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FIGURE 3. Chiari malformation with syringomyelia. A, de-
formity with tonsillar herniation. B, sagittal T1-weighted mag-
netic resonance imaging study (TR 500 milliseconds, TE 32
milliseconds) of a patient with Chiari malformation with tonsil-
lar herniation (white arrow) and a cervicothoracic syrinx.

increases in thoracoabdominal pressure, would push
CSF either directly into the spinal cord or along the
nerve roots. Pooling of extracellular fluid in the cord
would result in a syrinx (Figure 1, D).

PHYSIOLOGICAL STUDIES

Bering was among the first to conduct experiments
on patients to obtain simultaneous pressure readings
from the intracranial and intraspinal CSF compart-
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ments. He observed a steep pulse pressure (from the
choroid plexus) in the ventricles which was delayed
and dampened to a gentle curve in the lumbar sub-
arachnoid space.?? This was compatible with Gardner’s
concept of hydrodynamic forces acting in a cranial-to-
spinal direction. More recently, Muraszko and col-
leagues demonstrated with intraoperative ultrasonog-
raphy that pulsatile cervical syrinx expansion occurs in
synchrony with the heartbeat and is reduced by suboc-
cipital decompression and dural opening.” This would
validate Gardner’s hydrodynamic concepts, since the
CSF pulse wave is synchronized with the heartbeat.

Williams carried out detailed measurements using
intracranial and intraspinal transducers calibrated to
give equal pressures at rest. In patients with syrin-
gomyelia and hindbrain anomalies, he demonstrated
craniospinal pressure differentials which were accen-
tuated during the Valsalva maneuver (Figure 2).'%1627
He showed correction of the suck phenomenon by
repeating the pressure measurements in patients who
had decompression of the posterior fossa.'”'® Williams’
data on significant craniospinal pressure differentials in
myelodysplastic children with severe Chiari malforma-
tion has recently been questioned by Park,”® who was
unable to demonstrate a pressure gradient in his
patients. However, in Park’s study the conditions of
measurements, anesthetic techniques, and patient
pathologies were quite different from those in
Williams’ study.

Another area of research has addressed the question
of how the fluid moves into the spinal cord
parenchyma. Gardner suggested the possibility of in-
termittent patency of the central canal of the spinal
cord and provided evidence of this in cadavers ex-
amined within minutes of death.”'* Park?® and others
have questioned this mechanism; however, their single
radiographic studies could not exclude intermittent
patency. Using horseradish peroxidase and lanthanum,
Ikata et al have shown that the extracellular space
provides transit for entry into the normal spinal cord
and syringeal cavities.” This is compatible with the
Aboulker and the Ball and Dayan concepts of direct
entry of CSF into the spinal cord (Figure 1, D).

THE ROLE OF MAGNETIC RESONANCE IMAGING

Formerly, detailed study of the pathoanatomy of the
craniovertebral junction and syringomyelia was
hindered by limitations of imaging modalities such as
gas myelography, iophendylate myelography, and com-
puted tomographic metrizamide myelography.***? The
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TABLE
MRI-BASED CLASSIFICATION OF SYRINGOMYELIA PATIENTS:
A COMPARISION OF TWO STUDIES

Pillay et al Kokmen et al*®
Syrinx type (Cleveland Clinic) (Mayo Clinic)
(N=59) (N=15)

28 (47.5%) 10 (66.6%)

Syringomyelia with
Chiari malformation

Neoplastic 14 (24.0%) 0
Idiopathic 8 (13.5%) 4(26.7%)
Post-traumatic 6 (10.0%) 1(6.7%)
Syringomyelia with 3 (5.0%) 0

spinal arachnoiditis

introduction of MRI has provided exquisite demonstra-
tion of the craniovertebral area and spinal cord in both
sagittal and axial planes.’**”3* Wilberger found that
MRI demonstrates a large number of syringes which are
either poorly visualized or missed on myelography.”

In a recent MRI study at the Cleveland Clinic, 35
symptomatic adult patients with Chiari malformation
were classified as either “A” or “B” patients’: Chiari A
patients had syringomyelia and a less severe hindbrain
herniation, whereas Chiari B patients did not have
syringomyelia but were more likely to have complex
and severe hindbrain and tonsillar herniation (Figures
3 and 4). The reduced likelihood of syringomyelia in
patients with significant brain stem herniation can be
explained if the energy from Gardner’s hydrodynamic
force or from Williams’ suck phenomenon is dissipated
in compacting the hindbrain into the foramen mag-
num rather than forcing CSF through the obex. This
crowding also acts as an external plug compressing the
lower brain stem and upper cervical spinal cord. This
would prevent transmission of water-hammer pulses of
CSF (as described by Gardner) or the suck effects of
craniospinal pressure dissociation (according to Wil-
liams) from developing a syringeal cavity in the central
canal of the spinal cord. In patients with less evidence
of craniovertebral crowding, there would be no im-
pediment to these forces producing a syrinx.

