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Those of us who are able-bodied and who treat people affected
by neurological conditions can only admire their capacity to
live and cope with physical disability. During my career, I have
been privileged to meet many such people and their families,
but my exposure to this fortitude of the human spirit goes back
to my earliest childhood, having a father who lost his sight as a
young man. My mother stood by him, despite this major setback
in their lives and, amongst the many people with disabilities
who I have since met, my parents remain the ‘original and
best’. I duly dedicate my contribution to this monograph to the
family that has always supported me. To my parents, Tom and
Rita Flint, who first gave me my values in life; to my wife,
Marian, who continues to support me in all that I do; and to my
daughter Alicia, who provides my inspiration for the future.
Graham Flint

I have worked on Chiari malformation and syringomyelia since
1997 when I documented my first canine case. My passion and
obsession with this disease would not have been possible
without the support of my soul mate and husband. I am grateful
that he encouraged me to complete a PhD and for his many
sacrifices to minimise the impact of my working on our family
life. Like Graham, I also owe much to my parents. My father, a
naturalist and scientist, gave me a rich childhood experience,
nurturing my love of animals and inspiring me to become a vet.
My mother has worked tirelessly (and unpaid) as my research
assistant for over a decade, and much of our understanding of
canine Chiari malformation is due to her. Therefore, I dedicate
my contribution to John and Penny Knowler, Mark Rusbridge
and my children Jillian and Thomas.

Clare Rusbridge






Foreword

This monograph provides a much needed, up-to-date reference work for
medical professionals who have an interest in this field. It is an extensive and
comprehensive collection of informative contributions, covering all aspects
of syringomyelia, from basic sciences through to present-day clinical prac-
tice. Additional interest and information is provided by chapters on topics
such as art and mythology.

The editors, consultant neurosurgeon Graham Flint and veterinary neu-
rologist Clare Rusbridge, are both leaders in this field, and they have invited,
from around the world, 18 other authors, themselves experts in the different
aspects of this disease, to contribute to this volume.

The knowledge and expertise contained in this book will, undoubtedly,
help advance the understanding and treatment of this condition. It will be
essential reading for health professionals and others interested in increasing
their knowledge about this enigmatic condition.

As the former chairman of a syringomyelia patient support charity, I would
like, on behalf of sufferers and their families, to express our gratitude to all
the authors who have contributed to the production of this most inclusive and
instructive monograph and to the other health professionals, who do such
wonderful work in the treatment of syringomyelia and Chiari.

Rugby, UK Anthony A. Kember

vii






Preface

Five monographs on the subject of syringomyelia have been published over
the past 40 years, and these remain invaluable reference sources for those
who have an interest in this and related conditions (see below). In addition,
international symposia have been organised in Kobe (2001), Rugby (2007),
Berlin (2010) and Sydney (2013), events which reflect the continuing interest
in this field. The editors therefore felt that it was now timely to pull together,
in a single volume, the current state of knowledge and understanding about
this most enigmatic of neurological conditions. We hope that it will provide a
basis for future research and innovation in this field.

The title of this book reflects our belief that syringomyelia should be
regarded not simply as a disorder affecting the spinal cord but rather as a
pathological process which involves the cerebrospinal fluid pathways as a
whole and of water movement in the central nervous system in general. Our
authors offer expertise in a variety of fields, ranging from basic sciences
through to living with the effects of syringomyelia or Chiari malformation.
They are distinguished by their research, publications or long clinical experi-
ence and often all three.

The book looks again at many of the topics covered in previous mono-
graphs but brings us up to date with present-day thinking about molecular
and developmental biology, as well as the ever present question as to why,
exactly, syringomyelia cavities develop in the first place. In addition, we have
introduced some additional topics, including mathematical modelling and the
biochemistry of syringomyelia. The book also deals with some practical
issues, including the impact of syringomyelia and Chiari on pregnancy and
what it is like to be a patient living with these conditions. Medicolegal aspects
of these disorders are also considered.

