)

abnormally shaped spinal canal, anomalous facet
and rib articulations, and hypoplasia of pedicles
at adjacent levels. It also delineates hypoplastic
or malpositioned pedicles that are not apparent
on routine radiography. MRI best images nerve
root compression, myelomalacia, and contralat-
eral laminar stress fracture, all of which can
cause back pain.

2.2 Congenital Scoliosis (Table 3.1)

Spinal curvature in the coronal plane is caused by
unbalanced anatomy and growth potential of the
two sides of the spine. Unlike idiopathic scolio-
sis, congenital scoliosis progresses in up to 75 %
of patients and most often affects the thoracic
spine (thoracolumbar scoliosis is the second most
common). Once curvature starts to increase, it
will continue to do so, often accelerating during
the preadolescent growth spurt. Since ribs and
vertebrae form from the same mesenchymal
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Table 3.1 Anomalies that cause congenital scoliosis
(Fig. 3.7)
I. Failure of formation
A. Unilateral hypoplasia (wedge vertebra)
B. Unilateral aplasia (hemivertebra)
II. Partial duplication (supernumerary hemivertebra)
III. Failure of segmentation
A. Unilateral nonsegmentation (unilateral bar)
1. Posterior elements only
2. Vertebral body only
3. Vertebral body and posterior elements
IV. Combined lesions

Adapted from Refs. [23, 125]

somites, associated developmental and fusion
anomalies are common. However, it is difficult to
predict exactly what effect a single anomaly will
have.

Multiple lesions are sometimes balanced, can-
celing each other out and causing little overall
effect on spinal alignment. Ribs that fuse cen-
trally near the spine may contribute to scoliosis,
but peripheral rib fusion generally does not affect
spinal curvature [23].

Hemivertebrae function both as the apex
of the curve and as an unbalanced growth cen-
ter that contributes to increased curvature.
Congenital bars have the opposite effect of hemi-
vertebrae, restricting growth on one side of the
spine while the other side continues to grow.
Congenital bars are present in 40 % of patients
with multiple hemivertebrae. A hemivertebra at
the same level as a contralateral bar has the worst
prognosis, especially if thoracolumbar. However,
in young children it can be difficult to predict
exactly where and how a segment will fuse to
adjacent bodies.

Imaging

Radiographic evaluation includes frontal and lat-
eral radiographs. Curves can be measured accord-
ing to a variety of techniques; the Cobb technique
is commonly employed and is presented later in
this chapter. Cross-sectional imaging is indicated
for exact delineation of anomalies [24]. CT and
MRI may demonstrate occult hemivertebrae as
well as vertebral fusion. Additionally, MRI of
the entire spine is typically performed before
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surgery in order to assess asymptomatic asso-
ciated anomalies such as tethered cord, syrin-
gomyelia, and diastematomyelia, which are
cumulatively described in up to 40 % of patients
with congenital scoliosis [25].

Up to 18 % of patients with congenital scoliosis
have associated genitourinary tract abnormalities,
with renal agenesis being the most common [26].
Urologic evaluation is therefore indicated in all
patients with congenital anomalies of the spine.
Screening ultrasound (US) to assure the normal
site and structure of both kidneys usually suffices,
although occasionally additional imaging is neces-
sary. Patients may also have congenital heart dis-
ease (7 % incidence), undescended scapula (6 %),
thumb anomalies (4 %), and other malformations.

23 Congenital Kyphosis and Lordosis
Congenital kyphosis is another manifestation of
unbalanced longitudinal development of vertebrae,
with the curvature occurring along the sagittal axis.

Fig.3.23 Congenital thoracolumbar kyphosis and poste-
rior spinal dysraphism. (a-frontal, b-lateral) Multiple
anterior vertebral body segments are hypoplastic, and

As with coronal scoliosis, these developmental
anomalies generally manifest as failure of forma-
tion, failure of segmentation, or both.

Kyphosis in the thoracic spine is defined as
curvature greater than the 40° [27-29]. It can be
caused by posterior overgrowth, restricted ante-
rior growth, or anomalies of segmentation [30].
The most common form of congenital kyphosis is
caused by a dorsal hemivertebra (although infre-
quently the entire vertebral body is absent but the
neural arch elements are formed) (Fig. 3.23).
Both the anterior and the lateral portions of the
vertebra may be deficient, causing a combination
of scoliosis and kyphosis [31]. If kyphosis is
severe, an anterior pseudoarticulation may
develop above or below the defect. Anterior
block vertebra formation rarely causes kyphosis,
usually without scoliosis, since such fusion tends
to be symmetric [32].

Congenital nonsegmentation and fusion must
be distinguished from progressive anterior verte-
bral body fusion, in which erosion of the anterior
end plates is followed by anterior fusion and later

posterior elements have not fused. The patient is in a
brace, and there is a ventriculoperitoneal shunt catheter
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disc fusion. Muscle imbalance in severe myelo-
meningocele may also cause kyphosis.
Congenital lordosis, a lumbar angle over 40°,
is usually severe but fortunately uncommon. In
this condition, posterior elements fuse while the
anterior vertebral bodies continue to grow.
Extreme thoracolumbar lordosis may also result
from intrauterine positioning. Posterior rib syn-
ostosis contributes to growth inhibition.
Kyphosis and lordosis are usually assessed
with standing radiographs, with flexibility deter-
mined by placing the patient on a bolster. As with
congenital scoliosis, CT clearly delineates osse-
ous causes of kyphosis or lordosis. MRI best eval-
uates for spinal cord compression and other cord
abnormalities. A complete investigation includes
cardiac and urologic screening due to the high
associated incidence of these anomalies.

24 Craniovertebral Junction

Like the lumbosacral area, the craniovertebral
junction is developmentally unstable. Congenital
anomalies and developmental variants in this
region are therefore common. Anomalous develop-
ment here often results in multiple abnormalities,
and therefore recognition of a single variant should
trigger evaluation for additional problems. Many
patients with abnormal development at the cranio-
cervical junction can further be classified as syn-
dromic [33]. While many abnormalities at the
craniocervical junction are minor and asymptom-
atic, clinically significant spinal cord compression
can result from somatic growth or recurrent motion.

Occipitalization of the Atlas

Occipitalization of the atlas (Fig. 3.24) occurs
in up to 0.75 % of the population and ranges
from complete osseous fusion between the atlas
and occiput to more focal osseous bridging.
Most commonly, the anterior arch of the atlas
fuses to the skull base. However, fusion may
involve the posterior arch or the lateral masses,
and multiple sites of fusion are not uncommon
[33]. Atlantoaxial instability is common in
those with occipitalization of the atlas, as is
encroachment on the spinal cord, sometimes
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Fig.3.24 Occipitalization of atlas. There is continuity of
the cortex between the skull base and C1 (Same patient as
Fig. 3.27)

resulting in myelopathy. Since development of
the neural elements is closely intertwined with
that of bony elements, basilar invagination,
Chiari 1 malformation, and tonsillar ectopia
may be present as well. Fifty-seven percent of
patients with occipitalization of the atlas also
have a syndrome [33].

Occipitalization of the atlas must be distin-
guished from an unusually high atlas, which can
occur as a normal variant due to relatively flat
occipital condyles. In some cases, occipitaliza-
tion is associated with a short clivus, the latter
due to primary growth failure (as in achondropla-
sia) or premature fusion of the spheno-occipital
synchondrosis [4].

The posterior arch at C1 may be open in some
patients with craniocervical fusion [33], but this
finding can be seen until age 4 years in normal
children and indeed persists as a normal variant
in up to 4 % of adults. Complete absence of the
posterior arch of the atlas is rare (Fig. 3.25).
Defects in the anterior arch of C1 are less
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Fig.3.25 Near complete absence of the posterior arch of
Cl in a 12-year-old girl

common than defects in the posterior arch. The
anterior arch of the atlas rarely fuses to the dens.
The occipital condyles may be asymmetrical, and
similar asymmetry may be seen at the atlantal
and axial articulations. One third of patients have
associated fusion of C2-3 vertebrae.

Patients with craniocervical junction abnor-
malities may complain of neck pain and stiffness,
with neurological signs and symptoms usually
beginning insidiously in the third decade and pro-
gressing slowly. However, earlier onset is being
reported with increasing frequency. Sometimes
symptoms occur acutely, and sudden death may
result from relatively mild trauma at the cranio-
cervical junction.

Imaging

Fusion may be apparent on a lateral radiograph,
showing a fused block of bone or continuous cor-
tex. Lack of mobility on flexion and extension
radiographs can indicate fusion as well. This
finding is especially valuable in skeletally imma-
ture children. Howeyver, if there is reasonable sus-
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picion for fusion, CT with sagittal and coronal
reformats as well as three-dimensional (3D)
reconstructions is most useful to delineate bony
anatomy, and MRI may be useful to evaluate cord
impingement or myelopathy.

C2 Developmental Anomalies

Multiple anomalies can affect the dens. Some
have significant clinical implications, whereas
others may contribute to diagnostic uncertainty
in the setting of trauma. The dens may be hypo-
plastic or hypertrophied, or it may be composed
of ossicles that fail to fuse to each other or to C2.

The normal odontoid terminates just below
the foramen magnum, with a normal basion to
(top of) dens measurement of 8.3—10 mm [34]. If
the odontoid extends above or below this level,
neurologic symptoms may result, especially if
there is also transverse ligament laxity [35]. In
odontoid hypoplasia, also known as stubby dens,
the odontoid process is underdeveloped and does
not reach its normal height at the superior surface
of the atlas. In the severe form, odontoid aplasia,
the dens does not extend above the body of C2.
These congenital anomalies of formation may be
isolated or associated with syndromes such as
mucopolysaccharidoses, spondyloepiphyseal
dysplasia, and metatropic dwarfism.

Anomalous development of the odontoid can
take several forms. Os odontoideum describes a
small fragment of bone that does not fuse with
the subjacent portion of the odontoid. The ossific
fragment usually lies directly behind the anterior
arch of the atlas, but it is sometimes displaced
(Fig. 3.26). Occasionally, there is a transverse
cleft between the odontoid and the adjacent C2
vertebral body. A history of neck trauma is com-
mon in patients with this finding, and the phe-
nomenon may sometimes result from an
incomplete or partially healed fracture rather
than aberrant development. The unfused ossicle
usually moves with the atlas and occasionally
fuses to the anterior lip of the foramen magnum.

Differentiating os odontoideum from acute
fracture can be difficult [36]. Features that sug-
gest a chronic process such as os odontoideum
include a relatively thick anterior arch of C1 with
a convex posterior border. MRI can also help dif-
ferentiate by demonstrating normal signal inten-
sity in the bone and surrounding soft tissues.
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Atlantoaxial Subluxation

In atlantoaxial subluxation, the transverse, alar,
and other ligaments binding the odontoid to the
atlas are lax or absent whereas bones are nor-
mal. Laxity of the transverse and other stabiliz-
ing ligaments allows the anterior arch of the

Fig. 3.26 Os odontoideum in an 11-year-old girl with
Down syndrome. Sagittally reformatted CT shows the os
(arrow) is displaced, positioned just behind and superior
to the anterior arch of C1, with the remainder of the dens
posterior to the os. There is marked narrowing of the spi-
nal canal (double arrow)

Fig.3.27 Abnormal motion
between the anterior arch of
C1 and the dens (double
arrows) in patient with
occipitalization of the atlas
(Same patient as Fig. 3.24)

61

atlas to subluxate anteriorly [37] (Box 3.2).
Atlantoaxial subluxation may be associated
with structural abnormalities. Alternatively, it
may be a component of various syndromes, such
as Ehlers-Danlos syndrome and other connec-
tive tissue disorders or trisomy 21. The condi-
tion can also follow trauma or be associated
with local osteomyelitis, pharyngitis and cervi-
cal adenitis, and juvenile idiopathic arthritis.
Rotational and atlanto-occipital instability as
well as skeletal anomalies may be present, and
scoliosis occurs in up to 50 % of cases.

