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Spinal dysraphism:

PAEDIATRIC NEURORADIOLOGY

a review of neuroradiological features
with embryological correlations
and proposal for a new classification

Abstract Our purpose was to re-
view the neuroradiological features
of spinal dysraphism and to corre-
late them with clinical findings and
up-to-date embryological theory.
We also aimed to formulate a work-
ing classification which might prove
useful in clinical practice. We re-
viewed series of 986 children re-
ferred to our Spina Bifida Centre in
the past 24 years. There were

353 children with open spinal (OSD)
and 633 with closed (skin-covered)
spinal (CSD) dysraphism. By far the
most common open abnormality
was myelomeningocele, and all pa-
tients with OSD had a Chiari II
malformation. CSD was categorised
clinically, depending on the presence

of a subcutaneous mass in the back.
CSD with a mass mainly consisted of
lipomas with dural defects and me-
ningoceles, and accounted for

18.8 % of CSD. CSD without a mass
were simple (tight filum terminale,
intradural lipoma) or complex (split
cord malformations, caudal regres-
sion). Our suggested classification is
easy to use and to remember and
takes into account clinical and MRI
features; we have found it useful and
reliable when making a preoperative
neuroradiological diagnosis in clin-
ical practice.
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Introduction

The congenital malformations of the spine and spinal
cord seen most frequently are dysraphism and caudal
spinal anomalies. Although most are diagnosed at birth
or in early infancy, some are discovered in older chil-
dren or even adults. MRI has facilitated both diagnosis
of these disorders, and earlier and individually tailored
treatment.

Knowledge of normal embryology is essential for
understanding the pathogenesis and neuroradiology of
these anomalies. There is still a considerable confusion
as to their classification. Although most classifications
are strictly based on the specific derangement of em-
bryonic development believed to produce each mal-
formation, embryological explanations of normal and
abnormal spinal development are continuously evol-
ving. Moreover, the MRI picture of these abnormalities

is complicated, and often defies rote memorising of lists
of neuroradiological features. We reviewed 986 patients
referred to our Spina Bifida Centre in the past 24 years,
aiming to identify the most typical neuroradiological
appearances, and to correlate these features with the
derangements of the complex cascade of events that
characterise early embryonic development. We also in-
tended to conceive a working classification which might
prove helpful in making a diagnosis in clincal practice.

Embryology

Spinal dysraphism results from derangement in the nor-
mal embryogenetic cascade occurring during a limited
period, namely between gestational weeks?2 and 6.
The relevant embryogenetic steps are gastrulation
(weeks 2-3), primary neurulation (weeks 3—4), and sec-
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ondary neurulation and retrogressive differentiation
(weeks 5-6); these will be briefly discussed [1-8].

Gastrulation

By the time of implantation in the uterine wall, which
begins at the end of the 1st gestational week, changes
occurring in the inner cell mass of the blastocyst produce
a bilaminar disc composed of two layers, the epiblast
(future ectoderm), facing the amniotic cavity, and the
hypoblast (future ectoderm) facing the yolk sac. Gas-
trulation is the process by which the bilaminar disc is
converted into a trilaminar disc with formation of an in-
tervening third layer, the mesoblast (future mesoderm).
This begins by day 14 or 15, when a strip of thickened
epiblast, the so-called primitive streak, appears caudally
in the midline of the dorsal surface of the embryo. The
primitive streak is an area of intense mitotic activity,
composed of totipotential cells, and identifies the lon-
gitudinal (craniocaudal) embryonic axis. The cranial end
of the primitive streak forms Hensen’s node, and shows a
central depression called the primitive pit. Ectodermal
cells start migrating towards the primitive streak, pass
inward at the primitive pit to the interface of ectoderm
and endoderm, and then migrate laterally along the in-
terface to form the interposed mesoderm. This migration
occurs along defined routes to each side of the midline,
but no mesodermal cells migrate along the midline; only
subsequently will these paired mesodermal anlagen join
along the midline to form the notochordal process. The
latter contains a central lumen, the notochordal canal,
continuous with the amniotic cavity at the primitive pit.
During intercalation, the canalised notochordal process
fuses with the underlying endoderm; the communication
of the amnion with the yolk sac forms the primitive
neurenteric canal. Subsequently, during excalation, the
notochord rolls up and separates from the endoderm to
become the definitive notochord, while the primitive
neurenteric canal becomes obliterated.

Primary neurulation

At the beginning of the 3rd gestational week, the no-
tochord induces the overlying ectoderm to differentiate
into a specialised neuroectoderm. The latter, originally
flat and therefore called the neural plate, is continuous
laterally with the remainder of the ectoderm. On about
the 18th day, the neural plate starts invaginating along
its central axis to form a neural groove, which has neural
folds on each side. These folds progressively increase in
size and flex to approach each other, until they even-
tually fuse in the midline to form the neural tube. This
process is traditionally said to occur first at the level of
the 4th somite (future craniocervical junction) and to

proceed both cephalad and caudad like a zip. The cra-
nial end of the neural tube (anterior neuropore) closes
first (24th-25th day) at the site of the lamina terminalis,
whereas the caudal end (posterior neuropore) closes la-
ter (27th-28th day), thereby terminating the process of
primary neurulation. However, recent studies suggest
that, rather than a continuous zip-like process, closure of
the neural tube occurs at as many as five separate sites
[8]. Closure sites are probably controlled by separate
genes belonging to the Homeobox family, expressed
during early embryogenesis. Accordingly, common
neural tube defects could be predicted to occur within
the domains of specific closure sites (see below). During
neurulation, ectodermal cells progressively disconnect-
ing from the lateral walls of the neural folds differentiate
into the neural crests, which eventually produce both
spinal and sympathetic ganglia. Immediately after neu-
ral tube closure, the superficial and neural ectoderm se-
parate from each other in a process called disjunction.
The superficial layers fuse in the midline to produce a
continuous skin covering to the underlying neural tube,
whereas mesenchyme migrates dorsally in the interface
between skin and neural tube to form the meninges,
neural arches of the vertebrae and paraspinal muscles.

Secondary neurulation and retrogressive differentiation

The location of the caudal end of the neural plate (pos-
terior neuropore) has been the subject of enduring de-
bate. According to the most recent theories, it is at the
S3-S5 level [6]. The remaining caudal sacrococcygeal
metameres of the spinal cord and the filum terminale
are formed by secondary neurulation and retrogressive
differentiation, starting by the end of primary neurula-
tion and continuing until approximately the 48 th gesta-
tional day.

During secondary neurulation, a secondary neural
tube is formed caudad to the posterior neuropore. A
caudal cell mass of undifferentiated, totipotential cells
initially appears as a result of fusion of neural ectoderm
with the lower portion of the notochord. Multiple small
vacuoles then appear in the caudal cell mass and pro-
gressively coalesce to form a central canal (canalisa-
tion), which will merge with the canal formed during
primary neurulation. The surrounding cells will differ-
entiate into neurons.

The following step is retrogressive differentiation, an
apoptotic process in which a combination of regression,
degeneration and further differentiation occurs. The
segment formed by secondary neurulation and retro-
gressive differentiation eventually becomes the tip of
the conus medullaris and filum terminale; a focal ex-
pansion of the central canal, known as the ventriculus
terminalis, is found within the lumbar enlargement dur-
ing secondary neurulation, but it subsequently regresses
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so that no significant dilatation is detectable on MRI in
most normal individuals.

Terminology

Open and closed dysraphism

The term “dysraphism” (from the Greek dvo = bad and
oagn = suture) refers to a defect of closure of the neural
tube, and should therefore apply to abnormalities of
primary neurulation only. However, its use has been
broadened to include all congenital spinal disorders in
which there is anomalous differentiation and/or in-
complete closure of dorsal midline structures: skin,
muscles, vertebrae, meninges and nervous tissue [5].
Because of their common embryological origin, caudal
spinal anomalies are also included in this group. Spinal
dysraphism is classically categorised as open (OSD) and
closed (CSD) (Fig.1). OSD is characterised by exposure
of the nervous tissue and/or meninges to the environ-
ment through a congenital bony defect. Conversely,
CSD is covered by skin (i.e., there is no exposed neural
tissue), although cutaneous stigmata, such as a hairy
naevus, capillary haemangioma, dimples, discoloured
patches, dystrophy and subcutaneous masses usually
betray its presence [9]. As a consequence, we regard the
synonym occult spinal dysraphism as not pertinent, and
strongly suggest that it be abandoned.

CSD is more numerous than OSD in our series (633
vs. 353 cases), accounting for 64.2 % of patients.

Spina bifida

The term “spina bifida” merely refers to defective fu-
sion of posterior spinal bony elements [10] but was, and
still is, widely used to refer to spinal dysraphism in gen-
eral. Spina bifida aperta or cystica and spina bifida oc-
culta were used to refer to OSD and CSD, respectively
[11], but are no longer widely used.

