Childs Nerv Syst (2003) 19:540-550
DOI 10.1007/s00381-003-0792-3

David G. McLone
Mark S. Dias

Received: 10 April 2003
Published online: 12 August 2003
© Springer-Verlag 2003

ORIGINAL PAPER

The Chiari Il malformation: cause and impact

Abstract Introduction: It is the
Chiari IT malformation and its effects
that determine the quality of life of
the individual born with spina bifida.

ronment and leads to all of the brain
changes seen in the Chiari II malfor-
mation. Decompression of the intra-
cranial vesicles causes overcrowd-

Discussion: The cause of this mal-
formation has been a source of de-
bate for many years. Understanding
the cause enables strategies for the
management of problems created by
this malformation to be developed.
An open neural tube defect allows
fluid to escape from the cranial vesi-
cles, altering the intracranial envi-
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Introduction

Myelomeningoceles occur with a frequency of approxi-
mately 0.4 per 1,000 live births [40]; associated hydro-
cephalus occurs in approximately 85-90% of afflicted
patients [29]. The mortality rate continues to decline and
the likelihood of independent living continues to im-
prove [6]. It is the hydrocephalus and the other manifes-
tations of the Chiari II malformation more than anything
else that will determine the outcome for survival and in-
dependence in these children (Fig. 1, Table 1). Without
the Chiari II malformation these children would have a
prognosis similar to individuals with traumatic paraple-
gia or spinal cord lipomas. The treating neurosurgeon
would therefore do well to have a thorough understand-
ing of the development and pathophysiologic processes
associated with the Chiari II malformation in myelodys-
plasia.

Discussion

Several pathophysiologic mechanisms may act alone or
in concert to cause hydrocephalus in patients with mye-

ing, decrease in the size of the third
ventricle, and changes in the fetal
skull. It also permanently links the
intracranial ventricular system to the
spinal cord central canal.

Keywords Chiari II malformation -
Spina bifida - Embryonic and fetal
development - Open neural tube
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Fig. 1 Children born between 1975 and 2001 with long-term fol-
low-up demonstrate the impact of the Chiari II malformation on
children with spina bifida. PCD posterior cervical decompression

lomeningoceles [27]. Aqueductal occlusion, fourth ven-
tricular outlet obstruction, obliteration of the subarach-
noid space by the crowded posterior fossa contents, and
obstruction at the level of the tentorial hiatus have all
been implicated [26]. All these mechanisms potentially
have a common origin in the caudal hindbrain anomaly
of the Chiari II malformation.
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Fig. 2 A Specimen of brain of
a child who died. B Mid-sagit-
tal section shows the typical
changes of the Chiari II malfor-
mation. M large massa interme-
dia

Table 1 Manifestations of the Chiari II malformation

Table 2 Chiari-associated central nervous system malformations

Manifestation Malformation

Apnea Disorders of the skull

Tongue fasciculations Liickenschidel of the skull

Stridor Small posterior fossa

Facial palsy Low-lying tentorium cerebelli with large incisura

Gastro-esophageal reflux
Swallowing difficulties
Poor feeding

Ataxia

Hypotonia

Upper extremity weakness
Hydrocephalus
Hydromyelia

Attention deficit

Seizures

Extra-ocular movement abnormalities
Nystagmus

Increased mortality

The Chiari II malformation is present in virtually all
patients with myelomeningoceles and encompasses a
broad constellation of malformations (Table 2) involv-
ing both the neuroectoderm (both supratentorial and in-
fratentorial) and the surrounding mesoderm (membra-
nous skull and basicranium) [29]. This is a pancerebral
malformation. The most striking of these involve the
posterior fossa (Fig. 2). Neuroectodermal abnormalities
include caudal displacement of the cerebellar tonsils and
vermis, as well as the caudal brainstem (medulla and,
variably, the pons), through an enlarged foramen mag-
num into the cervical spinal canal. In some instances,
the brainstem becomes kinked (the medullary kink) as
the more cranial portions are translocated dorsal to more
caudal tissue held by the first dentate ligament (Fig. 3).
Additionally, the superior vermis and cerebellar hemi-
spheres are displaced cranially through the tentorial in-

Scalloping of the petrous bone
Shortening of the clivus
Enlargement of the foramen magnum

Disorders of the cerebral hemispheres
Polymicrogyria

Cortical heterotopias

Dysgenesis of the corpus callosum
Large massa intermedia

Disorders of the posterior fossa

Descent of the cerebellar vermis through the foramen magnum
Caudal displacement of pons and medulla

Rostral displacement of superior cerebellum through the tentorium
Kinking of the brainstem

Loss of pontine flexure

Aqueductal stenosis or forking

Beaking of the tectum

cisura and lie, to a variable extent, within the middle
fossa of the supratentorial compartment (Fig. 4). Asso-
ciated mesenchymal abnormalities produce a small pos-
terior fossa, a low-lying tentorium with a much-enlarged
tentorial incisura, a foreshortened clivus, and scalloping
of the petrous bone.