Imaging

In normal older children and adults, the gap
between the posterior surface of the anterior arch
of the atlas and the anterior surface of the odon-
toid is 2-3 mm, whereas in younger children the
presence of cartilage may cause this distance to
be as large as 5 mm or occasionally even 6 or
7 mm. Although slight laxity and instability can
be present in normal children, the atlanto-dens
interval usually does not change with flexion or
extension. In atlantoaxial subluxation, the dis-
tance is usually normal on standard neutral lat-
eral radiographs but increases 2 mm or more
with flexion (Fig. 3.27). However, in some
patients with trisomy 21, the atlanto-dens inter-
val is abnormal on neutral images yet normal
with flexion [37].
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Fig. 3.28 Atlantoaxial rotary fixation in a preteen. (a)
Frontal radiograph shows asymmetry between the lateral
masses of C1 and the dens, with the head tilted to the
right. (b) Coronally reformatted CT in neutral confirms

Box 3.2: True Atlantoaxial Subluxation

Associated with structural abnormalities,
trisomy 21 and other syndromes, arthritis,
trauma, and pharyngitis

Increased distance between the anterior arch of
C1 and dens

Normal <5 mm in young children
Normal <2-3 mm in older children
Increases with flexion

Atlantoaxial Rotary Subluxation
Atlantoaxial rotary subluxation may follow
trauma or occur with Grisel syndrome (local
inflammation in the pharynx) [38]. In the latter
condition, inflammation around the dens and
pharyngo-vertebral venous plexus causes the
ligaments to weaken [39]. Relatively minor
trauma to this area that would not affect an adult
may lead to rotary subluxation in children, per-
haps due to more steeply angled facets.

this finding. Axial CT images with the head turned to the
right (c) and left (d) show asymmetrical widening on the
right persists. (e) Sagittal T1-weighted (T1-W) MRI
shows subacute hemorrhage at the alar ligament (arrow)

Imaging

The atlantoaxial facets and occiput-C1-C2 articu-
lation are best investigated with CT as the patient
passively rotates their head. Sagittal and coronal
reformatted images or 3D-CT reconstructions
demonstrate the abnormal relationships well
(Fig. 3.28). On fluid-sensitive MRI sequences,
abnormal signal in the transverse and alar liga-
ments is sometimes evident; this may be reactive
or causative.

3 Spinal Dysraphism Complexes

Dysraphism describes the failure of midline ver-
tebral structures to fuse. The term encompasses
not only structural vertebral defects but also asso-
ciated anomalies of neurologic, gastrointestinal,
genitourinary, and other systems. The sequence
of neural tube-notochord-yolk sac differentiation
is disrupted, and thus structures that develop
from the primordial layers may be affected. There
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may be abnormal induction of structures that
develop later as well. Dysraphism is categorized
as open (uncovered) or closed (covered) and the
later further subdivided according to configura-
tion (Fig. 3.29) [40]. Most open defects (menin-
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gocele (Fig. 3.30), meningomyelocele (Fig. 3.31),
and myelocele) are clinically obvious, but dermal
sinuses may be difficult to detect. Closed defects
are completely covered with skin, which may be
dysplastic and have an associated nevus, hairy
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Fig.3.29 Diagnostic algorithm of closed spinal dysraphism presenting with (a) and without (b) a subcutaneous mass
(Reprinted from Badve et al. [129] with kind permission from Springer Science and Business Media)
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Fig.3.30 Anterior pelvic
meningocele. Sagittally
reformatted (a) and axial CT
(b) images show an anterior
pelvic meningocele at the
mid-sacral level. Dorsal
elements are dysmorphic,
and there is lower lumbar
and sacral dysraphism with
partial sacral agenesis

Fig.3.31 Meningomyelocele. Axial (a) and sagittal (b)
T2-W images demonstrate a myelomeningocele at the
L5-S1 level with posterior spinal dysraphism and exten-

patch, hemangioma, or lipoma. The spinal cord
may be duplicated or split (diplomyelia and dia-
stematomyelia), or there may be overgrowth of
normal tissues (lipoma and dermoid) or hernia-
tion of one germ layer through another (neuren-
teric cyst).
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sion of the neural placode into the dorsal aspect of the cyst
(arrow). Note the trabeculated neurogenic bladder

Imaging

In both open and closed lesions, radiographs
reveal structural vertebral defects in most
patients. Neural arches appear widely spread, and
laminar/pediculate fusion or intersegmental
fusion is common, often affecting more than one
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level. The spinal canal may appear diffusely
enlarged. Vertebral bodies are often hypoplastic,
deformed, or scalloped, and there may be hemi-
vertebrae (see Fig. 3.23). These findings may be
present at the level of the neurologic defect or
elsewhere in the spine. Associated mediastinal or
pelvic masses may result from ectopic neuren-
teric rests.

Cross-sectional imaging provides essential
information for skin-covered lesions. If cutane-
ous stigmata are present, US can help evaluate
for tethered cord until about age 3 months
(Figs. 3.32 and 3.33), with subsequent MRI if
needed. CT is rarely performed to better delin-
eate the bony abnormalities, while MRI

exquisitely depicts the extent of neural and soft
tissue abnormalities (see Figs. 3.30 and 3.31).
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MRI may occasionally be performed before sur-
gery for open lesions, as it allows more precise
diagnosis and surgical planning.

3.1 Tethered Filum Terminale

Low conus or tethered cord generally occurs
because either the terminal cord fails to involute
or the filum terminale fails to lengthen. Low
conus (Fig. 3.33) is characterized by abnormal
termination of the cord, whereas abnormal
thickening of the filum, fibrolipoma, and/or a
filar cyst characterize an abnormal filum termi-
nale (Fig. 3.34). If the conus is abnormally low,
nerve roots emerge more horizontally than
usual, and stretching of the vascular supply may

Fig. 3.32 Tethered cord in a newborn. Longitudinal
ultrasound (US) shows the spinal cord extends to the
sacral-level dysraphism (arrow). Additionally there is a

lipoma of the filum. Note the fused vertebrae compatible
with VACTERL association (arrowhead)

Fig. 3.33 Tethered cord. Longitudinal US shows conus at the S1 level, with increased fibro-fatty tissue in the canal
below this level
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Fig. 3.34 Tethered cord and multiple segmentation
anomalies in a 3-year-old. Sagittal T2-W image shows the
distal cord is dorsally positioned and kinked over dysmor-
phic posterior elements at the thoracolumbar junction.
Multiple dorsal and ventral hemivertebrae

lead to myelopathy. Tethering occasionally
presents late with such symptoms as lower
extremity spasticity, bladder incontinence, and
toe walking. Hairy tufts, midline vascular mal-
formations, and other cutaneous findings should
prompt evaluation.

A conus terminating at the superior half of the
L3 vertebral body can be considered normal in
newborns, provided that normal ascent follows
[41]. The inferior tip of the conus should lie at the
adult level, T12 to L2/3, by 2 months of age.
Absence of normal motion with cerebrospinal
fluid (CSF) pulsation is another feature of teth-
ered cord [42]. Even if surgery reveals that the
conus is not tethered, symptoms sometimes
occur. Tethering can also occur or recur after sur-
gical repair of myelomeningocele, diastemato-
myelia, and other lesions.

Imaging

Ultrasound (US), performed between birth and
3 months of age, readily evaluates the level of the
conus. Additionally, evaluation of cerebrospinal
fluid pulsations can identify abnormal cord motil-
ity. If US identifies tethered cord, MRI of the
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entire neural axis should be performed to evalu-
ate for occult concomitant issues. The filum is
abnormally thick if it measures more than 2 mm
in diameter at L5-S1 or if it is infiltrated by
fibrous or fatty tissue. In addition, the filum may
adhere to other structures, which limits its normal
compliance and may lead to signs of traction,
even if the conus terminates at a normal level.
Very thin sagittal T2-weighted (T2-W) or bal-
anced steady-state free precession images may be
necessary to image the filum.

3.2 Syringohydromyelia

Hydromyelia and syringomyelia are both charac-
terized by the presence of fluid within the central
cord. Hydromyelia involves the central canal,
whereas syringomyelia does not. However, the
pathogenesis of these abnormalities is similar,
and they are clinically indistinguishable and fre-
quently lumped together as “syrinx”, or syringo-
hydromyelia. A congenital syrinx may develop
from an obstructed fourth ventricle in the fetus
[43], but a syrinx can also develop from posttrau-
matic/ischemic myelomalacia or obstruction due
to adhesions, compression, or tumor. Syrinxes
occur in 63 % of patients with myelomeningo-
cele and scoliosis, and therefore, preoperative
MRI is recommended prior to scoliosis instru-
mentation [44]. A syrinx often accompanies cord
tethering, congenital hydrocephalus, and other
congenital abnormalities. Hydrosyringomyelia is
a common component of Chiari I malformations,
probably due to obstruction. Occasionally, iso-
lated primary hydromyelia becomes evident only
in late childhood [45].

Imaging

If the syrinx is large, radiographs rarely may
reveal fusiform enlargement of the spinal canal,
with widening of the interpediculate distance and
of the sagittal diameter of the canal. This may be
limited to a portion of the spine (often cervical)
but in severe cases extends inferiorly into the tho-
racic and even lumbar spine. MRI is necessary to
evaluate the spinal cord, allowing differentiation
of syrinx from, for example, a long-standing neo-
plasm. It can also demonstrate tonsillar hernia-
tion, indicating Chiari malformation.
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Fig.3.35 Diastematomyelia with bony septum (arrow)

3.3 Diastomatomyelia
This refers to a longitudinal split in the spinal
cord that develops when the notochord divides
during cell migration [11]. The two parts are usu-
ally asymmetric in size and are separated by a
bony (Fig. 3.35), cartilaginous, or fibrous sep-
tum; the cord usually unites distally [46].
Diastematomyelia is most common in the upper
lumbar region (Fig. 3.36) but can occur anywhere
from the lower thoracic spine to the sacrum.
Cervical and basicranial diastematomyelia are
rare and usually associated with Klippel-Feil (see
Fig. 3.40 below) and Chiari malformations [47].
The conus is almost always low, and neurologic
signs are likely related to tethering or stretching of
the spinal cord. In up to 70 % of cases, each hemi-
cord is encased in its own dural sheath. Skin
changes are present in up to 80 % of patients and
are similar to those found in other occult spinal
dysraphisms. The location of the skin abnormality
does not necessarily correlate with the septum
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Fig. 3.36 Diastematomyelia. (a) Coronal T1-W image
shows the two hemicords unite below a bony spur. (b)
Axial fluid-sensitive sequence shows two hemicords

level. Diastematomyelia should be distinguished
from cord duplication or diplomyelia.

Because the notochord gives rise to vertebral
bodies, diastematomyelia can be accompanied by
neurenteric cysts, dorsal enteric fistulas, and
abnormal vertebral bodies such as hemi- and/or
butterfly vertebrae.

Imaging

Radiographs may demonstrate associated
increased interpediculate distance and narrow
intervertebral discs with possible vertebral body
fusion. A subtle linear density may be apparent at
the midline if the septum is osseous (see
Fig. 3.35). CT depicts a bony septum but will
identify the hemicords and a fibrous or
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Fig.3.37 Huge exophytic type I sacrococcygeal teratoma
in a newborn boy. There are ill-defined calcifications within
the mass (arrows) (Umbilical catheters are malpositioned)

cartilaginous septum only if CT myelography is
performed. MRI depicts the cord anomaly as well
as the dural sac(s) and demonstrates a fibrous,
cartilaginous, or bony septum (see Fig. 3.36).
The septum often extends anteriorly from the
neural arch and thus may not be visibly fused to
the vertebral body.