Placode

This is a segment of non-neurulated embryonic neural
tissue, i.e., frozen at the neural plate stage [5]. A pla-
code is found in all OSD and in several kinds of CSD; it
is exposed to air in the former, and covered by the in-
teguments in the latter. The placode may be categorised
as terminal and segmental, depending on its location
along the spinal cord (Fig.2). A terminal placode lies at
the caudal end of the spinal cord, and may be apical or
parietal, depending on whether it involves the apex
proper or a longer segment of the cord [12]. A seg-
mental placode may lie at any level along the spinal

cord; caudad to the abnormality the cord regains normal
morphology and structure.

Tethered cord

Many people believe the tethered cord is some sort of
malformation. It is a clinical syndrome which may ensue
as a complication of myelomeningocele repair [13, 14]
or as the presentation of several forms of CSD, including
spinal lipomas, the tight filum terminale [15], split cord
malformations [16], and the caudal regression syndrome
[17]. The conus medullaris is abnormally low (below L3
vertebral level) [11]. Symptoms and signs include motor
and sensory dysfunction of the legs, muscle atrophy or
hypoplasia, decreased or hyperactive reflexes, urinary
incontinence, spastic gait and orthopaedic deformities
such as scoliosis or foot and hip deformities [16]. The
tethered cord syndrome is related to anchoring of the
spinal cord or filum terminale to the surrounding tissues,
either primary, in CSD, or secondary to scarring or for-
mation of a dermoid [18] in the aftermath of myelome-
ningocele repair. Tethering results in stretching, distor-
tion or kinking of arterioles, venules and capillaries as
well as of nerve fibres; ensuing metabolic impairment
results in functional deterioration of nerve cells in the
spinal cord [16]. Further neurological deterioration may
be superimposed if hydromyelia develops.

Clinical-neuroradiological classification

Much effort has been expended in the description of
radiological features of spinal dysraphism. Current
classifications rely heavily on the correlation of these
features with a specific derangement in the normal de-
velopmental cascade [5, 7] (Table 1). However, as
knowledge about normal embryology evolves, classical
teaching is revised and traditional classification schemes
are challenged. From a practical perspective, however, it
is important to use a conceptual framework which may
prove helpful to make a diagnosis, by identifying factors
which critically restrict the scope of possible differ-
entiation. These may be clinical or neuroradiological.
The result of such an approach in everyday clinical
practice has been a working, mixed clinical-neuro-
radiological classification we have found useful to or-
ientate one to the diagnosis (Table 2). The first step in
this approach is clinical: is the malformation exposed to
air or is covered by intact skin? Simply, the first cate-
gorisation is into OSD and CSD.

OSD usually causes little, if any, diagnostic puzzle to
the neuroradiologist. Only four varieties of OSD exist:
myelomeningocele, myelocele, hemimyelomeningocele
and hemimyelocele, and of these, myelomeningocele
accounts for the lion’s share (98.8% of our cases).
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Fig.1a—c Clinical features of
open and closed spinal dys-
raphism. a Open spinal dys-
raphism: myelomeningocele.
Low back of a 1-hour-old new-
born prior to surgery. The wide
placode (arrowheads) is di-
rectly exposed to the environ-
ment and is surrounded by par-
tially epithelised skin (mem-
branoepithelial zone) (aster-
isks). More laterally, intact skin
is elevated by the underlying
expanded subarachnoid space
(arrows). Cerebrospinal fluid
(CSF) dribbles out of the spinal
canal at the cranial extremity of
the placode (open arrow).

b Closed spinal dysraphism
with a subcutaneous mass: lipo-
myeloschisis. Low back of a 1-
year-old child. A large sub-
cutaneous mass lies above the
intergluteal crease and extends
asymmetrically into the right
buttock (arrows). There is con-
tinuous skin covering, although
the skin itself is dystrophic
(open arrow); this is an example
of why the term “occult spinal
dysraphism” should be dis-
carded, as the malformation is
clearly not occult. ¢ Closed
spinal dysraphism without a
subcutaneous mass: diastematomyelia. Back of a 2-year-old child
showing a high lumbar hairy tuft (open arrow). Hairy tufts may be
present in several varieties of closed spinal dysraphism; however,
when they lie relatively high there is reason to suspect a underlying
split-cord malformation

Fig.2a-d Myelomeningocele: different kinds of placode. a,b Ter-
minal apical placode. The spinal cord crosses the meningeal out-
pouching and ends with the placode, which is exposed to air (white

arrow). Note cerebellar peg due to Chiari II malformation (ar-
rowhead). ¢ Terminal parietal placode. The un-neurulated seg-
ment of the spinal cord (arrows) is longer than in purely apical
placodes (same case as Fig.1a). d Segmental placode in a patient
who had surgery for a thoracic myelomeningocele. The placode
lies at T10, at the site of surgery (arrow). The neurulated spinal
cord caudad to the malformation regains the spinal canal and ends
with a normally positioned conus medullaris
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Table 1 Embryological classification of spinal dysraphism

Anomalies of gastrulation

Disorders of notochord formation
Caudal regression syndrome
Segmental spinal dysgenesis

Disorders of notochordal integration
Dorsal enteric fistula
Neurenteric cysts
Split cord malformations (diastematomyelia)
Dermal sinus

Anomalies of primary neurulation
Myelomeningocele
Myelocele
Lipoma with dural defect
Lipomyelomeningocele
Lipomyeloschisis
Intradural lipoma
Combined anomalies of gastrulation and primary neurulation
Hemimyelocele
Hemimyelomeningocele

Anomalies of secondary neurulation and retrogressive differentia-
tion

Lipoma of filum terminale

Tight filum terminale

Abnormally long spinal cord

Persisting terminal ventricle

Terminal myelocystocele

Anomalies of unknown origin
Cervical myelocystocele
Meningocele

Usually, OSD is at the lumbar or lumbosacral level and
suspected antenatally by maternal serum biochemistry
and ultrasound. Clinically, myelomeningoceles are char-
acterised by elevation of the neural placode by the un-
derlying expanded subarachnoid space, whereas in
myelocele the placode is flush with the surface of the
back. This differentiation is clinical and the neuro-
radiologist plays little part in it. Conversely, it is the
neuroradiologist’s role to identify the extremely rare
cases in which the myelo(meningo)cele affects one of
the two hemicords of a split spinal cord. These entities,
hemimyelocele and hemimyelomeningocele, are very
rare and difficult to identify on a purely clinical basis
and, often, even at surgery [19, 20]. More importantly,
the neuroradiologist plays a critical part in the assess-
ment of: the Chiari IT malformation which, as will be
detailed later on, is seen in all cases of OSD [21, 22];
associated hydrocephalus; and the complications of
myelomeningocele closure (retethering by scar, der-
moid, arachnoid cyst) [13, 14, 18].

CSD is much more heterogeneous than OSD and a
large number of malformations belong to this wide
group. Some are not clinically evident at birth, and pa-
tients may seek medical attention when complications
such as the tethered cord syndrome ensue later in in-
fancy. In general, however, clinical examination may

Table 2 Cliniconeuroradiological classification of spinal dysraph-
ism

Open spinal dysraphism
Myelomeningocele
Myelocele
Hemimyelomeningocele
Hemimyelocele

Closed spinal dysraphism
With a subcutaneous mass
Lumbosacral

Lipoma with dural defect
Lipomyelomeningocele
Lipomyeloschisis

Terminal myelocystocele

Meningocele

Cervical

Cervical myelocystocele

Cervical myelomeningocele

Meningocele

Without a subcutaneous mass

Simple dysraphic states
Posterior spina bifida
Intradural and intramedullary lipoma
Filum terminale lipoma
Tight filum terminale
The abnormally long spinal cord
Persistent terminal ventricle

Complex dysraphic states
Dorsal enteric fistula
Neurenteric cysts
Split cord malformations (diastematomyelia and diplo-
myelia)
Dermal sinus
Caudal regression syndrome
Segmental spinal dysgenesis

help to restrict differential diagnosis. A critical factor is
the presence of a subcutaneous mass in the back. In the
vast majority of cases, this is at the lumbar or lumbosa-
cral level. Only four malformations present with a sub-
cutaneous mass in this location: lipomyeloschisis, lipo-
myelomeningocele, meningocele and terminal myelocys-
tocele. Whereas the latter two are extremely rare, in
both lipomyeloschisis and lipomyelomeningocele the
mass is a subcutaneous lipoma. However, in lipomye-
loschisis the lipoma gains to the spinal canal through a
wide bony spina bifida, to attach to the neural placode;
in other words, the placode-lipoma interface lies within
the spinal canal. Conversely, in lipomyelomeningocele,
ballooning of the subarachnoid spaces pushes the neural
placode out of the spinal canal, so that the placode-li-
poma interface lies outside the spinal canal. Simple as-
sessment of the position of the placode-lipoma interface
therefore allows confident diagnosis.