However, the Chiari II malformation also encompass-
es several abnormalities (both neuroectodermal and mes-
enchymal) that involve the supratentorial compartment
(Table 2). Neuroectodermal malformations include an
enlarged massa intermedia of the thalamus, small third
ventricle, dysgenesis of the corpus callosum, beaking of
the quadrigeminal plate, polymicrogyria, and cortical
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heterotopias. Mesenchymal abnormalities produce the
liickenschédel deformity of the skull.

Animal models of human disease offer an opportunity
to understand the embryonic and fetal mechanisms that
lead to congenital malformations [14]. In this case the

Fig. 3A, B Autopsy specimens show the herniation of cerebellar
vermis (V) and tonsils (7) through the foramen magnum. M med-
ullary kink

Fig. 4A, B Autopsy specimens
demonstrate the herniation of
the dorsal cerebellum through
the wide incisura (arrows)

Splotch mouse model is an excellent model of human
neural tube defects, both morphogenically and molecular
biologically (Fig. 5). Both cranial and spinal neural tube
defects occur in this mouse due to a defect in the Pax-3
gene. The same gene, Hup-2 in humans, produces neural
tube defects in man [22, 31].

It has been possible to observe the evolution of the
Chiari II malformation in the embryo and fetal mouse
(Fig. 6). Additional experiments in chick embryos dem-
onstrated that venting ventricular fluid from the cerebral
vesicles produced a malformation similar to the Chiari II
malformation in the posterior fossa of the chick.

We recently proposed a unified theory to explain the
pancerebral anomalies involved in the Chiari II malfor-
mation [24, 27]. According to this theory, the presence of
an open neural tube allows venting of cerebrospinal fluid
from the entire central nervous system through the cau-
dal end of the open neural tube during embryonic and
fetal life. Under normal circumstances, just prior to neu-
ral tube closure in humans, there is a temporary period of
spinal neurocele occlusion, during which the central ca-
nal of the developing spinal cord is temporarily obliterat-
ed for at least 2 days and perhaps as long as 8 days
(Fig. 7) [11]. The ventricular fluid is held within the cra-
nial compartment under pressure and this maintains the
distention of the developing ventricles [34]. During this
time, the isolated ventricular system (vesicles of the em-
bryo), and cranial neuroectoderm undergo tremendous
growth and development [35]. One important function of
the resultant growth of the cranial neurocele is to provide
an inductive stimulus for the growth of the surrounding
mesenchyme (membranous skull and basicranium). This
outward pressure and volume expansion determines the
volume of the cranial cavities (Fig. 8). A similar phe-
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Fig. SA-D Neural tube defects
in children and fetal Splotch
mice: A is a child with anen-
cephaly, B a child with a my-
elomeningocele, C a fetal
mouse with exencephaly, the
same as anencephaly, and

D a fetal mouse with a myelo-
meningocele

Fig. 6 Splotch mice embryos
on the left, without an open
neural tube defect, and on the
right with an open defect. Line
indicates the opening at the
base of the skull and the arrow
indicates the level of the inferi-
or edge of the brain stem. Note
collapsed space and descent of
the stem in the defective em-
bryo. P choroid plexus
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Fig. 7A, B Chick embryos with
contrast injected into the neuro-
cele. Note in A1 the contrast
fills both the cranial and spinal
neurocele. A2 is a cross section
of the spinal neural tube dem-
onstrating the open neurocele
(arrow). B1 and B2 show the
spinal neurocele is closed and
the contrast is restricted to the
cranial neurocele during the
period of “occlusion” [13]