34 Congenital Intraspinal Tumors
Lipomas represent 1 % of all spinal cord tumors
and may be intramedullary, extradural, or mixed;
these lesions are often associated with
meningocele, in which case they are termed lipo-
meningocele. Extravertebral lipomas may enter
the spinal canal and cord or remain totally sub-
cutaneous; associated anomalous bony struc-
tures may be present. Intraspinal lipomas are
strongly associated with large sacral sacs, a low
conus, and vertebral abnormalities. Occasionally,
neural elements may enter these extraspinal
tumors.

Sacrococcygeal teratomas (SCT) (Figs. 3.37
and 3.38) are the most common tumor of the

Fig. 3.38 Type IV sacrococcygeal teratoma. Sagittally reformatted contrast-enhanced CT (a) and sagittal T2-W MRI
(b) show a large, inhomogeneous, predominantly solid presacral mass, which elevates and obstructs the bladder
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Fig. 3.39 Large exophytic predominantly cystic sacro-
coccygeal teratoma in a 30-week fetus (single-shot fast-
spin echo MRI). Arrows delineate teratoma. H fetal head,
S fetal spine

fetus and newborn and are more common in girls
[48]. They are closely associated with the coc-
cyx and may involve the spinal canal. By defini-
tion they contain three germ cell layers
(ectoderm, mesoderm, and endoderm). SCT may
be mature or immature and may develop malig-
nant transformation especially if internal (see
staging below), in males, or if diagnosed after
2 months of age (Box 3.3). Fetal SCT may pres-
ent with maternal increased fundal height and
polyhydramnios, prompting imaging evaluation
and diagnosis of the mass by US and subse-
quently MRI (Fig. 3.39) [48]. Prenatal hydrops
due to a highly vascular tumor portends a poor
outcome.

Newborns usually present with a mass.
Associated genitourinary anomalies include
hydronephrosis and renal dysplasia. Rectal atre-
sia/stenosis or Currarino triad (presacral mass,
scimitar sacrum, and anal malformation) may be
present. Treatment is complete surgical resection,
including resection of the coccyx.
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Box 3.3: Sacrococcyngeal Teratoma (SCT)

Most common tumor of fetus/newborn
Contains all three germ cell layers

May be malignant, especially if detected after
2 m of age, in male, or completely internal

Associated genitourinary abnormalities
Heterogeneous mixed solid/cystic mass

Sacrococcygeal teratomas may be classified
[49] as type I, external (these account for half of
the cases [50]) (see Fig. 3.37); type I, predomi-
nantly external with presacral internal extension;
type III, external and internal with extension into
the abdominal cavity; and type IV, entirely inter-
nal (see Fig. 3.38).

Imaging

Radiographs may show segmentation abnormali-
ties in the case of lipomas and lipomyelomenin-
goceles or show a presacral or external SCT mass
(see Fig. 3.37). Pre or postnatal US may identify
presacral masses and characterize SCT as solid,
cystic, or—most often—heterogeneous (15 %
are purely cystic) [48]. The vascular/shunting
nature of the solid portion of the tumor may be
ascertained by Doppler interrogation. MRI pro-
vides greater anatomic detail for lipomas, lipo-
myelomeningoceles, and associated spinal cord
abnormalities and may better delineate the extent
and characteristics of internal SCT (see Fig. 3.38).

4 Syndromes with Spinal
Dysplasia
4.1 Klippel-Feil Syndrome

In Klippel-Feil syndrome, the cervical and upper
thoracic spine fuses partially or completely,
forming a bony mass (Box 3.4). In its most
extreme form, the neck is essentially absent [51].
However, the term can describe any degree of
congenital cervical spine fusion if the clinical
triad of short neck, low posterior hairline, and
limited range of motion at the neck is evident.
External and middle ear atresia and malformation
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may be present as well. Many patients have brain
stem or high vertebral anomalies, making them
vulnerable to cord impingement if manipulated.

Box 3.4: Klippel-Feil Syndrome
Clinical triad of short neck, low posterior
hairline, and limited range of motion at neck

Cervical and upper thoracic spine fusion and/or
segmentation anomalies

C2-3 and C5-6, the most commonly affected
May also have rib fusion anomalies
Sprengel anomaly in up to 50 %
Renal anomalies in about 50 %

Neurologic dysfunction is associated with
increased mobility at unfused levels and may
progress slowly or decompensate acutely after
trauma. Spinal cord compression occurs either
anteriorly in flexion or posteriorly due to an
hypertrophied ligamentum flavum. Additionally,
excess motion above or below fused levels may
result in vertebral artery occlusion [52].

Twenty-five percent of patients with congeni-
tal scoliosis or kyphosis demonstrate structural
malformations of the cervical spine, and 60 % of
children with Klippel-Feil have scoliosis that
exceeds 15° [53]. Undescended scapula, or
Sprengel anomaly (see Chap. 5), occurs in up to
42 % of patients with Klippel-Feil syndrome. In
up to half of children with Sprengel deformity,
there is an omovertebral bone which extends
from the medial border of the scapula to the pos-
terior elements of C5-C7 [54].

Primitive renal tissue is closely linked with the
developing cervicothoracic junction, and there-
fore renal anomalies accompany Klippel-Feil
syndrome in more than 50 % of patients.
Unilateral renal agenesis is most common, but
ectopia and horseshoe kidney may be seen. US
should therefore be performed on all patients
with congenital cervical spine abnormalities.

Imaging

Radiographs demonstrate total or partial fusion
of cervical spinous processes, laminae, pedicles,
and vertebral bodies (Fig. 3.40). C2-3 and C5-6

Fig.3.40 Klippel-Feil syndrome with associated diaste-
matomyelia in a teen. (a) Multilevel fusion of vertebral
bodies and posterior elements. (b) Axial TI-W MRI

shows split cord (arrow). Also note asymmetric muscula-
ture (Courtesy of Rebecca Stein-Wexler)
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are most often affected. Upper thoracic segmen-
tation anomalies, scoliosis, rib fusion abnormali-
ties, and Sprengel deformity may also be seen.
Progressive fusion incorporating additional ver-
tebral bodies has been observed as these patients
mature. The complex anatomy in this area lends
itself to CT evaluation, and sagittal or coronal
reformatted images as well as 3D reconstructions
are often helpful. MRI may delineate associated
pathology, such as diastematomyelia (Fig. 3.40).

4.2 Lumbosacral Agenesis

(Caudal Regression)

As with many abnormalities of the spine, caudal
regression varies from mild to severe. At least
one sacral segment is usually present, but the
entire sacrum and lumbar spine can be absent,
and in especially severe cases, even the distal tho-
racic spine may fail to form. Unilateral sacral
maldevelopment/agenesis results in a sickle-
shaped sacrum and sometimes a protruding ante-
rior meningocele. The constellation of scimitar
sacrum, presacral mass, and anorectal malforma-
tion is termed Currarino triad. Currarino syn-
drome is the familial autosomal dominant form
of the triad related to mutations of a homeobox
gene, HLXB9, on chromosome 7 [55].

The spinal cord segments distal to the aplastic
vertebrae are usually absent, and bowel/bladder
dysfunction is common (indeed, the astute radi-
ologist may diagnose partial sacral agenesis
when performing fluoroscopy to assess vesico-
ureteral reflux, neurogenic bladder, or constipa-
tion). Flexion contractures may be seen at the
hips and knees. Hip dysplasia occurs in 20 % of
cases (Fig. 3.41) and foot deformities in up to
50 %. More than 50 % of patients have scoliosis
[56]. Up to 20 % of patients with this abnormality
are children of diabetic mothers.

Imaging

The radiographic appearance varies with the
level of agenesis. If the sacrum is completely
absent, the iliac bones may fuse at the midline or
articulate with each other below the lowest intact
vertebral segment—Ilumbar or thoracic. If any
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Fig. 3.41 Sacral agenesis and left hip dysplasia in a
1-year-old girl. The iliac wings articulate with each other.
The left hip is dislocated superolaterally, and the left ace-
tabulum is dysplastic and shallow (Image copyright
Shriners Hospital for Children Northern California)

portion of the sacrum is present, its position is
normal, between the iliac wings.

US evaluation of the urinary tract is essential,
since all patients with more than one absent
sacral segment have neurogenic bladder and
many also have abnormalities of the upper uri-
nary tract. Lower tract disorders such as megalo-
urethra and congenital urethral valves as well as
strictures and duplications are common [57].
Gastrointestinal anomalies may be encountered
as well.

MRI of the abdomen and spine should be per-
formed early. Spine MRI (Fig. 3.42) may demon-
strate dural sac stenosis, intradural adhesions,
and cord tethering, whereas abdomen MRI may
demonstrate visceral and musculoskeletal abnor-
malities important for staged surgical repair.

4.3 Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is inherited as an
autosomal dominant trait that involves chromo-
some 17. Mesodermal dysplasia results in a wide
variety of skeletal and soft tissue findings (see
Chap. 23 for more extensive discussion of NF1).
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Fig.3.42 Sacral agenesis in a 6-month-old. (a) The iliac ~ vertebral segments below S1 (arrow), along with tether-
wings are positioned too closely together, and most of the  ing of the spinal cord into a large lipoma that involves the
sacrum is absent. (b) There are no vertebral segments canal, retrorectal space, and subcutaneous tissues

below S1 (arrow). (¢) Sagittal T2-W image shows no

Fig.3.43 Neurofibromatosis.
(a-frontal, b-lateral)
Radiographs in brace show a
sharp-angle lower thoracic
dystrophic scoliosis and
anterior vertebral scalloping
(black arrows). There is also
penciling of the posterior left
tenth and 11th ribs (white
arrows) (Images copyright
Shriners Hospital for
Children Northern
California)

More than 50 % of patients have skeletal lateral borders of vertebrae, and irregularities of
abnormalities, including scoliosis and kyphosis. the vertebral margins (Fig. 3.43). Posterior verte-
Mesodermal dysplasia may result in vertebral bral scalloping may result from lack of a strong,
wedging, concave scalloping of the anterior and intact dura (dural ectasia) or from intraspinal
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Fig.3.44 Neurofibromatosis.
There are massive plexiform
neurofibromas (arrows) as
well as posterior vertebral
scalloping (arrowheads)

neurofibromas (Fig. 3.44). This may also be seen
with other mesenchymal abnormalities and col-
lagen vascular diseases, such as Marfan, Ehlers-
Danlos, and Déjerine-Sottas syndromes [58].

Spinal deformity—most often kyphoscoliosis—
is seen in 10-69 % of patients with NF1 and is
most common in the thoracic region [59]. Curves
may be dystrophic or nondystrophic. Nondys-
trophic scoliosis is more common and resembles
the idiopathic form, although it can modulate to
the dystrophic form. As many as 80 % of curves in
children younger than 7 years of age will indeed
eventually become dystrophic [60].

Dystrophic scoliosis is characterized by a
sharply angulated, short-segment curve of four to
six vertebral levels (see Fig. 3.43). Neurofibromas
may be present, and vertebral bodies at the apex
are dysplastic and may appear wedged, scal-
loped, and rotated. Foramina may be enlarged
(usually due to meningeal ectasia and CSF pulsa-
tions), and transverse processes can be quite nar-
row; this configuration contributes to spine
instability. The ribs may appear thin (“penciled”),
twisted, and irregular. If very thin, they may pen-
etrate the spinal canal at the apex of the curve and
cause neural compression [59]. Dystrophic
kyphoscoliosis progresses rapidly and requires
aggressive treatment.
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Severe kyphosis of the cervical spine can sug-
gest the diagnosis of NF1. Cervical spine abnor-
malities resemble those elsewhere in the spine
and occur in as many as 40 % of those with sco-
liosis [61]. Instability, including atlantoaxial
instability, and neurologic deficits may be present
in addition to kyphosis [62].