In the neck, CSD with a subcutaneous mass is re-
presented by cervical myelomeningocele, myelocysto-
cele and meningocele; because these entities are ex-
ceedingly rare, it is at present not clear whether they are
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separate anomalies or, rather, represent variants of a
single malformation.

CSD without a subcutaneous mass may also benefit
from a thorough clinical assessment. The hairy patch,
cutaneous angioma and skin discolouration are reliable
indicators of several malformations; however, when a
hairy tuft lies relatively cephalad, i.e., is midthoracic, a
split cord malformation is more likely. Dorsal dimples
or pinpoint ostia indicate a dermal sinus. The caudal
regression syndrome may be betrayed by lower limb
abnormalities or anorectal malformations, whereas
newborns with segmental spinal dysgenesis show a bony
protuberance along the back and have congenital para-
paresis or -plegia [23]. A tethered cord syndrome may
be caused by a host of malformations including the tight
filum terminale, lipoma of the filum and split cord mal-
formations. Although clinical data are critical for
focussing one’s attention on a specific subset of dys-
raphism, it is in the category of CSD without a sub-
cutaneous mass that the neuroradiologist can be most
severely challenged to attain a final diagnosis.

Open spinal dysraphism

Myelomeningocele

In myelomeningocele, a segment of the spinal cord
(placode) fails to neurulate and protrudes, together with
the meninges, through a bony defect in the midline of
the back, thus being exposed to the environment. Be-
cause of the expansion of the underlying subarachnoid
space, the surface of the placode is elevated above the
skin surface, which distinguishes this anomaly from the
far less common myelocele (see below). Myelome-
ningocele represents 98.8% of OSD in our series
(349 cases); its incidence is 0.6 per 1000 live births, but is
decreasing, thanks to antenatal screening procedures.
Dietary supplements of folic acid to the mother prior to
and during pregnancy are also protective [24].
Embryologically, myelomeningocele results from
faulty primary neurulation [5, 7], probably caused by a
lack of expression of carbohydrates on the surface of
neurons in the developing neural tube [25]. Faulty flex-
ion and fusion of the neural folds to form a neural tube
leads to persistence of a portion of non-neurulated
neural tissue, frozen at a neural plate stage, the so-called
placode (Fig.1). The external surface of the placode re-
presents what should have become the walls of the cen-
tral canal of the spinal cord, and is covered by a rich
network of small, friable vessels. This raw, reddish vas-
cular area, termed the medullovascular zone, shows a
midline groove, probably related to the primitive neural
groove, freely communicating with the central canal of
the normal spinal cord above. The membrane sur-
rounding the placode, the membranoepithelial zone, is

composed of pia-arachnoid on the ventral surface facing
the subarachnoid space, and of partially epithelised
connective tissue on the dorsal surface, where the dural
coating is absent. Because the cutaneous ectoderm does
not separate from the neural ectoderm, it is forced to
remain in a lateral position; a midline defect therefore
results. As the mesenchyme cannot migrate behind the
neural tube, bones, cartilage, muscles and ligaments are
also forced to develop anterolateral to the neural tissue
and therefore appear everted. Laterally, the placode and
meninges are continuous with the subcutaneous tissue,
producing spinal cord tethering. The ventral surface of
the placode is formed by the would-be external surface
of the spinal cord, and is therefore coated by a pia-ara-
chnoid membrane. Nerve roots originate directly from
this surface and lie approximately in the same plane, the
sensory roots being the more lateral on each side of the
midline. These nerve roots course obliquely through the
subarachnoid space to reach the neural foramina.

The majority of myelomeningoceles are sacral or
lumbosacral, and the placode is terminal, i.e., it lies at
the caudal end of the spinal cord (Fig.2). However,
purely lumbar, thoracolumbar and thoracic myelome-
ningoceles do occur, in which the placode is segmental,
and the spinal cord caudal to the malformation is nor-
mally neurulated (Fig.2). This observation challenges
the traditional concept of zip-like neurulation, in which
the process of flexion and fusion proceeds bidi-
rectionally as a sort of continuous “wave” [5]; should
this “wave” be interrupted at an intermediate level
(e.g., midthoracic), one would not see why it should re-
appear unaffected caudally. However, recent studies by
Van Allen et al. [8] have suggested that the neural tube
closes independently at as many as five separate sites:
sacral myelomeningoceles result from failure of closure
at site 5, whereas lumbar myelomeningoceles are
caused by failure of closure at 1. Thoracic myelome-
ningoceles are rare, because they require two separate
events, failure of lower closure at 1 and partial com-
pensation by closure of 5. These concepts are intriguing,
as they point to the segmental nature of the embryo.
According to this theory, neural tube defects may be
viewed as a single family of disorders whose difference
lies in the segmental level and extent of the original
damage. For instance, defects in the cranial closure sites
will account for the variants of cephalocele, including
the Chiari ITI malformation [8].

According to some workers [26], cervical myelome-
ningoceles form a distinct subset differing radically from
classical lumbosacral myelomeningoceles, due mainly to
the fact that they are covered by full-thickness skin at
their base and thick squamous epithelium over the
dome, and therefore belong to the category of CSD with
a subcutaneous mass. However, there is still no wide-
spread consensus as to whether these anomalies exist at
all or represent a variety of myelocystocele (see below).
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Fig.3 Myelocele in a 1-day-old
newborn. Sagittal T1-weighted
image shows exposed, slightly
funnel-shaped placode (arrow)
lying flush with the skin surface.
The lack of expansion of the
subarachnoid space is the only
difference from the much more
common myelomeningocele

Fig.4a—¢ Hemimyelome-
ningocele. a Slightly off-mid-
line sagittal T1-weighted image
shows one hemicord (arrow-
heads), which is thin at the level
of a repaired open spinal dys-
raphism (open arrow) and ex-
tends inferiorly to S1. b Par-
asagittal T1-weighted image
shows a second hemicord (ar-
rowheads) projecting into the
meningeal outpouching. There
is a small lipoma inferiorly (ar-
row). ¢ Axial T1-weighted im-
age shows diastematomyelia
without septum, with widely
splayed hemicords (arrow-
heads). Courtesy Dr. M. Cas-
tillo, Chapel Hill, NC, USA)

Because of the risk of ulceration and ensuing infec-
tion, myelomeningocele and myelocele are neurosurgi-
cal emergencies; therefore, affected newborns are rarely
imaged prior to surgery. It is, however, our policy to
perform preoperative MRI when possible, to obtain an
anatomic characterisation of the components of the
malformation, i.e., the relationship between the placode
and nerve roots; presurgical assessment of the mal-
formation: hydromyelia, hydrobulbia, Chiari II mal-
formation and hydrocephalus [22]; and to identify those
rare cases with associated cord splitting (hemi-
myelomeningoceles and hemimyeloceles).

Myelocele
Myelocele (myeloschisis) differs from the much more

common myelomeningocele in that the subarachnoid
space ventral to the placode is not expanded; as a con-

sequence, the placode lies flush with the cutaneous sur-
face or is funnel-shaped (Fig.3) [5]. Embryologically,
the same principles apply as for myelomeningoceles;
indeed, the myelocele is equivalent to the myelome-
ningocele, the only difference being the absence of ex-
pansion of the underlying subarachnoid space. This is an
extremely rare malformation, representing only 1.2 %
of OSD in our series (four cases).

Hemimyelo(meningo)cele

Myelomeningoceles and myeloceles are associated with
split-cord malformations (SCM) (diastematomyelia) in
8-45 % of cases [19, 27]. However, if the cord is split at a
different level from the placode, the malformation is
merely an association of SCM and OSD. Only when one
hemicord fails to neurulate is the terms hemimyelocele
or hemimyelomeningocele (when there is meningeal
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protrusion) (Fig.4) appropriate. If this restrictive defini-
tion is accepted, these anomalies become extremely rare;
we did not see a single case in 24 years. Neurological im-
pairment is reported to be markedly asymmetric [20].

Embryologically, these malformations are related to
faulty gastrulation (see below, split cord malformations)
with superimposed failure of primary neurulation of one
or, in exceptional cases, both hemicord(s) [3].

The Chiari II malformation

OSD is always accompanied by a Chiari II malforma-
tion, a complex congenital anomaly of the hindbrain
characterised by a posterior cranial fossa which is smal-
ler than normal, with caudal displacement of the vermis,
brain stem and fourth ventricle. The association is con-
stant.