Fig. 8 Scanning electron micro-
graph of two mouse embryos
with their caudal neural tube
next to the cranial end. Arrow
indicates that the normal mouse
neural tube is closed and the
Splotch mouse neural tube is
open. The telencephalic (7)
vesicles are distended in the
normal mouse and collapsed in
the Splotch
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Fig. 9 Light micrographs from
left a mouse embryo and right a
35 to 37-day-old human em-
bryo. The left image shows the
distended hindbrain neural ves-
icle (V) of the mouse and the
sounding mesenchyme that will
establish the volume of the pos-
terior fossa prior to the devel-
opment of the cerebellum. The
right image demonstrates the
presence of cartilage (C) very
early in development forming
arigid posterior fossa prior to
cerebellar development. Aster-
isks indicate the space that an-
ticipates the development of
the cerebellum and (V) the tel-
encephalic vesicles are col-
lapsed anteriorly, which is an
artifact of fixation

Fig. 10 sA Mouse embryo
with a neural tube defect and

B a spontaneously aborted
human fetus with a myelomen-
ingocele. CP collicular plate,

C early cerebellum with hernia-
tion (arrow)

nomenon has been described in both avian and mamma-
lian embryos [12, 13, 20, 35, 37, 38, 39].

During this period of occlusion of the spinal neuro-
cele, the process of neural tube closure is completed.
When occlusion reverses and the neurocele reopens, the
distention of the cranial vesicles of the embryo (ventric-
ular system in fetal development) is maintained by a
closed neural tube (Fig. 8). If, however, the neural tube
closure was defective and the neural tube remains open,
the fluid drains from both the spinal and cranial nervous
system (Fig. 8). A failure of proper ventricular growth
during these critical periods results in inadequate and
disorganized neural development [10, 12, 19, 35] as well
as secondary effects on the growth of the surrounding
mesenchyme (Fig. 9) [27]. The development of the
Chiari II malformation and its impact on the developing

nervous system begins in the embryo and continues
throughout fetal development. The distention of the cau-
dal embryonic vesicles (thombencephalic and metence-
phalic), and later the fetal posterior fossa cerebrospinal
fluid spaces, is essential to determine the size of the pos-
terior fossa prior to and during cerebellar and brain stem
development. These spaces must be large enough to an-
ticipate the blossoming cerebellum that will soon fill
these spaces. The lack of distention leads to secondary
mesenchymal defects, miscoding of volume determina-
tion, resulting in a smaller posterior fossa, which, during
subsequent cerebellar development, is inadequate to
house the rapidly enlarging hindbrain. As a consequence,
the hindbrain is displaced both cranially (through the in-
cisura) beaking the collicular plate and compressing the
aqueduct. Caudal displacement (through the foramen
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Fig. 11 A is a parietal plate from a normal infant skull, which
demonstrates the calcified bundles radiating out (thin arrows)
from the growth center. B is an X-ray of an infant with a myelo-
meningocele and Chiari II malformation. Thick arrows indicate
the dense bundles turning into an abnormal liickenschidel pattern

Fig. 12 Scanning electron mi-
crographs from a Splotch fetal
mouse with a Chiari II malfor-
mation and the developing sub-
arachnoid space of a normal
fetus. The image on the left is
a higher power view of the
middle image from a fetal
mouse with an open neural
tube. The image on the right is
the normal developing sub-
arachnoid space

magnum) of the vermis and cerebellar tonsils with med-
ullary elements produces the hindbrain anomaly at the
foramen magnum and cervical spinal canal (Fig. 10).

Distention of the ventricular system also acts as scaf-
folding for the development of the supratentorial neural
elements [35]. Normal neuronal migration from the ven-
tricular germinal zone to the cortical layers occurs along
the radially oriented glial processes. Collapse of the ven-
tricles disorganizes this process leading to the cerebral
malformations of the Chiari II. These primary disorders
of neuronal histogenesis include polymicrogyria, heterot-
opias, and callosal dysgenesis. Through secondary ef-
fects on disordered surrounding mesenchyme, liicken-
schidel develops [27]. The cranial plates develop from
ectoderm. The frontal and parietal plates grow from the
growth center in the middle of the plate. Collagen bun-
dles radiate out from these centers and are drawn out in
response to growth stimulated by the underlying devel-
oping brain. Decompression of the cerebral hemispheres
disrupts this and causes the collagen bundles to follow a
chaotic course leading to the liickenschédel skull defor-
mity (Fig. 11). This also causes the frontal plates to de-
form with an inward concavity referred to on ultrasound
as the “lemon sign.” Collapse also results in a small third
ventricle and the approximation of the thalami with a
large massa intermedia (Fig. 2).