Imaging

Radiographs depict the bony findings described
above. Preoperative MRI is essential for patients
with NF1, and many advocate routine spine
MRI. This allows characterization of dural ecta-
sia, anterior and lateral meningoceles, myelopa-
thy, thecal volume (often increased), and potential
intraoperative cord compression. Neurofibromas
are readily identified because of their markedly
increased T2 signal, characteristic dumbbell or
plexiform appearance, and avid enhancement.

44  Additional Syndromes

Abnormal formation and growth of the spine
are common in many bone dysplasias and herita-
ble syndromes. Kyphosis occurs in 70 % of some
dysplasias, especially achondroplasia (Fig. 3.45),
mucopolysaccharidoses, spondyloepiphyseal
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Fig.3.45 Achondroplasia.
(a) There is progressive
decrease in the interpedicu-
late distance in the lumbar
spine. The pelvis also shows
typical features of achondro-
plasia. (b) The pedicles are
short, and there is focal
thoracolumbar kyphosis. The
discs are nearly as tall as the
vertebral bodies (Images
copyright Shriners Hospital
for Children Northern
California)

dysplasia congenita, diastrophic dysplasia, and
metatropic dwarfism. Scoliosis occurs in about
one fourth of patients with spondyloepiphyseal
dysplasia (Fig. 3.46), diastrophic dysplasia, and
metatropic dwarfism. Clinical and skeletal factors
can assist with diagnosis, but genetic mapping is
necessary in order to differentiate between simi-
lar syndromes.

Some of the more common syndromes and
dysplasias are discussed in Chap. 23 (such
as achondroplasia, osteogenesis imperfecta,
and trisomy 21). A few unusual syndromes are
discussed briefly below, but thorough presenta-
tion is beyond the scope of this text. Texts
on skeletal dysplasias offer a more complete
review [63].

Spondylocostal dysostosis (Jarcho-Levin syn-
drome) is an autosomal recessive disorder, char-
acterized by congenital abnormalities of the spine
and associated dysplasia of the ribs, leading to

severe lordosis and variable thoracic insuffi-
ciency (Fig. 3.47). Spondylothoracic dysostosis
(Lavy-Moseley syndrome) has less severe lum-
bar and rib anomalies, but there is a crab-like tho-
racic deformity due to posterior element fusion,
and the clinical prognosis is worse (Fig. 3.48). It
is seen predominantly in children of Puerto Rican
descent [64].

Marfan syndrome is characterized by reduced
amounts of stable collagen and such abnormali-
ties as ectopia lentis, thoracic kyphoscoliosis,
dural ectasia, arachnodactyly, pectus excavatum
deformity, and cardiovascular lesions. Any of
these traits may be partially expressed. Scoliosis
is present in 40-60 % of patients. Vertebral scal-
loping and intrasacral meningoceles may also
occur. With autosomal dominant inheritance,
Marfan syndrome should be considered in tall,
myopic children with pectus excavatum defor-
mity and a family history of scoliosis.
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Fig.3.46 Spondyloepiphyseal dysplasia. There is diffuse
platyspondyly and biphasic scoliosis. Fragmentation of
the femoral heads

The most important feature of trisomy 21 is the
malformation, aplasia, or laxity of the transverse
ligament that holds the odontoid to the axis, result-
ing in C1-2 subluxation in 20 % of patients (dis-
cussed in the section above on atlantoaxial
subluxation). In addition, cervicothoracic kypho-
sis may develop in young adults. It resembles
juvenile kyphosis radiographically, with decreased
disc space height and with end plate irregularities.

Significant abnormalities of the spine occur
in many other dysplasias. For example, kypho-
scoliosis is a prominent feature of diastrophic
dwarfism, and extreme platyspondyly is seen
with metatropic dwarfism. Patients with osteo-
genesis imperfecta (Fig. 3.49) may have severe
scoliosis, or their spine may be normal.
Butterfly vertebrac may be seen in patients
with Alagille syndrome (see Fig. 3.19), also
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Fig.3.47 Spondylocostal dysostosis with multiple hemi-
vertebrae and butterfly vertebrae

Fig. 3.48 Spondylothoracic dysostosis with crab-like
deformity of the thorax due to posterior rib fusion

known as arteriohepatic dysplasia [65]; these
patients also have a paucity of bile ducts (result-
ing in chronic cholestasis) and congenital heart
abnormalities such as tetralogy of Fallot and pul-
monary artery stenosis.
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Fig.3.49 Osteogenesis
imperfecta, characterized by
severe scoliosis, biconcave
vertebral bodies, osteoporo-
sis, and acetabular protrusion
(a-frontal, b-lateral)

Tab!e ?.2 Etiologies of Category Subtype Example
scoliosis Idiopathic Infantile
Juvenile
Adolescent
Congenital Osteogenic Segmentation anomalies
Neurogenic Spinal dysraphism
Chiari malformations
Developmental Bony dysplasia Achondroplasia
dysplasia/dysostosis Mesenchymal dysplasia Neurofibromatosis
Neuromuscular Neurogenic Cerebral palsy
Myopathic Duchenne muscular dystrophy
Tumor Osseous Osteoid osteoma
Intracanalicular, extramedullary Neurofibroma
Intracanalicular, intramedullary ~ Astrocytoma
Paraspinous Ganglioneuroma
Trauma
Infection Tuberculous
Rheumatoid Juvenile idiopathic rheumatoid
arthritis
Adapted from Refs. [66, 86, 104]
5 Idiopathic Scoliosis lesions (Table 3.2). Non-idiopathic scoliosis may

The word scoliosis, derived from the Greek word
for curvature or crookedness, refers to curvature
of the spine in the coronal plane. About 80 % of
cases of scoliosis [66] are of seemingly spontane-
ous origin and thus termed idiopathic. Non-
idiopathic causes of scoliosis include congenital
spinal anomalies, neuromuscular disease, and
irritative, traumatic, metabolic, or extraspinal

also be associated with neuroectodermal or
mesodermal diseases or syndromic dysplasias.
Many theories have been advanced to explain
idiopathic scoliosis, etiology, including connec-
tive tissue abnormalities, unusual growth pat-
terns, neuromuscular and central nervous system
(CNS) aberrations, and hormonal variations,
but none seems to explain all the features that
may be encountered [67]. There is evidence for
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multifactorial inheritance [67-69], as the rate of
scoliosis occurring in first-degree (10-11 %) or
first- through third-degree (26 %) relatives is up
to 20 times that expected in the normal popula-
tion. Geographic variation in the incidence of
scoliosis is also well recognized. Estimates of
the prevalence of adolescent idiopathic scoliosis
in the normal population (in patients 10-16 years
old) varies from 2 % to 4 %, depending on how
scoliosis is defined [68].

It is important to remember that spinal curvature
is three dimensional [66]. Biomechanical initiation
of scoliosis appears to begin with axial rotation of
the involved thoracic vertebral bodies, resulting in
increased pressure on the more ventrally placed ver-
tebrae and decreased pressure on the more dorsally
placed vertebrae [70]. In the immature skeleton,
bone growth is inhibited by growth plate compres-
sion and accelerated by growth plate tension; this
results in the more ventral part of the spine becom-
ing the concave side of the curve and the dorsally
located vertebrae the convex side. Mechanical
imbalance accelerates during skeletal growth, with
resultant progression of scoliosis. Supporting this,
the pedicles and laminae are short and thick on the
concave side of the curve, and the cartilage of the
ipsilateral end plates demonstrates degeneration
and decreased chondrogenesis along with osteogen-
esis, consistent with growth inhibition.

Scoliosis may progress during growth but
ceases with skeletal maturity unless the curve is
severe (more than 30°) [66].

5.1 Clinical Variants

Idiopathic scoliosis has been divided into three
temporal classes, defined by age of onset/recog-
nition/main period of progression: infantile
(0-3 years), juvenile (4-10 years), and adoles-
cent (11-18 years) (Box 3.5). It can alternatively
be grouped into early onset (<5 years of age) and
late onset (>5 years of age), based upon the risk
of developing cardiopulmonary complications;
progressive early-onset scoliosis can lead to
cardiopulmonary compromise in later life,
whereas late onset does not [71]. The following
discussion employs the classic division into three
different age groups.
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Box 3.5: Idiopathic Scoliosis

Infantile

Onset <3 years old, 75 % resolve by age 2 years
0.5-4 % of cases of scoliosis

Usually thoracic levoconvex

More likely  Onset after age 1 year
to progress if
Double major curve
>35°

Altered articulation between ribs
and vertebrae

Juvenile

Onset 4-10 years old, almost all will progress
12 % of cases of scoliosis

Usually dextroconvex

Adolescent

Onset 11 years old to skeletal maturity

Most common

Usually thoracic dextroconvex, compensatory
lumbar levoconvex

Curve increases most quickly during growth
spurt (Risser 0-1)

Infantile scoliosis is diagnosed before the age of
3 years and accounts for 0.5-4 % of all idiopathic
scoliosis. The clinical picture is typical: it is more
common in boys than girls, is usually not present at
birth but develops during the first 6 months of life,
and is associated with hip dysplasia in 25 % [72].
Plagiocephaly is also commonly associated [73].
Almost all (85-90 %) curves are thoracic and con-
vex to the left (levoconvex) (Fig. 3.50). The curves
resolve without treatment during the first 2 years of
life in three quarters of these patients. Factors that
suggest a curve will progress include: (1) double
major curves, (2) curvature of more than 35°, (3)
onset after the age of 1 year, and (4) changes in the
normal relation of the rib articulation with the ver-
tebra [74, 75]. The rib-vertebral angle difference
(RVAD) also predicts progression (see discussion
on measurement, below).

Juvenile idiopathic scoliosis is first diagnosed
between the ages of 4 and 10 years and represents
about 12 % of all idiopathic scoliosis. There is a
male predominance in younger patients (4—6 years),
but after that age, the curve is more common in
girls. Most curves in patients in the United States
are convex to the right (dextroconvex). Scoliosis
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Fig. 3.50 Infantile scoliosis. There is levoconvex thora-
columbar scoliosis, but no segmentation anomalies. The
RVAs are 74° and 30°, and the RVAD is 74°-30° = 34°,
indicating increased risk of curve progression (see
Fig. 3.58 and text) (Image copyright Shriners Hospital for
Children Northern California)

first recognized at this age almost invariably
progresses.

Adolescent scoliosis is the most common type
of idiopathic scoliosis and is diagnosed in patients
after age 11 years and before skeletal maturity has
been attained. On average, girls present at 13 years
of age and boys at 14. There is a female predomi-
nance of 4:1-8:1. The majority of these curvatures
are dextroconvex in the thoracic region with a levo-
convex lumbar compensatory curve (Fig. 3.51), but
other patterns are common. Curvature increases
most rapidly during the normal growth spurt, coin-
cident with development of pubic hair and breast
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Fig. 3.51 Adolescent idiopathic scoliosis in a 15-year-
old girl. Primary dextroconvex thoracic and secondary
levoconvex curves. Incidental ununited spinous process at
T12 (Same patient as Fig. 3.69) (Image copyright Shriners
Hospital for Children Northern California)

buds; by the time of menarche and male axillary
hair development, about 18 months of growth (and
potential curvature increase) remain. Curves are
thus most likely to progress in patients between age
9 and 13 years, in those with progression skeletal
maturity between 9 and 14 years, if the Risser stage
is 0 or 1 (see following discussion), or if annual
vertical growth exceeds 2 cm [66]. The younger the
patient and the greater the curve, the faster the
curve will progress [76].