Readers will notice some overlap or repetition of material between chap-
ters. We have permitted this in order that authors can present their material in
context and so that individual chapters can, to some extent, stand alone. It
also allows the reader to appreciate where there are differences of opinion or
varying interpretations of available data.



Preface

The book is aimed at any health-care professional who has an interest in
syringomyelia and related disorders but will be of particular interest to a
recently qualified specialist, who wishes to take an interest in the management
of these most challenging conditions.

Birmingham, UK Graham Flint
Surrey, UK Clare Rusbridge
January 2014
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1.1 Early Observations

1.1.1 First Descriptions
of Syringomyelia

Stephanus, also known as Estienne, Stephano
and Stevens, is credited with providing the first
description of what we now call syringomyelia,
in 1545 (Fig. 1.1). The relevant description reads
“Moreover, as for the interior substance of the
marrow of the back, one finds, in the middle of it,
stretched and standing out from the right edge, an
obvious cavity which appears to be a ventricle of
the marrow. Compressed and contained in this
cavity is a special reddish-brown aqueous
humour, a little more liquid, that is, not the same,
as that of the anterior ventricles of the brain. And
such is the substance, origins and discourse of the
marrow contained in the spine, which for long
enough has been improperly labelled marrow,
expecting that it [the reddish humour] was more
solid and more cavity inside the marrow of the
back”.! This strongly suggests that Stephanus
described a post-traumatic cavity. A spinal cord
cystic cavity associated with hydrocephalus was
first reported in 1688 (Brunner 1688).

!'Translation courtesy Caroline Batzdorf.
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De difle&ione partium corporis
humani libri tres,3 Carolo Stephano,doctore Me=
dico,editi. Vna cum figuris& incifionum decla=
rationibus,i Stephano Riuerio Chirurgo copofitis.

Cum priuilegio.

PARISIIGS
Apud Simonem Colinzum.
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Fig.1.1 Title page of Stephanus’ De dissectione partium
corporis humani (1545) (Courtesy History & Special
Collections for the Sciences, Louise M. Darling Biomedical
Library, University of California, Los Angeles)

1.1.2 Nomenclature
and Terminology

The term syringomyelia, describing a tube-like
cavity within the spinal cord, was first applied in
1827 by Ollivier d’Angers (Fig. 1.2). He thought
that the central canal of the spinal cord was not a
normal finding. In 1865, Schiippel described a
case of hydromyelia as an upward expansion of
the central canal, which then ended in a cavity. By
1890, it was recognised that the central canal is
always present (Bruhl 1890). Simon (1875) pre-
ferred the term syringomyelia as being more gen-
eral than hydromyelia, which he defined as
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Fig. 1.2 Title page of Ollivier’s Traité de la Moelle
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hydropic widening of the central canal. For many
years the distinction between syringomyelia and
hydromyelia became blurred, leading to the inven-
tion of terms such as “hydrosyringomyelia” or
“syringohydromyelia”. Modern imaging tech-
niques have drawn attention to persistence of the
central canal as a non-pathological finding, which
is best termed hydromyelia. Some have suggested
that persistence of the central canal in patients who
sustain spinal cord injury or in individuals who
have tonsillar ectopia, may explain the develop-
ment of syringomyelia in these individuals, while
others with cord injuries or tonsillar ectopia do not
develop syringomyelia (Milhorat et al. 1994).
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Schippel also cited the case of Brunner’s in
which there was communication with the fourth
ventricle. We now appreciate that communica-
tion between spinal cord cavities and the fourth
ventricle is present in only a small number of
cases (West and Williams 1980). The once-
presumed communication between a syrinx cav-
ity and the fourth ventricle in patients with
cerebellar tonsillar ectopia also led to the now-
abandoned distinction between ‘“‘communicat-
ing” and “non-communicating” forms of
syringomyelia (Barnett et al. 1973b). On the
other hand, isolated spinal cord cavities rarely,
but occasionally, do communicate with the sub-
arachnoid space (Milhorat et al. 1995).