McLone and Knepper [28] produced a theory to ex-
plain this constant association. Because the neural tube
remains non-neurulated, during gestation CSF leaks
through the spinal defect into the amniotic sac, resulting
in chronic CSF hypotension within the developing
neural tube. As a result, the rhombencephalic vesicle
(developing fourth ventricle) fails to expand, and fails to
induce the perineural mesenchyme of the posterior cra-
nial fossa. Therefore, both cerebellum and brain stem
are eventually forced to develop within a small posterior
cranial fossa, and consequently herniate through both
the tentorial groove and the foramen magnum [29]. CSF
hypotension in the supratentorial brain may also impair
neuronal migration and bony development, producing
various associated anomalies of the nervous tissue and
its osteomeningeal coating.

The Chiari II malformation is more than an asso-
ciated feature with OSD; it should be regarded as part
of the malformation sequence [22]. However, the sever-
ity of the hindbrain malformation is variable, so that
patients with a posterior cranial fossa of nearly normal
size are found [21, 22]; subtle, minimal features of
Chiari II malformation may therefore be seen in all
newborns with OSD.

The Chiari II malformation is absent in all types of
CSD with the only possible exception of myelocysto-
celes, in which venting of CSF in a large subcutaneous
meningocele may result in CSF hypotension within the
developing neural tube (T.P.Naidich, personal commu-
nication).

Closed spinal dysraphism

With a subcutaneous mass

These abnormalities are characterised by a skin-covered
mass which indicates the underlying malformation; the

overlying skin is frequently abnormal. Because there is a
strong tendency for certain malformations to occur only
at given segmental levels, different entities have to be
considered, depending on the location of the mass. Most
often, the mass is at the lumbosacral level right above
the natal cleft, when conditions are found: the quite
common lipoma with a dural defect (lipomyeloschisis
and lipomyelomeningocele), and the distincly un-
common terminal myelocystocele and meningocele; the
main differential diagnosis is from sacrococcygeal ter-
atomas and overgrowing fatty tissue in caudal regres-
sion, which, however, is more caudal, at or below the
natal cleft. Conversely, if the mass is cervical three
anomalies should be considered: cervical myelome-
ningocele, myelocystocele and meningocele; the main
differential diagnosis is from occipitocervical cephalo-
cele and subcutaneous masses such as lymphangioma.
CSD with a subcutaneous mass represents 18.8 % of
CSD in our series (119 cases), lipomas with a dural de-
fect accounting for 87.4% of these (104 cases). We did
not encounter a single case of cervical CSD with a mass,
in keeping with the extreme rarity of reported cases

[26].

Lipomas with a dural defect: lipomyeloschisis
and lipomyelomeningocele

Together, these anomalies accounted for 75.9% of
spinal lipomas and 16.4% of CSD in our series; lipo-
myeloschisis was more than twice as common as lipo-
myelomeningocele (74 vs. 30 cases). In both anomalies,
the intraspinal lipoma is but a portion of a larger sub-
cutaneous lipoma, extending into the spinal canal
through a wide posterior spina bifida and tethering the
spinal cord. A midline subcutaneous mass right above
the natal cleft and extending asymmetrically into one
buttock is the rule (Fig.1) [30]. Although the mass is
evident at birth, early signs of neurological disturbance
are seldom present. However, these are generally man-
ifest by 6 months of age, with weakness and poor devel-
opment of muscles of both legs, gait disturbance, ur-
inary incontinence and sensory changes.

Histologically, the mass is composed of clusters of
mature adipocytes separated by collagenous bands in
23% of cases, whereas in the remainder a mixture of
tissues of ectodermal, mesodermal or endodermal ori-
gin is present; spinal lipomas should therefore be con-
sidered as simple or complex teratomas [31]. Congenital
intraspinal lipomas are anatomically stable lesions [31],
but growth of the subcutaneous and intraspinal compo-
nents may occur as part of the normal increase in adi-
pose tissue throughout childhood [32], as well as in
conditions such as obesity or pregnancy.

Embryologically, spinal lipomas are abnormalities of
primary neurulation resulting from premature disjunc-
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Fig.5a—c Lipomyeloschisis. a Sagittal T1-weighted image shows
large subcutaneous lipoma with fatty tissue creeping through a
posterior spina bifida to connect with the placode. The placode-li-
poma interface lies within the spinal canal (arrow). b,c Axial T1-
weighted images demonstrate that the subcutaneous lipoma is
continuous with the intraspinal lipoma through a posterior spina
bifida (arrowhead). The placode-lipoma interface is asymmetrical
and lies along the left side of the placode (arrow)

Fig.6a, b Lipomyelomeningocele. a Sagittal T1-weighted image
shows segmental placode connecting with a subcutaneous lipoma
(black arrows) along the inferior wall of the meningeal sac (aster-
isk). Surgically proven dysraphic hamartoma histologically com-
posed of bone lies within the lipoma (open arrow). b Axial T1-
weighted image shows placode-lipoma interface largely outside the
anatomical boundaries of the spinal canal (black arrows). The
dysraphic hamartoma (open arrow) is clearly visible

Fig.7 Meningocele. Sagittal T1-weighted image shows a large sa-
cral CSF-filled mass. The overlying skin is continuous, albeit
markedly thinned. The conus medullaris is low

tion of cutaneous ectoderm from the neuroectoderm [5,
30]. As a consequence, mesenchyme can gain access to
the interior of the neural tube, and is induced by the
dorsal surface of the closing neural tube (the future
ependymal lining of the central canal) to form fat, which
prevents neurulation to proceed. The lateral extent of
the fatty tissue is limited by the neural ridge, because
the ventral surface of the neural plate (the future ex-
terior of the neural tube) induces the mesenchyme to
form meninges; therefore, the junction between fat and
meninges lies exactly at the neural ridge, which divides
the dorsal and ventral surfaces of the neural folds so
that, strictly speaking, the lipoma is extradural [5, 30].
The lipoma then extends posteriorly through the me-
ningeal and bony defect and into the subcutaneous tis-
sues. Depending on its size, and the degree of expansion
of the subarachnoid space, the connection between the
lipoma and the spinal cord (the placode-lipoma inter-
face) will lie within, at the edge of, or outside the spinal
canal; characteristically, it is within or at the edge of the
spinal canal in lipomyeloschisis (synonym: lipomyelo-
cele), and outside it (within a meningocele) in the less
common lipomyelomeningocele.
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In lipomyeloschisis, both the bony defect and the sub-
cutaneous fat extending into the spinal canal and attach-
ing to the cord are clearly demonstrated by MRI (Fig. 5).
The placode is terminal (apical or parietal), and may be
asymmetrical if the premature disjunction has involved
only one edge of the neural plate. The placode-lipoma
interface may extend over several vertebral levels.

Lipomyelomeningoceles may produce a constella-
tion of MRI features (Fig.6). Unlike in lipomye-
loschisis, the placode is frequently segmental; it may be
deformed, stretched and rotated asymmetrically to-
wards the lipoma on one side, whereas the meninges
herniate on the opposite side. Spinal roots emerging
from the latter surface are generally longer, whereas
those lying on the side of the lipoma emerge nearer to
the sheaths and neural foramina; they are shorter and
tether the spinal cord [5]. The segment of spinal cord
located below the placode is normal and lies within the
spinal canal. The herniated segment may be anchored to
the surface of the malformation by fibrous bands.

In both lipomyeloschisis and lipomyelomeningocele,
cartilaginous, bony, fibrous, muscular, vascular or aber-
rant neuroglial structures may be found within the lipo-
ma, forming dysraphic hamartomas (Fig.6). The lipoma
may envelope the cord to a varying extent or invade the
extradural space, resulting in a lipomatous dura mater.
Hydromyelia is present in up to 25 % of cases.

Meningocele

The classical posterior meningocele is characterised by
herniation of a CSF-filled sac lined by dura mater and
arachnoid through a posterior spina bifida (Fig.7). It is
commonly lumbar or sacral, but thoracic and even cervi-
cal meningoceles are found; the latter enter into the dif-
ferential diagnosis of cervical myelocystoceles and mye-
lomeningoceles. Spinal meningoceles are less common
than usually believed: we found only 15 cases (2.4 % of all
CSD). Their embryogenetic origin is unknown; it may be
hypothesised that they result from ballooning of the me-
ninges through a posterior spina bifida due to the relent-
less effect of CSF pulsations in the subarachnoid space.

Although both nerve roots and, more rarely, a hy-
pertrophic filum terminale may course within the me-
ningocele, by definition, no part of the spinal cord is
within the sac, and the spinal cord itself is completely
normal structurally, although it is usually tethered to the
neck of a sacral meningocele [33].

Anterior meningoceles are almost always presacral
and consistently found in the caudal regression syn-
drome (Fig.20) [34]; they do not belong to the group of
CSD with a subcutaneous mass. The same applies to the
much rarer intrasacral meningocele, which is, by defini-
tion, an intrasacral arachnoid outpouching through a
dural defect (Fig.8) [35, 36].