3 The Spine: Congenital and Developmental Conditions

5.2 Curve Patterns and Terminology
The Scoliosis Research Society has attempted to
standardize terminology [77]. The curve is iden-
tified by the level of the apical and end vertebrae,
as well as the side of convexity. There are five
possible patterns: (1) cervicothoracic, (2) tho-
racic (most common), (3) thoracolumbar, (4)
lumbar, and (5) double structural (double tho-
racic, combined thoracic and lumbar, combined
thoracic and thoracolumbar) [77]. Although the
length and severity of the curve may change dur-
ing growth, the pattern usually does not.

The direction of curvature is labeled accord-
ing to its convexity. Thus, a curve whose convex
side faces the left is termed “levoconvex,”
whereas a curve whose convex side faces the
right is termed “dextroconvex.”

All curves can be identified as structural
(also called major) or nonstructural (minor).

rightwgrd bend _:1

Fig. 3.52 Scoliosis with lateral bending views. Neutral
view shows primary dextroconvex thoracic and secondary
levoconvex lumbar scoliosis. With rightward bending, the
rightward thoracic curve does not significantly change.

standing
neutral
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Nonstructural curves are flexible with lateral
bending to both sides, straightening when the
patient bends toward the convexity (Fig. 3.52).
Structural curves are less flexible and retain some
deformity with lateral bending. With severe or
long-standing curves, vertebral bodies become
wedged and thoracic kyphosis is reduced, lead-
ing to straightening of the thoracic spine. A com-
pensatory curve that returns spinal alignment to
the midline is usually present above or below a
structural curve of any significant magnitude.
This compensatory scoliosis is initially flexible
but may become structural with time. The most
characteristic idiopathic pattern is a structural
dextroconvex thoracic curve with a compensa-
tory levoconvex lumbar curve.

Finally, the severity of the curvature can be
graded into the following groups: I, less than 20°;
11, 20 to 30°; I11, 31 to 50°; IV, 51 to 75°; V, 76 to
100°; VI, 101 to 125°; and VII, more than 125°.

leftward bend

With leftward bending, there is complete correction of the
leftward compensatory curve (Images copyright Shriners
Hospital for Children Northern California)
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5.3 Imaging Techniques

Radiology plays an essential role in identifying
and following any type of scoliosis. To analyze
alignment from CS5 to the level of the hips, a fron-
tal (coronal) standing projection of the spine is
obtained (without shoes), from the lower edge of
the mandible to the level of the top of the greater
trochanters. Although some centers obtain the ini-
tial frontal image in the anteroposterior projection
in order to achieve greater bone detail at the spine,
the posteroanterior projection is generally pre-
ferred, since it delivers a lower radiation dose to
the breasts and thyroid. If the patient is unable to
stand, a sitting or supine view may be performed.

B.H. Taragin and S.L. Wootton-Gorges

Structures outside the field of view are excluded
by collimation and using a gonadal shield. To
reduce breast and thyroid exposure, a combina-
tion of posteroanterior positioning, breast shields,
high tube voltage, contoured beam filtration, high-
speed films and screens, replacement of anti-scat-
ter grids with air gap techniques, and segmented
field radiography with beam collimation can be
employed [78, 79]. Using computed radiography
or digital imaging systems also reduces dosage.
For example, the EOS 2D/3D low-dose digital
imaging device (EOS Imaging SA, Paris, France)
simultaneously captures frontal and lateral stand-
ing images that can then undergo 3D reconstruc-
tion to create 3D surface images (Fig. 3.53). These

Fig. 3.53 Spine image obtained with low-dose digital
EOS 2D/3D device. Frontal (a) and lateral (b) images of
the spine can be processed into a variety of 3D images,
including coronal (c), sagittal (d), and axial (e). In this

case, the apical and end vertebrae have been highlighted
with yellow and blue. The axial 3D image shows the
degree of rotation and displacement (Courtesy of Leslie
E. Grissom)
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Fig. 3.54 Neurogenic scoliosis in a 7-year-old girl. (a)
Standing view shows severe dextroconvex thoracolumbar
C-shaped scoliosis. Note pelvic tilt, gastrostomy button,
and gracile long bones. (b) Stretch supine view shows
improvement in the rightward scoliosis. (¢) Sitting view in

can be manipulated further to allow detailed analy-
sis of curve structure [80]. All of these measures
should be employed in any facility performing a
significant number of spine examinations, as radio-
graphic monitoring of scoliosis has been shown to
increase the risk of breast cancer, thyroid cancer,
and infertility [76, 81-84].

Since scoliosis is a three-dimensional process
and the sagittal component of the thoracic curve
must also be assessed, initial evaluation includes
a lateral projection of the spine. Further lateral
projections are usually only performed if there is
evidence of abnormal kyphosis or lordosis. The
sagittal image is obtained with the same field lim-
its, shielding, and technique described above. To
remove the effect of upper extremity positioning
on forward or backward lean, the arms should be
extended parallel to the floor with the wrists rest-
ing on a support (usually an intravenous [IV]
pole) so they do not bear weight.

Other imaging techniques may be necessary
for surgical planning or to determine the need for

brace after posterior instrumentation and fusion shows
significantly improved curvature (compared to preopera-
tive study) (Images copyright Shriners Hospital for
Children Northern California)

bracing. In these situations, the degree of flexibil-
ity and correctability of curvatures is evaluated
with supine maximal bending images. If the
patient cannot cooperate with bending studies, a
stretch or traction supine view may be obtained
(Fig. 3.54). Since dose-reduction techniques do
not provide optimal visualization of osseous
anatomy, detailed anteroposterior (AP) images
are indicated to further evaluate suspicious areas.
In addition, complex osseous abnormalities may
be assessed on noncontrast CT with three-
dimensional (3D) reformation. All of these
examinations should be ordered judiciously to
minimize radiation exposure.

Additional imaging may be helpful. For
example, skeletal maturity can affect treatment
decisions; the hand, elbow, and iliac crest apoph-
yses provide information about skeletal maturity
at different ages (see Chap. 2). If leg length dis-
crepancy (Fig. 3.55) is suggested by clinical
evaluation or significantly unequal iliac crest
height, leg length measurement may be performed
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Fig.3.55 Scoliosis
resulting from leg length
inequality in an 8-year-old
boy. (a) The right hemi-
pelvis is higher than the left,
and there is levoconvex
thoracolumbar scoliosis.
(b) Left femoral (and to a
lesser degree tibial and
fibular) hypoplasia (Images
copyright Shriners Hospital
for Children Northern
California)

by a variety of techniques (see Chap. 13). In
order to eliminate the effect of leg length dispar-
ity on spinal curvature, erect spine radiographs
can be obtained with the patient sitting
(Fig. 3.56), or a standing view can be obtained
with blocks elevating the short extremity.
Nuclear scintigraphy is reserved for demonstrat-
ing whether an irritative focus (e.g., osteoid oste-
oma) is causing scoliosis and for evaluating
postoperative pseudarthrosis.

In cases of congenital scoliosis, the urologic
system should be evaluated by screening US,

whereas the presence of symptoms dictates the
need for renal US in cases of idiopathic scoliosis.
MRI is useful in assessing underlying or occult
spinal pathology in scoliosis. MRI should be per-
formed when intraspinal tumors are suspected
based on clinical or radiologic examination;
indeed, 27 % of patients with intraspinal tumors
also have scoliosis [85] (Fig. 3.57). Other clinical
indications for spine MRI include spinal dysra-
phism, early age of onset of scoliosis, painful
scoliosis, abnormal neurologic exam, rapidly
progressive curve (more than 1° per month),
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Fig.3.56 Flexible
positional spinal curvature
due to leg length inequality.
(a) Standing view shows
dextroconvex spinal
curvature with pelvic tilt
(left side higher due to

short right lower extremity).
(b) Curvature flips when the
patient sits (Images
copyright Shriners Hospital
for Children Northern
California)

atypical curve (such as levoconvex thoracic),
developmental abnormalities such as neurofibro-
matosis or Klippel-Feil syndrome, and for surgi-
cal clearing or to assess for postoperative
complications [79, 86].

Two to four percent of neurologically normal
patients with idiopathic adolescent scoliosis have
CNS abnormalities [87—-89], the most common

being Arnold-Chiari I malformation, subtle syr-
inx, tethered cord, and filar lipoma [86]. In the
absence of a neurologic deficit, the first two
would usually not be treated [90]. However, treat-
ing a CNS lesion may prevent neurological dete-
rioration and progression of scoliosis, and the
presence of an untreated lesion may compromise
successful surgical correction [91].
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Fig.3.57 Scoliosis in a 13-year-old boy with hyperac-
tive reflexes and and positive Babinski test. (a)
Levoconvex thoracic and dextroconvex lumbar spinal
curve. Sagittal T1-W gadolinium-enhanced (b) and

5.4 Radiologic Analysis
and Imaging Techniques

(Boxes 3.6, 3.7)

Box 3.6: Techniques for Measuring
Scoliosis

Cobb: assesses angle of curvature in coronal or
sagittal plane
Angle between lines parallel to end plates or
pedicles of upper and lower vertebrae
Difference of 6° indicates progression
Rib-vertebral angle difference (RVAD):
indicates likelihood of progression
Evaluate apical vertebra on frontal projection
Based on comparing bilateral rib-vertebral
angles (RVA)
RVA: angle between line connecting/
extending from the head and neck of each
rib (where neck widens into shaft)
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T2-W (¢) images show an enhancing, partially cystic
ependymoma in the cervical and upper thoracic cord,
bulging upward into the posterior fossa. There is also a
thoracic syrinx (arrow)

Vertical line perpendicular to vertebral
end plate

RVAD = concave side RVA minus convex
side RVA

RVAD >20° indicates progression is likely

Box 3.7: Nash and Moe Technique to Assess
Vertebral Body Rotation

Evaluates position of pedicle on convex side of
curve on frontal projection

Divides convex side of vertebral body into
thirds

1+ Pedicle in lateral third
2+ Pedicle in middle third
3+ Pedicle in medial third or at midline

4+ Pedicle projects over other side of the
vertebral body
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Several key components of every curve must
be assessed, including identifying the apical and
transitional vertebrae. The apical vertebra is the
one that is most rotated and most laterally dis-
placed; its end plates are the least tilted
(Fig. 3.58). Rotation and lateral displacement of
the vertebrae above and below this apical verte-
bra will diminish until either no curve remains or
an opposite curve begins. The vertebrae at the
termination of the curvature are called either

Fig. 3.58 Triphasic idiopathic scoliosis in a 16-year-old
girl. The primary dextroconvex thoracic curve Cobb angle
measures 54° (A apical and E end vertebrae of this curve).
There are compensatory levoconvex lumbar and upper tho-
racic curves. The thorax is centered to the right of the pelvis
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“end” or “transitional,” respectively. These verte-
brae may be identified by their lack of rotation
and by the fact that lines drawn along their supe-
rior and inferior end plates point maximally
toward the concavity of the curve. Additionally,
at the transitional or end vertebrae, the interverte-
bral disc space will be maximally wedged, with
the greatest width on the convex side of the curve.

Once the curve extent has been determined, all
subsequent measurements should use the same
vertebral end points, unless the curve becomes
longer or shorter. In that case, the new examination
should be compared with the most recent, assess-
ing the alteration in curve extent.

The Scoliosis Research Society recommends
the standardized Cobb method of calculation. A
line is drawn along the superior end plate of the
upper end (or transitional) vertebra, and another
is drawn along the inferior end plate of the lower
end (or transitional) vertebra (Fig. 3.58). If the
end plates are indistinct, the tops or bottoms of
the pedicles may be used. The angle between
these two lines (or between lines drawn perpen-
dicular to them, if the angle is not sufficiently
acute to allow measurement) is the degree of cur-
vature. Severe vertebral wedging may exaggerate
the true curve measurement.