1.1.3 First Descriptions
of Tonsillar Ectopia

In 1881 Theodor Langhans described tonsillar
ectopia and suggested that, by obstructing flow at
the foramen magnum, it might result in syringo-
myelia. In 1883 Cleland described nine infants
with spina bifida who had various cerebral anom-
alies, including hydrocephalus and anencepha-
lus. Elongation of the cerebellar tonsils is evident
in his figure 6 (specimen 1). In 1891 Chiari pro-
vided his first description of hindbrain abnormal-
ities in association with hydrocephalus. His 1896
publication was more detailed and focused spe-
cifically on changes in the cerebellum, pons and
medulla. He described four abnormalities, differ-
ing in degree of cerebellar abnormality
(Table 1.1). In 1894 Arnold added a case of an

Table 1.1 The four varieties of Chiari malformations

Type I: Downward displacement of the cerebellar
tonsils and the medial portion of the inferior
cerebellar lobes

Type II: Downward displacement of the tonsils, vermis

and at least a part of a lengthened fourth
ventricle

Type III: Downward displacement of [nearly] the entire

cerebellum, out of the cranial cavity, into the
cervical area

Type IV: Hypoplasia of the region of the cerebellum

without displacement of this structure into the
spinal canal

infant with tonsillar descent below the foramen
magnum. In 1943 Lichtenstein, a pathologist,
also postulated that there was a relationship
between tonsillar descent and syringomyelia. We
now recognise that there are two general catego-
ries of syringomyelia: (a) syringomyelia associ-
ated with tonsillar descent (Chiari malformation)
and (b) primary spinal syringomyelia, in which
the pathology is entirely confined to the spinal
cord and its meninges (Williams 1991).

1.1.4 Other Forms of Syringomyelia

Striimpel (1880) may have been the first to iden-
tify a case of syringomyelia after trauma. This
condition was also recognised by Schlesinger
(1895), but the major description was provided
by Barnett (Barnett 1973a; Barnett et al. 1973b).
Barnett (1973b) also noted that delayed syringo-
myelia might occur after both severe and less
severe spinal injury. Earlier discussions and trea-
tises on syringomyelia also tended to include spi-
nal cord tumour cysts under the broad category of
syringomyelia (Barnett and Rewcastle 1973).
While spinal cord tumours may be associated
with true syringomyelia cavities, notably when
the tumour obstructs or narrows the spinal sub-
arachnoid space, syrinx cavities need to be distin-
guished from tumour cysts, which are often high
in protein and represent a different entity, from
both physiological and treatment perspectives.

Elucidation of Clinical
Features

1.2

Aspects of the motor and sensory deficits caused
by syringomyelia had been defined by the end of
the nineteenth century, permitting the diagnosis
of syringomyelia in a living patient (Kahler and
Pick 1879; Schultze 1882). In 1869 Charcot
described dissociated anaesthesia with absent
upper extremity reflexes and atrophy in one or
both upper limbs, particularly the hands. He also
described the severe joint deformities, especially
the shoulder joints, which characteristically may
occur in areas of absent pain sensation also



U. Batzdorf

involving the upper trunk (Charcot 1868).
Duchenne first called attention to muscular atro-
phy in association with sensory abnormalities in
1853 and differentiated this condition from the
muscular dystrophy that bears his name. Gowers,
in his 1886 textbook, provided a more detailed
description of the various clinical manifestations
of syringomyelia. Milhorat et al. (1999) com-
piled a comprehensive list of symptoms linked
with syringomyelia associated with tonsillar
ectopia.

The motor and sensory deficits encountered in
patients with primary spinal syringomyelia also
relate to the level and degree of spinal cord injury.
Foster and Hudgson (1973) described the
sometimes-sudden ascent of the sensory level in
patients with post-traumatic syringomyelia, not
infrequently precipitated by spells of coughing or
straining. They also called attention to the fact
that it may be difficult to distinguish deficits due
to the cord injury from those due to syrinx
formation.