Terminal myelocystocele

This is an extremely rare CSD, and we did not en-
counter a single case. The subcutaneous mass is in the
sacrococcygeal area and contains an ependyma-lined
cyst which represents a wide dilatation of the terminal
ventricle (syringocele), which bulges through a posterior
spina bifida (Fig.9) [37-39]. The distension of the ara-
chnoid lining of the distal spinal cord also causes her-
niation of the meninges, producing a meningocele. On
the outer surface of the cord, both pia and arachnoid are
continuous with the meningocele, while the inner sur-
face of the syringocele is lined by ependyma; fatty and
fibrous tissue and skin attach directly to the ependyma.
The syringocele lies caudal to the meningocele in all
cases.

The embryological origin of the terminal myelocys-
tocele is not known. Current theories postulate a dis-
turbance of CSF dynamics within the early neural tube
of unknown cause [5], but likely to be related to abnor-
mal retrogressive differentiation [37-39]. This anomaly
probably results from the inability of CSF to exit from
the early neural tube, causing the terminal ventricle to
balloon into a cyst which disrupts the overlying me-
senchyme. The terminal myelocystocele could then be
viewed as a severe, disruptive variety of the simple per-
sisting terminal ventricle. A Chiari II malformation may
be associated.

Prognosis is mainly related to other anomalies, since
children with this condition are usually neurologically
intact at presentation [37]. Associated abnormalities
usually belong to the OEIS constellation (omphalocele,
extrophy of the cloaca, imperforate anus, spinal
anomalies) [40, 41].

Cervical myelocystocele

Cervical myelocystoceles differ morphologically from
terminal myelocystoceles in that only a stretched part of
the dorsal wall of the hydromyelic cavity protrudes into
the meningocele. However, this rarer malformation also
retains an epithelial lining [5, 42]. The embryological
origin is difficult to identify; in accordance with the sug-
gested origin of terminal myelocystoceles, cervical mye-
lomeningoceles could be viewed as the result of defec-
tive CSF dynamics during the early stages of neural tube
development. The medial walls of the primitive central
canal of the neural tube (“neurocele”) normally appose
and occlude the neurocele transiently during primary
neurulation [5]. Failure to recanalise the neurocele
could cause it to dilate segmentally, disrupt the overlying
mesenchyme and balloon out in a cyst covered by skin.
On MRI, hydromyelia is reported to be critical to
rule out cervical myelomeningoceles [26]. We saw no
case of cervical myelocystocele; however, we saw a pa-
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Fig.8a, b Intrasacral meningocele. a,b Sagittal and coronal T1-
weighted images show a cystic mass (asterisk) within the expanded
sacral canal, connected to the dural sac through a small orifice (thin
arrow). The mass is isointense with CSF. The sacral foramina (thick
arrows) are spared, which excludes a perineural cyst

Fig.9 Terminal myelocystocele. Sagittal T1-weighted image
shows a large subcutaneous syringocele (asterisk), continuous with
hydromyelia (empty arrows) through a wide spina bifida. (Cour-
tesy Dr P.D.Barnes, Boston, MA, USA)

Fig.10a, b Cervical myelomeningocele. a The external features
are shown. The base of the sac is covered by full-thickness skin, the
dome by thick, violaceous, squamous epithelium. b Sagittal T1-
weighted image suggests a tissue nodule at the base of the sac (ar-
row). Ectopic cerebellar tissue descends to C2-3, but is not in-
cluded in the myelomeningocele. (Courtesy Dr D.Pang, Sacra-
mento, CA, USA)

tient, previously operated for a thoracic myelocystocele,
who harbored a Chiari II malformation.

Cervical myelomeningocele

Cervical myelomeningoceles are extremely rare and
strikingly different from the much more common lum-
bosacral myelomeningocele. According to the litera-
ture, they account for 3.7% of patients with OSD [26],
but we did not encounter a single case.

According to Pang and Dias [26], cervical myelome-
ningoceles consist of a fibroneurovascular stalk contain-
ing neurons, glia and peripheral nerves, emanating from
a limited dorsal myeloschisis and penetrating through a

narrow dorsal dural opening to fan out into the lining of a
meningeal sac (Fig.10); an underlying split cord mal-
formation is frequent. A Chiari II malformation was
present in 44 % of the series of Pang and Dias [26], who
speculated that the limited extent of the myeloschisis
makes it unlikely that enough CSF leakage occurs to start
the cascade of events leading to a Chiari II [26].

There is no widespread consensus as to whether cer-
vical myelomeningoceles are a true, separate entity.
Some workers [43, 44] found them to differ from the ty-
pical lumbosacral myelomeningocele in that neural tis-
sue is not exposed, and questioned whether they could
in fact represent limited dorsal myelocystoceles; be-
cause the spinal cord is within the spinal canal it is diffi-
cult to call these lesions myelomeningoceles. Moreover,
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if one accepts the definition of Pang and Dias [26], a
true “meningocele” would be unlikely, as meningoceles
often contain some elements of neural tissue, such as
aberrant nerve roots.

The paucity of reported cases of cervical dysraphic
lesions makes it difficult to categorise them properly in
both clinical and neuroradiological terms.

Without a subcutaneous mass
Simple dysraphic states

This subset of abnormalities is embryologically hetero-
geneous, as it includes defects of both primary and sec-
ondary neurulation. However, these may be grouped
from a clinical viewpoint, as they represent the most
common abnormalities in children without significant
low-back cutaneous stigmata who present with symp-
toms and signs of cord tethering [15, 16, 45, 46].

Posterior spina bifida. The simplest variety of CSD is
represented by a simple defect of fusion of the posterior
neural arch of a vertebra, usually LS or S1. It may be
isolated, as an incidental finding of no clinical sig-
nificance. In children with signs of cord tethering, it
should suggest some other CSD. However, the normal
laminae at L5 level may remain unfused until 5-6 years
of age [5]. Isolated posterior spina bifida was found in
140 patients in our series [22.1 % of CSD).

Intradural and intramedullary lipoma. A lipoma is a
monophyllic mass originating from the mesoderm. Em-
bryologically, lipomas result from early disjunction be-
tween neuroectoderm and ectoderm; the surrounding
mesenchyme creeps between and adheres to the primi-
tive ependyma, which induces it to transform into fat
[5].

Lipomas are more or less completely capsulated and
lobulated by fibrous bundles. Intradural lipomas are
commonly at the lumbosacral level, but may be found
anywhere in the spinal canal; they may be multifocal or
huge. They are generally subpial. In rare instances, they
are completely intramedullary or produce diffuse me-
dullary lipomatosis. Intradural lipomas accounted for
24.1 % of spinal lipomas in our series. On MRI (Fig.11),
they are isotintense with subcutaneous fat in all se-
quences, i.e., they give high signal on T1- and conven-
tional spin-echo T2-weighted images, and high signal on
fast spin-echo T2-weighted images.

Filum terminale lipoma. This is an elementary anomaly
of secondary neurulation characterised by fi-
brolipomatous thickening of the filum terminale. In a
small percentage of cases, it may be detected in adult-
hood, and may be considered an anatomical variant if

part of a tethered cord syndrome. Both not the intra-
and the extradural portions of the filum terminale may
be involved. This anomaly is probably due to residual
totipotential cells of the caudal cell mass differentiating
into fatty tissue [47]. MRI shows fat within a thickened
filum terminale (Fig.12). Because the filum is fre-
quently slightly off the midline, axial T1-weighted ima-
ges are most useful for diagnosis.

Tight filum terminale. This is a simple, albeit rare, dis-
order of retrogressive differentiation. We saw 57 cases
of tight filum terminale and filum terminale lipoma, re-
presenting 9% of CSD. The tight filum terminale is
characterised by a short, hypertrophic filum terminale
producing tethering and impaired ascent of the conus
medullaris (Fig.13). By definition, no other dysraphic
state is present, with the possible exception of a dermal
sinus. The conus medullaris is frequently low. Embry-
ologically, a tight filum is related to abnormal retro-
gressive differentiation of the secondary neural tube,
producing a thicker than normal filum. This anomaly
may be difficult to diagnose, although the association of
clinical and neurological features may be suggestive;
axial MRI may be definitive: the abnormal filum termi-
nale must exceed 2 mm in diameter [48] and no fatty
tissue must be present, otherwise the abnormality is best
defined as a lipoma or fibrolipoma (see above). Poster-
ior spina bifida, scoliosis and kyphoscoliosis are present
in a high percentage of cases.

The abnormally long spinal cord. This abnormality may
be considered a variant of the previous one, and is
characterised by the absence of a normally tapered
conus medullaris. The spinal cord does not show sig-
nificant changes in calibre down to the sacrum, where it
connects with the lower end of the thecal sac. To the
best of our knowledge it has never been described on
imaging, and might be embryologically related to a
complete retrogressive differentiation of the secondary
neural tube. It may occur alone or in association with
other features of CSD such as intradural lipoma or li-
pomyelomeningocele.