When two oppositely convex curves are
present but contiguous, the lower end vertebra
of the upper curve represents the upper end ver-
tebra of the lower curvature and is therefore
included in both measurements. This technique
has an interobserver error of 7-9° [92, 93]. The
95 % confidence level for any observed change
between serial measurements is 3.3-10° for
scoliosis and 11° for kyphosis [93-95]. The
variation is less with computer-generated mea-
surements [79]. Generally, a difference of 6°
between serial radiographs indicates curve pro-
gression [79].

The rib-vertebral angle difference (RVAD)
predicts curves that are more likely to progress.
The rib-vertebral angle (RVA), which is deter-
mined on a frontal radiograph at the apical verte-
bra and its corresponding ribs, is formed by the
intersection between a line drawn along the mid-
point of the head and neck of each rib and a verti-
cal line drawn perpendicular to the superior or
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convex
concave

Fig. 3.59 Rib-vertebral angle (RVA) and rib-vertebral
angle difference (RVAD) calculation. The RVA is the angle
formed between a perpendicular line drawn to either the
upper or lower end plate of the apical vertebra with a second
line drawn from the midpoint in the rib head to the midpoint
in the rib neck just medial to the region where the neck wid-
ens into the shaft of the rib (angle A for concave side, B for
convex side). The RVAD is the difference between the RVA
on the concave and convex sides of the curve (A-B)

inferior end plate of the vertebra (Fig. 3.59). The
RVA is usually smaller on the convex side of the
curve. The RVAD is obtained by subtracting
the RVA on the convex side from the RVA on the
concave side. If the RVAD is greater than 20° and
if the head of the rib projects over the vertebra,
the curve will likely progress. In addition, when
both the RVA is less on the concave side than the
convex side of the curve and the eleventh and
twelfth ribs are very oblique to the spine, a dou-
ble structural progressive curve is likely.

The Cobb method is also used to determine
the degree of lordosis or kyphosis on the lateral
projection (Fig. 3.60). Thoracic kyphosis is usu-
ally measured between the superior end plate of
T3 and the lower end plate of T12; lumbar lordo-
sis is measured between the top of LI and the
lower edge of L5. Normal thoracic kyphosis
ranges from 21 to 42°, and normal lumbar lordo-
sis ranges from 31 to 50° [27]. These values do
not change with patient age, sex, height, or
weight [96]. Severe scoliosis is often associated
with thoracic lordosis and straightening of nor-
mal lumbar lordosis.

Rotation is maximal in the apical vertebra of
the structural curve. One or more of the verte-

Fig. 3.60 Mildly increased thoracic kyphosis in an
8-year-old girl. Cobb measurement technique delineates
45° of kyphosis

brae above or below the maximally tilted end
vertebra may also be rotated. Generally, the ver-
tebral body rotates anteriorly toward the con-
vexity, although CT studies have shown both
opposite rotation with scoliosis and the pres-
ence of some rotation in patients without scolio-
sis [97].

Rotation is common but not obligatory; occa-
sionally, fairly severe curves have no rotation.
Nash and Moe describe a method for estimating
rotation, mild to severe, and this should be suffi-
cient for clinical purposes [66, 98] (Fig. 3.61).
The pedicles of a non-rotated vertebra are sym-
metrically positioned, tangent to the edges of the
vertebral body. With rotation, the body usually
turns toward the convex side of the curve, and the
pedicle on this side appears to move away from
the edge of the vertebral body and toward the
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Fig.3.61 Grading of vertebral rotation by the Nash-Moe
method. (a) No rotation. (b) Grade 1. (¢) Grade 2. (d)
Grade 3. (e) Grade 4. On a frontal spine radiograph, each
involved vertebra is bisected by an imaginary line, and the
half vertebra on the convex side is then divided into outer,
middle, and inner thirds. Rotation is quantified on the

midline. The pedicle on the concave side becomes
progressively less apparent.

Rotation can be estimated by assessing the
pedicle position relative to the vertebral body
(evaluating the pedicle on the convex side of the
curve). The distance between the vertebral edge
and its midline is divided into thirds. If the pedi-
cle lies in the lateral one third, rotation is termed
1+; in the middle one third, 2+; and in the medial
one third or in the midline, 3+. Rotation greater
than this is denoted 4+. Roughly speaking, the
percentage of migration of the pedicle equals the
degree of rotation of the body; for example, 50 %
pedicle displacement (pedicle in midline, or 3+)
equals 50° rotation. CT may be employed if this
determination affects critical surgical decisions.

How a curve changes with bending determines
whether or not it is structural (see Fig. 3.52).
While a nonstructural curve corrects scoliosis
and vertebral rotation (returning to normal,
straight alignment), morphologic changes pre-
vent structural curves from correcting.
Nonstructural curves are usually either compen-
satory to structural scoliosis or secondary to irri-
tative or extraspinal causes, most often leg length
discrepancy. With leg length discrepancy, the
convexity of the curve is ipsilateral to the short
limb (see Fig. 3.55). A nonstructural curve usu-
ally does not progress; however, it may become
structural due to growth retardation on the con-
cave side of the curve and subsequent ligament
shortening [66]. Additionally, wedging of the
vertebral body indicates a permanent structural
change. The degree of wedging can be graded
from 1+ to 4+ [99].

basis of the location of the convex-side pedicle in one of
these segments and the visibility of the concave-side ped-
icle, which gradually disappears as rotation progresses.
The pedicles are shown as vertically oriented ovals
(Reprinted with permission from Kim et al. [66])

Coronal and sagittal balance is measured
using a plumb line from the center of the C7 ver-
tebral body (Fig. 3.62). On the frontal view, this
line is compared with the central sacral vertebral
line (CSVL). The CSVL bisects the sacrum and
is drawn perpendicular to a tangent connecting
the iliac crests [66]. The normal CSVL is within
2 cm of the plumb line. On the lateral view, the
plumb line should be within 2 cm of the sacral
promontory (defined as the most cephalad part of
the ventral sacrum) [100].

On the lateral view, the gravity line and pelvic
incidence assess gravitational alignment between
the trunk and feet. The center of balance, or grav-
ity line, should be located anterior to the spine on
the lateral view [101]. Since anteroposterior
translation and/or rotation of the pelvis attempts
to maintain sagittal balance, evaluating pelvic
alignment is essential in patients with scoliosis
[101]. Pelvic incidence, which is the sum of pel-
vic tilt and sacral slope, is utilized to describe
pelvic alignment and guide corrective surgery
(Fig. 3.63).

Evaluation of maturity is crucial when follow-
ing idiopathic scoliosis, as curvature may increase
until the spine is mature. Radiologic observation
of the iliac apophyses can gauge maturity [102].
The Risser stages of maturity, which correlate
with standard bone age determinations, progress
as follows: the iliac apophysis first ossifies later-
ally (stage 1), and the maturation process extends
medially until there is complete capping of the
crest (stage 4); complete fusion of the apophysis
(stage 5) occurs some years later, often after age
20 (Table 3.3) (Fig. 3.64). However, average age
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Fig.3.62 Idiopathic

scoliosis in a 14-year-old girl.
(a-frontal, b-lateral) The C7
plumb line is the solid white
line on the frontal and lateral
views dropped from the
center of the C7 vertebral
body. The central sacral
vertebral line (CSVL) (dashed
white line), which bisects the
sacrum, is drawn perpendicu-
lar to a line connecting the
tops of the iliac crests (dashed
black line)

>
>

Fig.3.63 Determining pelvic incidence. The sacral slope

is the angle between the horizontal and the sacral plate. Femoral
Pelvic tilt is the angle between the vertical and a line  phgads axis
drawn between the midpoint of the femoral head and the

midpoint of the sacral plate. Pelvic incidence is the sum of

these two angles (Reprinted with permission from Schwab

et al. [101]) Overhang
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Table 3.3 Correlation of Risser stage with mean bone age

Mean bone age (years, months)

Risser stage Girls Boys
1 13,8 14,7
2 14,6 15,7
3 15,2 16,2
4 16,2 17,0
5 18,1 18,6

Adapted from Ref. [126]

I 1V

Fig.3.64 Risser staging. The iliac crest apophysis ossi-
fies from anterior and lateral to posterior and medial. At
stage 0, the apophysis has not ossified. For stages I to IV,
divide the iliac crest into four equal parts and assign the
Risser stage according to the most advanced point of ossi-
fication of the apophysis (this patient is Risser stage IV).
At stage V, the apophysis has fused (Image copyright
Shriners Hospital for Children Northern California)

of menarche—and thus maximal spinal growth—
occurs 8 months before stage 1. During the period
of accelerational growth, before ossification of
the iliac crest apophysis, skeletal maturation may
be assessed by evaluating the olecranon apophy-
sis (Sauvegrain method) or the configuration of
the hand (Greulich and Pyle, among others) (see
Chap. 2 for additional discussion of techniques
for assessing skeletal maturation). The vertebral
ring apophyses tend to fuse at the same time as
the iliac crest apophyses. Thus the spine may
continue to grow and scoliosis to progress, until
Risser stage 5 and after extremity growth plate
fusion [103].

Sequential monitoring is performed at inter-
vals of 4-12 months, depending on the nature of

the curve and age of the child [71]. At each visit,
the same end vertebrae should be measured and
compared to several previous examinations.
After growth stops, curves greater than 30°
should be monitored for progression about every
5 years [66].

55 Treatment

Treatment depends on the etiology and severity
of the scoliosis, associated symptoms, and the
patient’s perception of the deformity. Options
include observation, bracing, and surgery.

Orthotic Management

Nonoperative treatment of scoliosis generally
involves orthotic (brace) control of curvature and
is usually indicated when curvature approaches
the 25-30° range and when children have signifi-
cant growth remaining (Fig. 3.65); it is also indi-
cated at lesser degrees of scoliosis in younger
children with rapid progression. For most curva-
tures, however, a plastic, molded, underarm tho-
racolumbosacral orthosis (TLSO) is adequate.
The brace can be expected to somewhat decrease
the curvature (e.g., from 30 to 20°) and maintain
the curvature at this value. In general, the Cobb
angle should decrease about 30 % when the brace
is in place [104]. After bracing therapy con-
cludes, the curvature may remain improved or
gradually return to its original value by the time
spinal growth is complete. In that case, the ortho-
sis has served to halt progression.

Surgical Management

Spinal fusion is indicated when scoliosis
approaches or exceeds 50°. The primary goal is
to prevent curve progression by fusing the
involved segments; secondary goals include res-
toration of truncal balance, improvement in spi-
nal curvature, and improved cosmesis (such as
diminishing a rib hump) [71]. Occasionally, sur-
gery corrects cardiopulmonary impairment
caused by thoracic deformity. As each case is dif-
ferent, the decision for surgical treatment varies,
based on likely outcomes with or without sur-
gery [71]. Fusion is most commonly performed
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Fig. 3.65 Idiopathic scoliosis. At age 11 years, this girl
had a 43° dextroconvex scoliosis (a) that decreased to 33°
after bracing (b). At age 12, after completion of brace
therapy, her thoracic curve had worsened to 56° (c).
Bending views show that the dextroconvex thoracic curve
decreases to 28° with rightward bending (d) and the 25°

levoconvex secondary curve completely corrects with left-
ward bending (e). After posterior spinal fusion (f), the tho-
racic curve measures 7°, and the secondary levoconvex
lumbar curve has resolved (Images copyright Shriners
Hospital for Children Northern California)
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Fig.3.66 VEPTR instrumentation in an 8-year-old boy.
Radiographs before (a) and after (b) lengthening show
distraction (arrow vs. arrowhead) at the tandem connector

posterior to the laminae; fusion of the anterior
vertebral column is generally combined with pos-
terior fusion and performed for cases of severe
neuromuscular, congenital, and dysplastic scolio-
sis. Hardware, technique, and nomenclature are
continually being modified. While detailed expla-
nation is beyond the scope of this text, some typi-
cal procedures are illustrated in Chap. 27.