1.3  Theories of Pathogenesis

Many theories have surfaced over the course of
the years, relating to the origin of syringomyelia
cavities. These have implicated inflammation,
including specific diseases such as syphilis and
arachnoiditis, possibly leading to glial prolifera-
tion (Hallopeau 1870), with subsequent degener-
ative changes resulting in cavity formation
(Schultze 1882). A variety of other mechanisms
have since been proposed, including congenital
abnormalities, neoplasia, ischaemia and pro-
cesses leading to oedema of the cord (Klekamp
and Samii 2002).

The observations of Cleland (1883) and of
Chiari (1891, 1896) suggested to them that syrinx
cavities fill from the fourth ventricle. Based on
this concept, Gardner and Angel (1958)
developed the theory of a water hammer effect
as the filling mechanism of syrinx cavities.
Ellertson and Greitz’s (1939) studies tended to
strengthen this concept of syrinx communication
with the fourth ventricle, but their fluorescein
dye experiments also raised the possibility of
transparenchymal fluid migration from the

subarachnoid space. Ball and Dayan (1972)
suggested that fluid enters the syrinx cavity via
the Virchow-Robin spaces during Valsalva
manoeuvres, propelled by epidural venous dis-
tension. The cerebellar tonsils were postulated to
prevent upward propagation of the CSF pulse
wave. Brierley (1950) injected a suspension of
India ink into the subarachnoid space of rabbits
and noted some of this material in the perivascu-
lar spaces of the cord. Studies by Rennels et al.
(1985) with horseradish peroxidase established
fluid flow into the tissues of the neuraxis by a
“paravascular” pathway. Stoodley et al. (1996)
was able to demonstrate that fluid migrates into
the cord along the Virchow-Robin spaces, evi-
dently propelled by the pulsation of arterioles in
these spaces. Milhorat et al. (1994) suggested
that persistence of the central canal of the spinal
cord might play a role in the likelihood of syrinx
formation. A currently widely accepted theory
proposed by Oldfield is that systolic pressure
waves cause the impacted tonsils to act as pistons
exerting pressure on the relatively closed spinal
subarachnoid space, thereby driving fluid into the
spinal cord (Oldfield et al. 1994).

Expansion of the cystic cavity, once formed,
also raised questions. Both Barnett et al. (1973a)
and Williams (1970, 1991) considered venous
expansion in the area below the injury as a
significant factor.

Spinal haemorrhage and necrosis were, at one
time, believed to be the basis of post-traumatic
syringomyelia (Barnett et al. 1973a). Diffusion
of fluid from blood vessels was also suggested.
Barnett (1973b) also observed that syrinx forma-
tion might occur following relatively minor spi-
nal injuries not necessarily associated with
immediate neurological impairment, thereby
raising doubts about these theories. Partial
obstruction of the subarachnoid space is now
considered to be the underlying pathophysiology
of many forms of primary spinal syringomyelia
(Batzdorf 1991). Arachnoid scarring, sometimes
referred to as arachnoiditis in the older literature,
is believed to act in a manner analogous to
how the cerebellar tonsils behave in Chiari-
related syringomyelia, preventing unimpaired
transmission of the CSF pulse wave along the
spinal subarachnoid space. Alterations in the
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cord parenchyma due to injury may facilitate
inflow of CSF into the cord. Focal membranes,
such as are seen in arachnoid cysts, are believed
to result in syringomyelia by a similar mecha-
nism (Holly and Batzdorf 2006).

It is also known that a small percentage of
patients have a family history of syringomyelia.
The epidemiology of syringomyelia is discussed
in Chap. 2 of this publication, and the genetics of
Chiari are covered in Chap. 5. Modern theories of
pathogenesis are described in more detail in
Chap. 6.