The high incidence of cervical syringes in our
series,’ the absence of solitary thoracic or lumbar syrin-
ges, and the presence of the upper end of most syringes
between the foramen magnum and C)_3 provide fur-
ther support for the theories of Gardner and Williams.

In a second MRI study of 59 symptomatic patients
with syringomyelia, we confirmed previous reports
that the Chiari malformation is the most frequent as-
sociated condition® (Table). Neoplastic syringes were
the next most common category, followed by
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FIGURE 4. Chiari malformation without syringomyelia in an
adult. A, tonsillar herniation and an inferiorly displaced brain
stem. B, the Chiari malformation as seen in a coronal T1-
weighted magnetic resonance imaging (MRI) study (TR 500
milliseconds, TE 17 milliseconds). An MRI study of the spinal
cord showed no evidence of a syrinx.

idiopathic syringomyelia.**

Idiopathic syringomyelia appears in many instances
to be a forme fruste of syringomyelia in association
with the Chiari malformation (Figure 5, A and B). In
our study, these patients were more likely to have cer-
vical or holocord syringes. At surgery, they exhibited
adhesions obstructing the fourth ventricular outlet and
the craniovertebral subarachnoid space. We believe
the syringes of these patients formed predominantly
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FIGURE 5. Idiopathic syringomyelia. A, a T1-weighted magnetic resonance image (TR 500 milliseconds, TE 38 milliseconds) of
a patient with a holocord syrinx extending from the obex (white arrow) to the conus. No hindbrain pathology was found in this
patient. B, after craniocervical decompression, opening of the fourth ventricular outlet, and obex plugging (Gardner procedure),
the syrinx has resolved (TR 500 milliseconds, TE 32 milliseconds). Many cases of idiopathic syringomyelia respond well to the
Gardner procedure, indicating that these may represent a less severe type of Chiari malformation.

according to Gardner’s theory, as no obvious foramen
magnum pathology was observed which could give rise
to craniospinal pressure dissociation. The Ball and
Dayan and the Aboulker theories cannot account for
all these aspects of syringomyelia.

An important criticism of Gardner’s theory has been
its failure to demonstrate a communication between
the fourth ventricle and the syringeal cavity. However,
we were able to demonstrate this communication in
some patients using MRI (Figure 5, A). In others, the
communication may be intermittent or too small to
demonstrate, or it may have sealed off. Another factor
that needs to be considered is that communication
between the fourth ventricle and a cervical syringeal
cavity can occur across the extracellular spaces of the
intervening spinal cord parenchyma. Hydrodynamic
mechanisms or suck effects may play a role in forcing
CSF through these spaces to expand the syrinx (Figure
6).

Neoplastic syringes probably develop through
mechanisms that include interference with spinal cord
blood flow and the breakdown of ischemic areas into
cavities, the presence of spinal cord edema, or the
coalition of microcystic areas to form a syrinx.’™
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These syringes often have fluid with a high protein
content and show a focal area of gadolinium enhance-
ment on MRI, characteristics that distinguish them
from the other types of syringes.

Syringes associated with arachnoiditis and trauma
may develop as a consequence of delayed spinal cord
ischemia® or transcordal fluid shifts. The subarachnoid
space is compartmentalized by scarring. Pressure dif-
ferentials can be generated in these compartments by
epidural venous congestion. This may promote syrinx
formation by transcordal fluid shifts, either along the
nerve roots (Aboulker) or via the Virchow-Robin
spaces (Ball and Dayan). Propagation and multilocula-
tion may be promoted by Williams’ slosh mechanism.
MRI studies have demonstrated pulsatile movements
of CSF and a flow-void signal in some syringeal cavities
compatible with the slosh phenomenon.*

A UNIFIED THEORY OF SYRINGOMYELIA

Based on the observations discussed above, we
propose a unified theory of syringomyelia (Figure 6).
Gardner’s water-hammer CSF pulse wave directed
through the obex may expand the central canal of the
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FIGURE 6. Proposed
unified theory of syrin-
gomyelia includes Gardner’s
hydrodynamic forces mag-
nified in the setting of
foramen magnum obstruc-
tion as suggested by Wil-
liams. Transparenchymal
fluid migrations (as advo-
cated by Ball and Dayan
and by Aboulker) might ac-
count for coalescence and
propagation of syringes, as
well as for focal post-
traumatic syringomyelia not
associated with hindbrain
pathology.

spinal cord into a syrinx. Fourth ventricular outlet or
foramen magnum obstruction would contribute to
craniospinal pressure dissociation, as proposed by Wil-
liams, promoting syrinx formation and progression. In
the absence of a patent obex, other mechanisms, as
proposed by Ball and Dayan and Aboulker, might ex-
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