The result of this disproportionate growth between
the hindbrain and surrounding mesenchyme is a tightly
compacted posterior fossa with little room [25]. This im-
pedes the development of the cerebrospinal fluid spaces
and the normal flow of cerebrospinal fluid (CSF) from
the third to the fourth ventricle through the cerebral aq-
ueduct, from the fourth ventricle to the posterior fossa
subarachnoid space through the ventricular outlets, and
from the posterior fossa subarachnoid space through the
incisura to the cerebral convexities (Fig. 12) [23, 27, 28],
resulting in hydrocephalus. Therefore, hydrocephalus is
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Fig. 13 A is a midsagittal view
of a normal brain third ventri-
cle. Note the long floor, be-
tween arrows, of the third ven-
tricle and no identifiable massa
intermedia. B shows an ex-
tremely short floor between the
arrows. Note the ventriculo-
scope entering through a small
foramen of Monro. Also seen
are a large massa intermedia,
deformed corpus callosum, and
peaked collicular plate

a result of the Chiari II malformation and not the cause
of the malformation. Studies of aborted fetal brains
clearly show that the Chiari II malformation precedes the
onset of hydrocephalus (Fig. 10) [33]. While hydroceph-
alus is not the cause of Chiari II malformation, the onset
of hydrocephalus, during either fetal or postnatal life,
further deforms and impedes the development of the ner-
vous system. Hydrocephalus exacerbates and accelerates
the clinical manifestations of hindbrain compression.

The cause of the Chiari II malformation is the open
neural tube. This has important implications for the man-
agement of the neural tube defect. Prevention of the de-
fect or early repair would obviously eliminate or dimin-
ish the severity of the malformation.

In addition to their importance in producing hydro-
cephalus, the pancerebral anomalies of the Chiari II mal-
formation have important practical implications for the
management of hydrocephalus in patients with myelo-
dysplasia. For example, the presence of callosal dysgen-
esis, cortical heterotopias, and polymicrogyria confer a
characteristic shape to the ventricular system, in which
the atria and occipital horns are disproportionately large,
a condition known as colpocephaly. Consequently, mild
or moderate enlargement of only the posterior ventricu-
lar system, as occurs in callosal agenesis, may not neces-
sarily connote hydrocephalus in the absence of other
signs of progressive ventriculomegaly.

The Chiari II malformation may interfere with the
proper functioning of a ventricular shunt. For example,
the presence of a small third ventricle with an enlarged
massa intermedia, together with an eccentric bulge from
the head of the caudate nucleus, prominent commissural
fibers extending across the anterior third ventricle, and
anteriorly pointing frontal horns may distort and func-

tionally obstruct the interventricular foramen of Monro
and result in isolated lateral ventricles after unilateral
shunt placement [4, 5, 32]. The small third ventricle
makes the use of a third ventriculostomy difficult at any
time and almost impossible in the neonate (Fig. 13).

In one series, 6 of 42 patients with myelomeningo-
celes and hydrocephalus had congenital abnormalities at
the foramen of Monro that could potentially result in iso-
lated ventriculomegaly [4]. The use of distal slit valves,
with strong siphoning effects, appears to be particularly
associated with the phenomenon of isolated ventriculo-
megaly after shunting and has led to the suggestion that
distal slit valves should be avoided in managing hydro-
cephalus in myelodysplastic patients [5].

Hindbrain compression or distortion may be exacer-
bated by associated hydrocephalus and result in caudal
brainstem signs and symptoms, either as an initial mani-
festation of hydrocephalus in the neonate or as a feature
of shunt malfunction in the older child [1, 8, 9, 18, 21,
23].

The role the spinal cord’s central canal plays in the
development of the Chiari II malformation permanently
links the cranial and spinal ventricular system. Thus, the
onset of progressive hydrocephalus, or more commonly
the first shunt malfunction, can result in hydromyelia
(Fig. 14) [16, 17]. Prompt shunting, or revision of the
present shunt, will reverse the hydromyelia and may re-
turn the spinal cord to its normal form.