Persistent terminal ventricle. The “fifth ventricle” of the
older literature [49] is a small ependyma-lined cavity in
the conus medullaris which is always identifiable on
postmortem examination, but must achieve a certain
size to become visible on MRI (Fig.14) [50]. Embry-
ologically, it represents incomplete regression of the
terminal ventricle of the secondary neurulation, with
preservation of its continuity with the central canal of
the rostral spinal cord. The latter point is critical be-
cause, according to present theories [5], failure of re-
gression of the terminal ventricle without a patent con-
nection to the central canal above may produce a term-
inal myelocystocele, a much more severe and disruptive
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Fig.11a,b Intradural lipoma. a Sagittal Tl-weighted image
shows the spinal cord tethered to the anterior surface of a sacral
lipoma (open arrows). The spinal canal is slightly wide, with a
scalloped posterior surface to the S2 vertebral body. b Axial T1-
weighted image shows the placode-lipoma interface (arrows). The
placode is slightly rotated to the left. The lipoma is intradural and
clearly separated from the subcutaneous fat

Fig.12 Lipoma of filum terminale. Sagittal T1-weighted image
shows that the filum is largely replaced by fat. The spinal cord is
tethered and low

Fig.13 Tight filum terminale. Sagittal T1-weighted image shows
thickened filum terminale with tethered, low conus medullaris

Fig.14a, b Persistent terminal ventricle. a Coronal T1-weighted
image shows an intramedullary cavity in the conus medullaris, at
the anatomical site of the terminal ventricle. The anomaly is in-
distinguishable from diastematomyelia in this plane. b Axial T2-
weighted image shows no diastematomyelia

abnormality. In itself, the persisting terminal ventricle is
asymptomatic; however, cases have been reported in
which huge cystic dilatation was seen in patients with
low-back pain, sciatica and bladder disturbance, possi-
bly secondary to thinning of the spinal cord tissue by the
cyst [51]. Tt is not clear whether these “terminal ven-
tricle cysts” are developmental variants or result from
pathological obstruction of the terminal ventricle [50].
The differentiation from hydromyelia is based on its
being found immediately above the filum terminale. A
intramedullary tumour is unlikely in the absence of
contrast enhancement; the size of the “cyst” remains
unchanged on follow-up.

Complex dysraphic states

Because gastrulation is characterised by the develop-
ment of the notochord, spinal dysraphism originating in
this period will characteristically shows a complex pic-
ture, in which not only the spinal cord, but also other
organs deriving from or induced by the notochord are
severely abnormal. Disorders of gastrulation are
therefore also sometimes called complex dysraphic
states [3]. In the vast majority of cases, the abnormal-
ities are covered by skin and no tell-tale subcutaneous
mass is present. The sole exception is hemimyelocele
and hemimyelomeningocele, two exceedingly rare ab-
normalities described in the open spinal dysraphism
section.
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Failures of notochordal development may essentially
be traced back to two subsets of derangement: failures
of midline notochordal integration, resulting in long-
itudinal splitting and failures of notochordal formation,
resulting in the absence of a given notochordal segment.

Disorders of midline notochordal integration. Midline
integration is the process by which the two paired no-
tochordal anlagen fuse in the midline to form a single
notochordal process. If these notochordal precursors
fail to integrate, they remain separate and develop in-
dependently over a variable segment, and the interven-
ing space will be occupied by totipotential primitive-
streak cells [3]. The cause of notochordal splitting is the
source of continuing debate, and several possible ex-
planations have been put forward, such as endo-ecto-
dermal adhesion within the primitive streak [52], initial
teratogenic or spontaneous mutation of the developing
notochord [53] and persistence or only partial oblitera-
tion of the neurenteric canal [19]. Recently, Dias and
Walker [3] demonstrated that separation of Hensen’s
node into two independent halves during gastrulation
results in a duplicated notochord and neuraxis. Regard-
less of the underlying cause, the type of malformation
will depend on the level and extent of the defect and on
the success of subsequent reparative efforts [3, 52]. The
split notochord syndrome includes several apparently
quite different entities such as the dorsal enteric fistula,
neurenteric cysts, diastematomyelia, dermal sinuses and
even intestinal duplication. The differences between
these entities result from the different developmental
fate of the intervening primitive-streak tissue towards
endo-, meso- or ectoderm; however, they all share some
degree of vertebral abnormality (block vertebrae, but-
terfly vertebrae, hemivertebrae), pointing to the origi-
nal notochordal abnormality.

Dorsal enteric fistula

This is an exceedingly rare condition, representing the
most severe complex dysraphic state, and consisting of a
cleft connecting the bowel with the dorsal skin surface
through the prevertebral soft tissues, vertebral bodies,
spinal canal and its contents, neural arch and sub-
cutaneous tissues. The involved segment of both the
vertebral column and spinal cord is split, to form two
columns surrounding the cleft. We encountered no case
of complete dorsal enteric fistula, and few cases are in
the recent literature. In the case reported by Hoffman et
al. [54], there was bifurcation of the spine and spinal
cord at the lumbar level with continuation to a conus
medullaris bilaterally. Castillo et al. [S5] reported a case
with duplication of L5 and the sacrum and duplication
of the spinal cord in a child with prior surgery to a cyst in
the lower back whose nature could not be ascertained.

Embryologically, dorsal enteric fistula is due to fail-
ure of notochordal integration with full-thickness per-
sistence of the neurenteric canal. There is reportedly a
strong association with malformations of viscera such as
renal dysplasia, diaphragmatic hernia, pulmonary hypo-
plasia, cardiac anomalies [3] and the OEIS complex [54].

Neurenteric cysts

These are found within the spinal canal and are lined by
mucin-secreting, cuboidal or columnar epithelium re-
sembling the gastrointestinal tract [3]. Their contents
are variable, and their chemical composition may be si-
milar to CSF. The typical location is intradural in the
thoracic spine, anterior to the spinal cord [56, 57]; how-
ever, neurenteric cysts may also be found in the cervical
(Fig.15) or lumbar spine, and even in the posterior cra-
nial fossa, and they are posterior to or even within the
spinal cord in a minority of cases. Vertebral abnormal-
ities are commonly present.

Embryologically, neurenteric cysts may be due to
endodermal differentiation of primitive-streak rem-
nants, possibly related to incomplete regression of the
neurenteric canal. As such, they are but the intraspinal
counterpart of gut duplications, in which the abnorm-
ality develops in close proximity to the gastrointestinal
tract rather than the spinal cord. Differential diagnosis
between neurenteric cysts and gut duplication is just a
matter of site [58].

We saw two cases of this rare abnormality. The lar-
gest recent series is that of Gao et al. [57], who reported
on 31 surgically proven neurenteric cysts. Although the
MRI appearances were variable, reflecting their con-
tents, most were isointense or gave slightly higher signal
than CSF on T1- and high signal on T2-weighted images.
Absence of contrast enhancement was the rule; how-
ever, we saw a neurenteric cyst which did enhance.

Split-cord malformations (SCM)

These entities are classically defined as diastemato-
myelia (from the Greek dwaotnua = cleft) and diplo-
myelia (dwrlovl = double). Although from a strict ety-
mological perspective diastematomyelia means spinal
cord splitting and diplomyelia cord duplication, there
has been no widespread consensus on use of these terms
in the radiological literature, mainly due to the inherent
difficulty in assessing true cord duplication pre-
operatively. We saw 24 cases, accounting for 3.8% of
CSD.

Embryologically, the two paramedian notochordal
anlagen are prevented from integrating in the midline,
probably by a persistent anomalous communication be-
tween the yolk and amniotic cavities (neurenteric ca-
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Fig.15a, b Neurenteric cyst. a,b Contrast-enhanced sagittal and
axial T1-weighted images show an intradural-extramedullary mass
anterior to the spinal cord at C3-5 (thick arrows). The mass is iso-
intense with CSF and does not enhance. The cord is compressed
and shows a central sling of low signal (thin arrows) representing
compressive myelomalacia. (Courtesy Dr C. Carollo, Padua, Italy)

Fig.16a—e Type I split cord malformation (diastematomyelia with
septum). a Sagittal T1-weighted image shows bony spur (thick ar-
row) projecting into the spinal canal. There is thoracolumbar hy-
dromyelia (open arrow). A vertebral segmentation defect is re-
vealed by rudimentary intervertebral discs at L1-4 (thin arrows).
b Coronal T1-weighted image shows the midline bony spur to lie at
the caudal end of the split in the cord splitting and to contain high-
signal bone marrow (thick arrow). The craniocaudal malformation
sequence includes a normal spinal cord (long arrow), hydromyelia
(open arrow), and diastematomyelia (thin arrows). Note lipoma
adjacent to right hemicord (arrowhead). c—e Axial T2-weighted
images show the malformation sequence from cephalad to caudad:
¢ hydromyelia, d diastematomyelia within single dural sac and
e diastematomyelia with dual dural sacs and intervening bony spur
(arrowhead). Axial views also show that the right hemicord has
one paramedian set of nerve roots connected to the bony spur
(long arrow e), while a posterior root is clearly seen as it merges
with the left hemicord (short arrow e)

nal), around which the intervening primitive streak
condenses to form the so-called endomesenchymal tract
[19]. Failure of midline notochordal integration pro-
duces two separate, variably elongated notochordal
columns, each of which induces a separate neural plate.
The resulting malformation depends on the develop-
mental fate of the endomesenchymal tract: if the primi-
tive-streak tissue further develops towards bone and
cartilage, the two hemicords will be eventually con-
tained in two separate dural sacs, separated by a
osteocartilagineous spur; conversely, if the en-
domesenchymal tract totally regresses or leaves a thin
fibrous septum, the two hemicords will lie within a sin-
gle dural tube.