Posterior Spinal Fusion (see Fig. 3.65)

Permanent growth arrest and halt in curve progres-
sion are obtained by bone grafting and facet oblit-
eration, with instrumentation holding the spine in
place during the period of graft maturation. The
original stabilization apparatus was the Harrington
rod, but many methods of segmental fusion offer-
ing greater correction and stability have since been
developed. These include custom rods, pedicle
screws, laminar hooks, sublaminar wires, and

(Image copyright Shriners Hospital for Children Northern
California)

crossbars (see Fig. 3.65). Growing implants may
be employed in young patients with severe early-
onset congenital scoliosis, syndromic scoliosis, or
scoliosis due to cerebral palsy, spinal muscular
atrophy, or chromosomal abnormalities. When
growing rods are used, the spine is not fused; this
allows for continued spinal growth while stabiliz-
ing or improving curvature (Fig. 3.66).

Anterior Spinal Fusion

This may be performed alone or in combination
with posterior fusion; the latter is useful when
severe neuromuscular forces would defeat iso-
lated posterior fusion or when bone is dystrophic
or the configuration of posterior elements is sub-
optimal (e.g., with spinal dysraphism). In this
procedure, the intervertebral discs are excised
and the gap is filled with bone. Instrumentation is
applied to the vertebral bodies along the convex
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Fig.3.67 Focal lumbar rotoscoliosis in a teenage girl. (a) Asymmetric pedicles indicate rotation. (b, ¢) Postoperative
images show scoliosis has improved after anterior spinal instrumentation

side of the structural curve, compressing the ver-
tebrae and correcting the curve (Fig. 3.67). If
needed, bone struts are applied to the anterior
aspect of the vertebral bodies. With anterior
fusion, fewer levels may need to be fused.

5.6 Postoperative Evaluation

In the immediate postoperative period, a chest
radiograph is often obtained to evaluate lung
expansion and possible pneumothorax (espe-
cially if a transthoracic approach was used for
anterior fusion). Very rarely, acute neurological
postoperative symptoms may necessitate CT to
evaluate for hardware malplacement/displace-
ment or MRI to evaluate for cord or nerve injury.
Postoperative infection or abscess is best defined
by contrast-enhanced CT. Before hospital dis-
charge, it is necessary to confirm that instrumen-
tation is intact and has not displaced.

Occasionally, gastroduodenal obstruction devel-
ops during treatment, attributed to compression of
the third part of the duodenum by the superior mes-
enteric artery (SMA). Although the exact mecha-
nism is uncertain, the duodenum may become
trapped in the angle formed by the SMA and the
aorta due to elongation of the spine and stretch-
ing of the mesentery. Weight loss may contribute to
compression of the duodenum between the SMA
and the aorta. Abdominal radiographs show gastric
dilatation, and the diagnosis can be confirmed by
administration of a small amount of barium after
gastric decompression. Extrinsic compression of
the SMA is characteristic, appearing as a sharp,
oblique termination of the barium column in the
transverse duodenum (Fig. 3.68). This obstruction
may partially correct after the patient is placed in
the left lateral decubitus or prone position. Surgical
intervention is rarely necessary; instead, nasojeju-
nal feeding with continued gastric drainage usually
suffice until symptoms resolve.
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Fig.3.68 Superior mesenteric artery (SMA) syndrome in
a patient with cerebral palsy and scoliosis. (a) Abdomen
radiograph shows lumbar levoscoliosis and gaseous dis-
tension of the stomach, along with bilateral dislocated
hips. (b) Image from the upper gastrointestinal tract shows
a dilated proximal duodenum with abrupt vertical cutoff at
the level where the SMA crosses the transverse duodenum
(Images copyright Shriners Hospital for Children
Northern California)
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After spinal instrumentation, the patient must
be monitored at least for skeletal maturity to ensure
security of fixation, confirm integrity of hardware,
exclude pseudarthrosis development, and evaluate
for recurrent or new deformity [71]. Successful
surgical spinal fusion prevents further increase in
the length of the fused segment, although some
anterior growth may occur and result in narrow-
ing of the anterior disc space. This may then lead
to lateral bulging of intervertebral discs [71, 105].

The fusion mass is best seen along the concav-
ity of the curvature. Oblique radiographs may be
necessary to evaluate all portions. Eventually, the
facets and intervertebral discs are obliterated by
bone ingrowth. Surgical complications may
include rod and wire breakage (Fig. 3.69), hook
slippage, spondylolysis at levels of increased
stress below the fusion, and dislocation of facets
above the site of fusion after severe trauma.

At each postoperative evaluation, the density
and maturity of bone fusion should be evalu-
ated. Pseudarthroses are recognized as clearly

Fig.3.69 Fractured spinal instrumentation rods (arrows)
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demarcated gaps in the continuity of bone fusion,
with sclerosis at the edges of the discontinuity;
motion shown on bending films proves true func-
tional pseudarthrosis is present. However, only 68 %
of surgically proven pseudarthroses are visible on
radiographs [106]. Furthermore, areas of decreased
bone density on radiographs as well as irregu-
lar uptake on nuclear scintigraphy, without sharp
edges or sclerosis, are very common during the
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healing process and do not indicate nonunion unless
they persist unchanged for longer than 6 months.
Although oblique images can be obtained, CT is the
standard to confirm pseudarthrosis (Fig. 3.70) [107].
Hardware failure late after fusion suggests but is not
always associated with pseudarthrosis.

Gallstones have been reported in almost 20 %
of patients on average of 4.5 years postoperatively,
attributed to blood loss and hemolysis [108].

the fusion mass at T12-L1 is intact. Pseudarthrosis
(arrow) is also seen on the 3D-CT reformatted image (c)
(Same patient as Fig. 3.51)

Fig. 3.70 Pseudarthrosis after posterior spinal fusion.
Axial CT images at the (a) T12-L1 and (b) L1-2 levels
show a pseudarthrosis on the right (arrow) at L1-2 while
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5.7 Differential Diagnosis (Box 3.8)

Box 3.8: Clues to Non-idiopathic Scoliosis

Findings

Dysmorphic vertebrae

Levoconvex thoracic curve

Short segment severe dystrophic curve with kyphosis
Rib dysplasia, vertebral deformities

Lumbar curve convex to short leg

Flexible, corrects with lateral bending

Long, C-shaped, without compensatory curves
Marked pelvic obliquity

Hip may be dislocated on concave side
Levoconvex or double thoracic curve

Early onset, fails bracing

Pedicle or lamina at curve apex is sclerotic or overgrown
Tumor, fracture, infection, spondylolysis/spondylolisthesis

Although the usual pattern of idiopathic scoliosis
is a dextroconvex thoracic structural curve with
levoconvex nonstructural curve(s) above and/or
below, almost any pattern can be seen. There are,
however, some intrinsic or associated features
that may suggest the scoliosis is not completely
idiopathic.

Intraspinal pathology. Levoconvex thoracic
curves are reported to be more often associated
with hydrosyringomyelia and spinal cord tumors
(see Fig. 3.57). If clinical findings suggest this,
MRI is indicated.

Congenital scoliosis (see Figs. 3.17, 3.18,
3.21, and 3.23). Any congenital vertebral anom-
aly, when not sufficiently severe to cause the
patient’s scoliosis, should prompt a search for an
occult bar or fusion.

Neurofibromatosis (see Figs. 3.43 and 3.44).
Dystrophic curves associated with neurofibroma-
tosis are frequently short, severe, and accompa-
nied with kyphosis. The presence of rib dysplasia
and vertebral deformities, along with other find-
ings of neurofibromatosis, may confirm this eti-
ology (see Chap. 23).

Compensatory scoliosis due to underlying
leg length discrepancy (see Figs. 3.55 and 3.56).
Lumbar curvature is convex on the side of the
short leg; it is flexible and corrects with lateral
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Diagnosis

Congenital scoliosis

Syrinx or spinal cord tumor
Neurofibromatosis

Compensatory (leg length discrepancy)

Neuromuscular

Congenital cardiac disease

Vertebral osteoid osteoma
Pain

bending. There should be significant disparity in
iliac crest level on standing radiographs. Scoliosis
improves with a lift under the short leg.

Neuromuscular scoliosis (see Fig. 3.54 and
further discussion below). These curves are fre-
quently long and C shaped, without compensa-
tory curves above or below. Pelvic obliquity is
usually marked, often with hip dislocation on the
concave side of the curve. The femoral necks
have valgus deformity. The combination of sco-
liosis and pelvic obliquity is almost pathogno-
monic for a neuromuscular imbalance.

Vertebral osteoid osteoma. The pedicle or lam-
ina at the curve apex is sclerotic or overgrown. Back
pain is the presenting complaint (see Chap. 4).

Painful scoliosis. Idiopathic scoliosis is not
painful. If spine pain is significant, consideration
should be given to the presence of osteoid oste-
oma or other vertebral tumor, fracture, infection,
spondylolisthesis, or intraspinal tumor.

Scoliosis in association with other diseases.
The incidence of scoliosis is increased in patients
with a great variety of disorders, often without an
underlying structural osseous anomaly. Scoliosis
occurs in 5-16 % of patients with congenital
heart disease [109]. These patients show an
increased incidence of levoconvex and double
thoracic curves, and early onset and brace failure
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are characteristic [110]. As many as 48 % of
patients with ulnar longitudinal deficiency, radial
longitudinal deficiency, or phocomelia have sco-
liosis, and up to 50 % of those with unilateral and
100 % of those with bilateral amelia have scolio-
sis [111]. Scoliosis has been reported in 13-23 %
of those with spondylolysis and in 25-48 % of
those with spondylolisthesis (see Chap. 4). About
20 % of patients with pectus excavatum have sco-
liosis [112]. Scoliosis is common in diseases
characterized by abnormal collagen and osteope-
nia, such as osteogenesis imperfecta (see
Fig. 3.49) and idiopathic juvenile osteoporosis.
Patients with posterior rib resection and prior
thoracotomy may develop scoliosis whose curve
is concave to the abnormal side, whereas those
with a fractured transverse process may develop
a curve that is convex to the injured side.

6 Neuromuscular Scoliosis

Scoliosis is a common and frequently disabling
concomitant of neuromuscular disease (see Chap.
24). Its incidence varies with the type of disease
and patient age; progression of scoliosis corre-
lates with the severity and symmetry of muscle
involvement. Gravity and growth affect the
unstable spinal column and significantly influ-
ence otherwise nonprogressive conditions, such
as myelomeningocele and poliomyelitis.

A discussion of all of the types of neuromus-
cular disease associated with scoliosis is beyond
the scope of this chapter. A few of the more com-
mon are presented below.

Scoliosis is common in patients with cere-
bral palsy and tends to be worse in those who are
more severely neurodevelopmentally impaired
(Fig. 3.71). Most of these patients eventually
develop associated pelvic obliquity, and this is thus
an important radiologic sign. Furthermore, severe
pelvic tilt causes the pelvis to move away from the
femoral head on the concave side of the spinal cur-
vature, contributing to hip dysplasia/dislocation.