The clinical features and management of hydrocepha-
lus in the patient with a myelomeningocele can be divid-
ed into two phases: an initial neonatal phase, during
which the decision is made as to whether or not to shunt,
and a late phase, lasting the patient’s entire life, during
which the child is closely followed for signs and symp-
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Fig. 14A, B MR images of an infant with a myelomeningocele,
Chiari II malformation, and hydrocephalus. A, note the normal
cord during shunt function and B, that a shunt malfunction pro-
duced hydromyelia

toms of hydrocephalus (if not previously shunted) or
shunt malfunction (if previously shunted). During each
of these periods, the presence of the myelomeningocele
and Chiari II malformation has a profound impact on the
evaluation and management of associated hydrocepha-
lus. Overt hydrocephalus is clinically evident early (that
is, at the time of birth and before closure of the placode)
in about 15% of infants with myelomeningoceles, and is
often the result of aqueductal stenosis or occlusion [36].
More frequently, however, overt hydrocephalus is absent
at birth but becomes evident during the days or weeks
following closure of the myelomeningocele. This de-
layed hydrocephalus is due to the loss of the central ca-
nal venting of CSF and the blockage to CSF flow
through either the incisura or the subarachnoid space
[26].

The infant with worsening hydrocephalus may first
develop symptoms of lower brainstem compromise from
the Chiari II malformation with attendant stridor, facial
palsy, a weak, high-pitched cry, swallowing difficulties
and poor feeding, nasal regurgitation, or recurrent bouts
of aspiration pneumonitis [3]. Additionally, upper ex-
tremity weakness and hypotonia may arise from cervico-
medullary compression from the Chiari or from syringo-
myelia. These symptoms, although related anatomically
to the Chiari IT malformation, are often exacerbated by

the presence of hydrocephalus [18]. Accordingly, in
many cases they will resolve after appropriate treatment
for the hydrocephalus, and more complex (and morbid)
cervical decompressive procedures will be avoided.

Seizures are estimated to occur in approximately
15-25% of children with myelomeningoceles [2, 7, 15,
30], and are most likely to be related to cerebral anoma-
lies such as cortical heterotopias and polymicrogyria that
are associated with the Chiari II malformation. Seizures
may occur de novo in patients not previously known to
have seizures, or may be exacerbated in patients with a
known seizure disorder.

Lower brainstem dysfunction in association with
shunt malfunction is attributed to an exacerbation of
brain stem compression from the hindbrain Chiari II
anomaly, and often improves after shunt revision [1, 8,
9, 18, 21, 23]. As mentioned above, signs of lower cra-
nial nerve dysfunction include stridor, a weak or high-
pitched cry in the infant and a hoarse, nasal, or high-
pitched voice in the older child or adult, frequent chok-
ing or sputtering on foods, nasal regurgitation during
feeding (particularly liquids), frequent gastro-esopha-
geal reflux, recurrent bouts of aspiration pneumonitis,
facial weakness and tongue fasciculations, and extra-
ocular movement abnormalities. In the extreme, apnea
may occur [8, 9, 18] and is probably a common cause
of spontaneous death in this population. Additional
signs of brain stem compromise include changes in up-
per or lower extremity muscle strength or tone, and cer-
ebellar dysfunction (truncal ataxia or appendicular dys-
metria).

Progressive motor dysfunction in the upper or lower
extremities may occur in association with shunt malfunc-
tion, and is manifested as muscle weakness, an increase
in tone (spasticity), worsening muscle contractures, or a
disturbance in gait. These signs suggest progressive spi-
nal cord dysfunction due to hindbrain compression, teth-
ered cord, or syringomyelia [17]. Many patients are
dramatically improved following shunt revision and thus
avoid a more extensive surgical procedure. For these rea-
sons it is imperative that optimal function of the shunt be
established prior to any procedure involving the hind-
brain, hydromyelia, or tethered cord.

Conclusion

In summary, the presence of myelomeningocele and as-
sociated intracranial abnormalities collectively referred
to as the Chiari II malformation considerably alters the
presenting features of hydrocephalus, both at the time
of presentation in infancy and later in life. Hydrocepha-
lus in patients with myelomeningoceles differs in sever-
al respects from other forms of hydrocephalus. The
signs and symptoms of shunt malfunction are diverse
and may suggest a symptomatic Chiari II malformation,
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tethered spinal cord, or syringomyelia. When presented 1.
with any of the above signs or symptoms, it is our prac-
tice to always assess shunt function before proceeding 2.
with posterior fossa decompression, an untethering pro-
cedure, or treatment for syringomyelia. This has two

It obviates a more extensive (and potentially more
morbid) surgical procedure.

It may prevent disastrous clinical deterioration from
herniation syndromes that might otherwise occur after
removing CSF from the spinal subarachnoid space in

benefits: the presence of a shunt obstruction.
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