In 1992, Pang et al. [19] suggested that terms such as
diastematomyelia and diplomyelia be abandoned, to
make way for a new classification of SCM in two types,
based on the state of the dural tube and the nature of the
median septum.
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e Typel SCM (diastematomyelia with septum). This
was the less common of the two varieties in our series
(25% of cases). Clinically, the patients usually pre-
sent with scoliosis and a tethered cord syndrome.
Cutaneous birthmarks such as haemangioma, dys-
chromic patches and hairy tufts often betray the un-
derlying malformation; a hairy tuft high along the
back is a quite reliable clinical marker of type I SCM.
Vertebral anomalies are the rule, and include block
or butterfly vertebrae, hemivertebrae and posterior
spina bifida. The radiological hallmark [19, 59] is the
osseous or osteocartilagineous midline septum with
resulting double dural tubes, each containing a hemi-
cord (Fig.16). The spur may be complete or in-
complete and course sagittal or obliquely; in some
cases it divides the spinal canal unequally, and the two
hemicords will be asymmetrical. The cleft is generally
thoracic or lumbar and always lies at the caudal end
of the split; the two hemicords usually surround the
spur tightly, before fusing with each other to form a
normal spinal cord below, whereas rostrally the split
is much more elongated. The cleft is terminal in some
cases, and two hemicones and hemifilum (generally
hypertrophic and tethered) are formed. Hydromyelia
is a common finding, and may involve the normal
cord both above and below the split as well as one or
both the hemicords [60]. Failure of neurulation of one
hemicord produces a hemimyelocele or hemi-
myelomeningocele; these are extremely rare, and we
saw no such case (see Open spinal dysraphism).

e Type Il SCM (diastematomyelia without septum).
The radiological hallmark is a single dural sac con-
taining both hemicords (Fig.17) [19, 61]. No osteo-
cartilagineous spur is found, although a fibrous sep-
tum is usually present at surgery; in these cases, signs
of cord tethering may appear, and indeed the as-
sumption that type II SCM does not produce a teth-
ered cord syndrome is incorrect [20]. The fibrous sep-
tum may be very thin, and is usually best appreciated
on coronal or axial T2-weighted images. In some
cases, the cleft is partial and the split incomplete;
these are the mildest forms of diastematomyelia [12].
Hydromyelia may be present, with the same features
as in type I. Vertebral anomalies are usually milder
than in type I, and consist of butterfly vertebrae in
most cases. Posterior spina bifida is often present.

As stated previously, whether each neural plate is com-
plete or rather a “hemineural” plate has been the source
of much debate, as this distinction implies spinal cord
duplication or splitting. It has traditionally been be-
lieved that the examination of paramedian nerve roots
may clarify this problem, as only truly duplicated cords
would possess double sets of dorsal and ventral roots,
whereas split hemicords would only have one [59].
However, Pang et al. [19] have shown that both types of

SCM may show paramedian nerve roots, depending on
whether neural crest cells (which produce the roots) are
trapped within the endomesenchymal tract. Others have
speculated that true duplication may be identified radi-
ologically only when hydromyelia is detected within
each “hemicord”, as this implies complete duplication
of the central ependymal canal and, therefore, of the
surrounding spinal cord (C. Raybaud, personal commu-
nication); however, nonhydromyelic hemicords have
also necessarily completed their neurulation (and
therefore possess an undilated central canal), otherwise
a hemimyelo(meningo)cele would result from lack of
neurulation of one hemicord. In other words, all spinal
cords would be duplicated if successful neurulation of
both hemicords is taken as a standpoint.

Analysing our 24 cases of SCM and reviewing the
pertinent literature we have come to the conclusion that
there is a continuous spectrum of abnormality ranging
from a partially cleft spinal cord in a single dural tube at
one end to a completely duplicated cord within dual
dural tubes with an intervening bony spur at the other; if
this is so, the dispute as to whether the spinal cord is
cleft or duplicated would lose its meaning, and we tend
to call all these cases “diastematomyelia” in everyday
language. However, we agree with the scheme devised
by Pang et al. [19] because it provides a classification
based on reproducible observations, although it should
be borne in mind that single dural tube SCM (type II)
may produce cord tethering cord if an intervening fi-
brous septum is present.

In conclusion, diastematomyelia and diplomyelia are
two ends of a spectrum of split-cord malformations with
a common embryonic mechanism. In both cases, the two
hemicords are in fact “incomplete duplications”, with
relatively well-preserved lateral halves and dystrophic
medial halves representing a variable degree of dupli-
cation. Both hemicords usually attain complete neur-
ulation, as demonstrated by the presence of a con-
tinuous cutaneous covering of the malformation and,
sometimes, by the recognition of the ependymal canal
within the hemicords. Failure of neurulation results in a
hemimyelo(meningo)cele.

Dermal sinus

The dermal sinus is an epithelium-lined fistula which
extends inwards from the skin surface and sometimes
connects with the central nervous system and its me-
ningeal coating. It is found more frequently in the lum-
bosacral region, although cervical and thoracic sinuses
are possible [62]; it is very common (23.7% of CSD in
our series). On examination, a midline dimple or pin-
point ostium is found, often with a hairy naevus, capil-
lary haemangioma or hyperpigmented patches. A der-
mal sinus must be differentiated from the dimple of a
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Fig.17a,b Type II split cord
malformation (diastematomye-
lia without septum). a Coronal
T1-weighted image shows thor-
acolumbar split cord. However,
this could represent a persistent
terminal ventricle. b Axial T2-
weighted image clearly shows
the two hemicords in a single
dural tube, with no intervening
spur

Fig.18 Dermal sinus. Sagittal
T1-weighted image shows thor-
acic dermal sinus coursing
slightly upwards to connect
with the spinal canal (arrow-
head). CSF was seen leaking
from a cutaneous pinpoint os-
tium

Fig.19a,b Dermal sinus with
dermoid. a Slightly para-
sagittal T2-weighted image
shows sacral dermal sinus cour-
sing obliquely downwards in
subcutaneous fat (arrow).

b Midsagittal image shows a
huge dermoid in the thecal sac
(open arrows), extending up-
wards to the tip of the conus
medullaris. The mass gives
slightly lower signal than CSF
and is outlined by a thin low-
signal rim

pilonidal sinus, which is generally near the anus and
does not communicate with the spinal canal.
Embryologically, dermal sinus tracts have tradition-
ally been believed to result from focal incomplete dis-
junction of the neuroectoderm from the cutaneous ec-
toderm [63]. However, this theory has been questioned
[3]: the dermal sinus could derive from ectodermal dif-

ferentiation of the dorsal portion of the neurenteric ca-
nal; it could thus be isolated or associated with split-cord
malformations, depending on the severity of the mal-
formation.

Dermal sinuses may open in the subarachnoid space,
causing leakage of CSF, or be connected to a hyper-
trophic or fibrolipomatous filum terminale, a low conus
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medullaris or intraspinal lipoma. They also may origi-
nate from the skin overlying a lipomyeloschisis, which is
therefore pierced by the dermal sinus. Generally, the
sinus courses obliquely and downwards, and is easily
recognised on midline sagittal images as a thin low-sig-
nal stripe in the subcutaneous fat (Fig.18); it is more
difficult to detect on axial images. Ascending meningitis
is a recognised complication of sinuses connecting with
the intradural space [63]. In a considerable percentage
of cases, the sinus is associated with a dermoid, gen-
erally at the level of the cauda equina, or near the conus
medullaris (Fig.19). This association was found in
11.3% of our cases. The dermoid probably results from
encystment of part of the dermal sinus tract and may
increase in size due to progressive accumulation of des-
quamative debris within the cyst. Abscess formation
and rupture into the subarachnoid space, with con-
sequent chemical meningitis, are other well-recognised
complications of spinal dermoids [63].