Muscular dystrophies are characterized by a
variety of spinal curvatures. In Duchenne muscu-
lar dystrophy, early muscular changes are usually
symmetric, so scoliosis typically does not prog-
ress until the child is wheelchair bound (Fig. 3.72)
(see Chap. 24). At that point, pelvic obliquity,
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Fig. 3.71 Biphasic scoliosis in a 13-year-old boy with
severe cerebral palsy. There is also a small pelvis com-
pared to the size of the chest, bilateral coxa valga, and
superolateral subluxation of the left femoral head (supine
view)

combined with gravitational and growth effects,
induces progressive and frequently severe scolio-
sis. Chest radiography is important during ado-
lescence, since the cardiomyopathy associated
with this disease will eventually cause cardiac
failure and death. Chest radiographs characteris-
tically show soft tissue wasting, humeral shaft
thinning, and obliquity of the clavicles and ribs
due to weak intercostal muscles. The different
subtypes of spinal muscular atrophy (Fig. 3.73)
manifest scoliosis at different ages. Scoliosis
occurs in 60-70 % of patients with spinal muscu-
lar atrophy, and the average age at onset is
between 7 and 8 years.
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Fig.3.72 Duchenne muscular
dystrophy. Sitting radiographs
show neurogenic (a) levoconvex
C-shaped thoracolumbar curve and
(b) accentuated thoracic kyphosis
and straightening of lumbar
lordosis (Images copyright Shriners
Hospital for Children Northern
California)

Fig. 3.73 Neuromuscular scoliosis in an 8-year-old girl
with spinal muscular atrophy. 53° long C-shaped scoliosis
(sitting, braced). Incidental hiatal hernia (Image copyright
Shriners Hospital for Children Northern California)
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The typical neuromuscular curve is single, C
shaped, dextroconvex, and long thoracolumbar.
Radiographs may show the patient is sitting (often
supported) or supine. Traction radiographs assess
flexibility of the curvature, as these patients cannot
participate in bending exams. Other imaging clues
can include decreased bone density, caninization
of vertebral bodies (see Fig. 3.9), coxa valga with
or without hip dislocation, prominent fecal bur-
den, and/or indwelling gastrostomy button.

7 Juvenile Kyphosis

Thoracic kyphosis and lumbar lordosis develop
as the child adopts an erect posture. Interference
with this normal process results in persistence of
the infantile continuous smooth upper thoracic-
to-lower-lumbar kyphotic curve. Recognizing
persistence of the infantile pattern allows diagno-
sis of developmental delay or generalized muscle
weakness.

Norms for thoracic kyphosis depend on patient
age, measurement limits, and placement of the sub-
ject’s arms. To standardize radiologic evaluation,
the patient should stand with arms extended
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forward and parallel to the floor, supported to
reduce any tendency to lean forward. Measurements
are made from T3, or the highest visible superior
end plate below this, to the inferior end plate of
T12. In children aged 2-9, kyphosis averages
21-24°, with a maximum of 40° [28]. In those aged
10-19, kyphosis averages 25-34°, with a maxi-
mum of 45° [28, 29]. In general, the normal upper
limit in adolescents is 40°. For repeated measure-
ments, the 95 % confidence limit is 11° [94].
Abnormal kyphosis either results from a
primary structural cause or is associated with
another condition. Structural causes include
congenital anomalies, fracture, neoplasm, dys-

plasias, syndromes, and post-laminectomy and
postradiation states. Conditions that are associ-
ated with kyphosis include neuromuscular dis-
orders, myelomeningocele, vertebral and spinal
cord inflammation, and collagen, metabolic, and
skeletal diseases. There is of course some overlap
among these categories. The two main types of
idiopathic juvenile kyphosis are postural kyphosis
and Scheuermann kyphosis (or disease). Postural
kyphosis exceeds 40° and lacks additional abnor-
malities including those described below.
Scheuermann disease (Box 3.9) is charac-
terized by gradual development of abnormal
kyphosis during adolescence (Fig. 3.74) [113].

Fig.3.74 Scheuermann disease in a 15-year-old girl. (a)
Standing radiograph shows disc space narrowing and
anterior vertebral wedging at T8-10, with 82° of kypho-
sis. (b) Lateral radiograph with patient lying on a bolster

placed at the apex of the kyphosis shows marked improve-
ment. (¢) Standing radiograph after anterior and posterior
fusion shows correction of abnormal kyphosis



3 The Spine: Congenital and Developmental Conditions

Kyphosis exceeds 40°, and at least three adjacent
vertebrae are wedged 5 or more degrees [114].
Clinical vertebral deformity and back pain are
present in slightly more than half of these patients.
Males and females are affected equally, and
symptoms are rarely described in those younger
than 11 years of age. Statistics obtained from
young male military recruits indicate that 5-6 %
of the population may be affected, although most
have no symptoms [115]. Scheuermann kyphosis
appears to be inherited, with probable autosomal
dominant transmission and variable penetrance
and expression [113, 116]. There is an increased
incidence of spondylolyses and spondylolisthesis
in patients with Scheuermann disease; this may
cause low back pain.

Box 3.9: Scheuermann Kyphosis

Etiology unknown
5-6 % of population, M = F
Asymptomatic deformity or back pain

Thoracic kyphosis >42° with anterior wedging
of at least three adjacent vertebrae

Decreased disc space height (worse
anteriorly), Schmorl nodes

Increased vertebral anterior-posterior length
Irregular ossification of ring apophyses
Hyperlordosis of lumbar spine

Many cases are incorrectly attributed to poor
posture, delaying correct diagnosis and treat-
ment. Clinically, Scheuermann disease is differ-
entiated from postural kyphosis by the Adam
test, in which the patient is observed from the
side while forward bending. Those with
Scheuermann disease have acute angular defor-
mity, while those with postural kyphosis have
uniform rounding of the spine [114].

Scheuermann disease is considered benign,
as it causes negligible deformity and limited
symptomatology after skeletal maturity [113].
Treatment depends on patient age, the severity
and position of the deformity, and the degree of
pain; surgery is infrequently performed [114].
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If the thoracic kyphosis is between 55 and 80°,
the patient should participate in an exercise
regimen to increase flexibility and also wear a
brace. Brace treatment of Scheuermann kypho-
sis may not only halt progression but also
decrease the severity of kyphosis. If the tho-
racic kyphosis is more than 80°, posterior
instrumentation and fusion with posterior col-
umn shortening may be performed [113].
Severe or rigid kyphotic curves may require
additional anterior release. It is important to
consider preoperative MRI to evaluate for cord
compression from thoracic disc herniation or
from accompanying spinal epidural lipomatosis
[114, 117, 118].

The etiology of this condition is incompletely
understood; extensive pathologic investigation has
shown no evidence of inflammation, osteochon-
dritis, or avascular necrosis. Histopathological
evaluation shows disorganized enchondral ossi-
fication similar to Blount disease, thinning or
absence of vertebral end plates and ring apophy-
ses, as well as a decrease in collagen fibrilism,
altered proteoglycan content, and increased
muccopolysaccharides in the end plates [113].
However, it is unclear whether these changes
are primary or secondary. Biomechanical abnor-
malities have been suggested, including lack of
anterior pelvic tilt with forward bending result-
ing from hamstring tightness commonly found in
these patients [113]. Since Scheuermann disease
has been reported in chimpanzees and gorillas,
upright posture may not be essential in the devel-
opment of this deformity [119]. Trabecular bone
structure is normal [120].

Classic work by Schmorl has found fissures in
the cartilaginous end plate adjacent to the nucleus
pulposus, with nuclear material herniating
through these areas [121]. It is uncertain why
these fissures develop, however—perhaps
because cartilage in this area is relatively thin or
because unrecognized variability in cartilage
structure or cartilage-osseous boundary predis-
poses to fissuring. In any case, once trauma or the
usual stresses of childhood open these fissures,
herniation of disc material occurs, followed by
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fibrosis and reactive sclerosis. The so-called
Schmorl nodes are formed by sclerosis outlining
the cystic areas where nucleus pulposus has her-
niated through fissures (see Fig. 3.10). However,
Schmorl nodes alone do not indicate the presence
of Scheurmann disease, since isolated central end
plate disc herniation without vertebral wedging is
seen in almost the same proportion of normal
teenagers.

Loss of disc material causes decreased disc
space height, most notable anteriorly, since the
posterior height of the intervertebral space is
maintained by facet articulations. The loss of
elasticity and increased pressure anteriorly retard
growth in this area, eventually resulting in wedg-
ing of the vertebral body. It is important to recog-
nize that the wedging is an anterior growth
dysfunction and not analogous to the compres-
sive wedging seen with osteoporosis. Abnormal
pressure dynamics presumably cause irregular
ossification of the ring apophysis.

Imaging

Radiologic examination should include erect
frontal and lateral projections of the thoracic and
lumbar spine. The vertebral bodies are anteri-
orly wedged, slightly flattened, and often elon-
gated from front to back. The cortical outlines
may be irregularly marginated or indistinct.
Only one or two vertebrae may be affected, but
in most cases three or more are abnormal; half
of the patients have five or more wedged verte-
brae. Vertebrae between T3 and T12 are char-
acteristically involved, with T7 most frequently
abnormal. Occasionally, the upper lumbar verte-
brae are affected—many of these cases are asso-
ciated with severe stress, such as weightlifting.
Persistent vascular channels in the anterior face
have been reported in 24 % of patients [115].
Ring apophyses may ossify irregularly. Instead
of the usual homogeneous continuous pattern,
a fragmented pattern of irregular thickness is
noted, and the steplike corners into which the
ossification centers fit may be enlarged. In 10 %
of cases, at least one ring will remain unfused
into adulthood. There is usually hyperlordosis of
the lumbar spine [114].
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Scoliosis is present in one third of patients but
is rarely severe, usually around 15°. In about two
thirds of patients, the scoliotic curve is above or
(more often) below the level of the kyphosis, in
the region of compensatory lordosis. In one third
of patients, the level of scoliosis is the same as
the level of kyphosis [122]. Secondary hypertro-
phic changes are common later in life. Spastic
paraparesis may develop, associated with a pos-
teriorly herniated thoracic disc.

The angle of kyphosis should be measured
according to the Cobb technique, with lines
drawn along the superior and inferior vertebral
end plates at each end of the -curvature
(Fig. 3.74). The degree of flexibility is estimated
by comparing the curvature when the patient
lies supine on the radiographic table versus
supine over a bolster placed at the apex of the
kyphosis (Fig. 3.74).

Radiographic findings are consistent with
pathologic findings. The intervertebral disc
spaces are decreased in height, with greater nar-
rowing anteriorly. Herniation of nuclear material
into the anterior or central portions of the verte-
bral body may appear as typical Schmorl nodes
in up to 75 % of patients, visible on frontal or
lateral projections as well as reformatted CT
images.

Nuclear scintigraphy is normal [123]. MRI
demonstrates the bony and disc findings described
above as well as abnormal disc signal (decreased
signal of the nucleus pulposus on T2-W images).
Discs with the most decreased height demonstrate
the most striking signal abnormalities (Fig. 3.75)
[124]. MRI may also define disc herniation, usu-
ally at the apex of the kyphosis (often affecting
T7-T9). Spinal epidural lipomatosis and extradu-
ral cysts have been reported [116, 118].

Differential diagnosis of juvenile kyphosis is
occasionally problematic. Simple postural round
back has none of the disc changes or vertebral
wedging described above and will be fairly sup-
ple in hyperextension. Tumor and infection rarely
affect a series of vertebrae so uniformly, without
extensive deformity or destructive changes.
Isolated severe trauma may cause anterior disc
herniation and vertebral wedging.



3 The Spine: Congenital and Developmental Conditions

Fig. 3.75 Scheuermann disease in a 15-year-old boy.
Sagittal T2-W image shows mild anterior wedging of
T7-9, with disc space narrowing and irregularity as well
as decreased signal of the nucleus pulposus at T7-8,
T8-9, and T9-10. Schmorl nodes at T10-11, T11-12, and
T12-L1 (For reference, the conus medullaris is at L1)
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