Disorders of notochord formation. As was previously
stated, it is today clear that the eventual location of each
prospective notochordal cell along the longitudinal em-
bryonic axis is genetically programmed under control of
Homeobox genes; the embryo therefore has a geneti-
cally encoded segmental organisation. Programmed cell
death, apoptosis, is a process of cell elimination which
occurs in the course of normal development, and is cru-
cial during various steps of embryogenesis [64]. During
gastrulation, cells wrongly specified in terms of their
rostrocaudal position are eliminated (“positional apop-
tosis™) [65], so that fewer cells or even no cells at all will
form the notochord or caudal cell mass depending on
the segmental level of the abnormality. The con-
sequences of this segmental chorda-mesodermal paucity
are manifold, and affect development of the spinal col-
umn and cord and other organs which rely on the no-
tochord as inductor. If the prospective notochord or
caudal cell mass is depopulated, a wide array of seg-
mental vertebral malformations, including segmenta-
tion defects, indeterminate or block vertebrae, or even
absence of several vertebrae, will result. Moreover, be-
cause of lack of neural induction, fewer prospective
neuroectodermal cells, or even no cells at all, will be in-
duced to form the neural plate or the secondary neural
tube in the pathological segment [23]. The resulting
malformation depends essentially on the segmental le-
vel and the extent of the abnormality along the long-
itudinal axis [23]. In the vast majority of cases, the ab-
normality involves the caudal end of the embryo (i.e.,
the caudal cell mass and a variable extent of notochord)
resulting in the caudal regresssion constellation; much
more rarely an intermediate notochordal segment is in-
volved, and segmental spinal dysgenesis results [23].
Isolated vertebral abnormalities such as hemivertebrae
or isolated butterfly vertebrae may also be caused by

minor notochordal derangement but, as spinal dysraph-
ism is usually not associated with these conditions, they
will not be discussed further.

Caudal regression syndrome (CRS)

This is a heterogeneous constellation of caudal anoma-
lies comprising total or partial agenesis of the spinal col-
umn, anal imperforation, genital anomalies, bilateral re-
nal dysplasia or aplasia and pulmonary hypoplasia [66].
The lower limbs are usually dysplastic with distal atrophy
and a short intergluteal cleft; fusion or agenesis results in
the most severe cases (sirenomelia) [67]. Agenesis of the
sacrococcygeal spine may be part of syndromic com-
plexes such as OEIS [40], VACTERL (vertebral ab-
normality, anal imperforation, tracheoesophageal fistu-
la, renal abnormalities, limb deformities) [68], and the
Currarino triad (partial sacral agenesis, anorectal mal-
formation and sacrococcygeal teratoma) [69-71]. Lipo-
myelomeningocele and terminal myelocystocele are
present in 20 % of cases [5]. There is an association with
maternal diabetes mellitus (1 % of offspring of diabetic
mothers being affected) [5]. Overall, CRS is not un-
common, and we saw 103 cases (16.3 % of CSD).

MRI shows two distinct types of abnormality de-
pending on the position of the conus medullaris, which
in turn depends on the severity of the malformation [72,
73]. The embryological watershed between the two
varieties is the junction between the notochord and
caudal cell mass, corresponding to the caudal end of the
future neural plate (interface between neural tube clo-
sure site 5 and secondary neurulation) [8]. The exact
location of such site is the source of continuing debate.
Some workers place it at S1-2 [8], others at S3-5 [6]. In
practical terms, the difference is negligible, as the sacral
and coccygeal metameres of the spinal cord are re-
presented by the tip of the conus medullaris.

Type L. If the derangement is severe (spine ending at
S1 or above), the corresponding metameres of the spinal
cord will also be absent. This results in a high-lying
terminal spinal cord, abrupt (without the normal taper),
which is nearly always club-shaped (extending lower
dorsally) (Fig.20) [5, 74]. The higher the cord termi-
nates, the more severe the malformation, with more
absent vertebrae. In the most severe cases, there is ab-
sence of all coccygeal, sacral, lumbar and some of the
thoracic vertebrae and the spinal cord terminates at the
midthoracic level. The cauda equina is also frequently
abnormal, and the nerve roots have an abnormal course,
termed the “double bundle” [72]. Caudal anomalies,
such as anterior meningocele, may be found.

Type II. With minor degree of dysgenesis (S2 or
lower levels present) only the most caudal part of the
conus medullaris (corresponding to the metameres
formed by secondary neurulation) is absent; in the vast
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Fig.20 Caudal regression syn-
drome, type I. Sagittal T1-
weighted image shows com-
plete sacococcygeal agenesis.
There is a high, abrupt termi-
nation of the spinal cord, ex-
tending slightly lower dorsally
than ventrally (black triangle).
Note “double bundle” shape of
the nerve roots of the cauda
equina (white arrows). Asso-
ciated caudal anomalies include
anterior meningocele (asterisk)
and a histologically proven ha-
martoma (open arrow)

Fig.21 Caudal regression syn-
drome, type II. Sagittal T1-
weighted image shows a lesser
degree of sacrococcygeal agen-
esis than in type I, S3 being
present. The spinal cord is
tethered to a sacral intradural
lipoma and there is a huge hy-
dromyelic cavity

Fig.22 Segmental spinal dysgenesis. Sagittal T2-weighted image
shows an acute thoracolumbar kyphosis with complete interrup-
tion of the spinal column and lower thoracic vertebral segmenta-
tion defect (arrow). There are two completely separated spinal
cord segments; the upper ends several vertebral levels above the
gibbus and shows central high signal (triangles), whereas the lower
is bulky, low and does not show significant signal change (black
arrows). Note extreme narrowing of spinal canal at the affected
level (white arrow)

majority of cases, the conus is elongated and stretched
caudally, and tethered by a tight filum terminale, in-
tradural lipoma (Fig.21), terminal myelocystocele or li-
pomyelomeningocele [S]. In some cases, the cord tapers
progressively to attach to the neck of an anterior sacral
meningocele; the anomaly may be discovered in later
childhood or adolescence, when the patient develops
constipation, urinary incontinence, dysmenorrhoea,
dyspareunia or back pain [5].

In a minority of cases, cord tethering is not present,
and only the tip of the conus medullaris is absent; in
such cases analysis of both plain films and MRI is re-
quired so as not to overlook the abnormality.

Segmental spinal dysgenesis

The clinicoradiological definition of segmental spinal
dysgenesis (SSD) includes segmental agenesis or dys-

genesis of the lumbar or thoracolumbar spine; seg-
mental abnormality of the underlying spinal cord and
nerve roots; congenital paraplegia or paraparesis; and
congenital lower limb deformities [23]. Segmental ver-
tebral anomalies may involve the thoracolumbar, lum-
bar, or lumbosacral spine. The spinal cord may be hy-
poplastic or completely absent at level of the abnorm-
ality, depending on the severity of the causal insult,
while a bulky, low-lying lower cord segment is present
caudal to the focal abnormality, to the extent that the
spine and spinal cord are “cut in two” in the most severe
cases (Fig.22) [23]. Other CSD, partial sacrococcygeal
agenesis, and renal abnormalities may be present.
Although SSD is a specific entity showing particular
clinical and neuroradiological features, SSD and CRS
probably represent two parts of a single spectrum of
segmental malformations of the spine and spinal cord,
the main difference being the level of the causal no-
tochordal derangement along the longitudinal embryo-
nic axis [23]. As with CRS, the embryogenesis of SSD
could be due to genetically induced notochordal de-
rangement during gastrulation, resulting in depopula-
tion of the prospective neuroectoderm [23]. However, if
one considers that the CRS/SSD ratio in our series is
11 : 1, it becomes clear that the caudal extremity of the
embryo must be far more susceptible than intermediate
segments to damage during early embryonic develop-
ment. In SSD, the neuroradiological picture depends on
the severity of the malformation and on its level along
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the longitudinal axis. The severity of the morphological
derangement correlates with residual spinal cord func-
tion and the severity of the clinical deficit [23].

Conclusion

We have tried to devise an analytical approach to ima-
ging children with spinal dysraphism which may prove
useful in everyday clinical practice. As with other dis-
ease processes, the initial step is clinical, and the neu-
roradiologist should not refrain from carefully examin-
ing a child’s back, as this is one of the most crucial points
to a correct diagnosis. MRI has replaced other imaging
techniques, with the possible exception of CT for char-

acterising the spur in split-cord malformations. In most
instances, sagittal, axial, and coronal T1-weighted ima-
ges will suffice. Fast spin-echo T2-weighted images are
especially useful when looking for complications of cord
tethering such as hydromyelia. The most challenging
cases are probably split-cord malformations, which may
require a three-plane examination with both T1- and
T2-weighted images. However, plain films in ante-
roposterior and lateral projections are still mandatory
for assessing associated abnormalities of the spinal col-
umn. Close interdisciplinary collaboration involving
neuroradiologists, neurosurgeons, paediatricians, or-
thopaedic surgeons, physical therapists, urologists and
psychologists is required to provide these patients with
treatment tailored to their individual needs.
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