1.4 Development

of Imaging Methods

The development of methods of imaging a syrinx
cavity, even though it was only visualised indi-
rectly, represented a major advance over localisa-
tion by neurological examination alone. Thus, a
radiographic finding of bony spinal canal expan-
sion was a useful aid to the diagnosis of suspected
syringomyelia in a patient with appropriate clini-
cal signs or symptoms, even before oil contrast
myelography allowed one to visualise the
expanded spinal cord (Boijsen 1954). Imaging
the syringomyelia cord with oxygen was
described in 1949 (Marks and Livingston 1949).
Variability in cord diameter on air myelography,
in relation to patient position, was reported in
1966 (Westberg 1966). Pantopaque myelography,
demonstrating a distended cervical spinal cord,
followed by air myelography with the patient in
upright position, permitted demonstration of col-
lapse of a distended cord in relation to changes in
body position (Conway 1967). Real advances
were, however, possible only after the introduc-
tion of water-soluble contrast material. Experience
with computerised tomography (CT) following
instillation of such media was reported in 1980
(Aubin et al. 1981). This included the significant
observation that contrast could be imaged within
the syrinx cavity on delayed CT scans. Magnetic
resonance (MR) imaging, in addition to showing
the cord cysts in great detail and allowing the
demonstration of tumours, had the great advan-
tage of not being invasive. By comparison,
myelography required needle puncture of the

theca, potentially changing the fluid dynamics
within the spinal CSF channels. A very early MR
image was published in 1983 (Batnitzky et al.
1983), and many refinements in technique over
the ensuing years have yielded the exquisitely
detailed studies currently available. MR technol-
ogy has also provided insights into the physiol-
ogy of syringomyelia (Enzmann and Pelc 1989).
Constructive interference in steady-state MR
images (CISS) is an example of recent refine-
ments, with superior visualisation of subarach-
noid webs that may indicate potential benefits
from surgery (Korogi et al. 2000; Roser et al.
2010). Future advances in technology will
undoubtedly add additional information.

A further account of the history of imaging of
syringomyelia is provided in Chap. 21 of this
publication.

1.5 Treatment

The earliest attempts at treatment of syringomy-
elia were directed at relieving the fluid collection
within the spinal cord, beginning in 1892, with
open cyst aspiration (Abbe and Coley 1892), fol-
lowed by myelotomy in 1921 (Elsberg 1921) and
1926 (Poussepp 1926) and insertion of a drain
into the cystic cavity in 1936 (Frazier and Rowe
1936). Percutaneous cyst aspiration was
described in 1966 (Westberg 1966). Tantalum
drains and plastic tubing were placed in 1949
(Kirgis and Echols 1949). The use of Pantopaque
(Myodil) by injection to obliterate the cyst was
proposed in 1981 (Schlesinger et al. 1981).
Penfield and Coburn’s patient of 1938, although
often cited, evidently had a Chiari malformation
without syringomyelia.

Noting that in the few cases in which fluid had
been surgically evacuated, there was no signifi-
cant effect on the condition, and also on the basis
that syrinx cavities seemed to be caused by glial
proliferation, radiation therapy was proposed in
1905 (Raymond 1905). As late as 1955, it was
stated in Brain’s textbook that radiation therapy
was the generally accepted form of treatment of
syringomyelia.

Recognising the coexistence of hydrocepha-
lus and syringomyelia, Bernini and Krayenbiihl
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(1969) suggested ventricular shunting of such
patients. Although of interest from a theoretical
point of view, the results were disappointing.
More local diversion of CSF in the spinal sub-
arachnoid space has shown somewhat better
results (Vengsarkar et al. 1991; Lam et al. 2008).
Technical improvements in syrinx drainage fol-
lowed, notably syrinx-to-peritoneal shunting
(Edgar 1976), subarachnoid shunting (Tator et al.
1982; Isu et al. 1990; Iwasaki et al. 1999) and
syrinx-to-pleural cavity shunting (Williams and
Page 1987). Gardner et al.’s (1977) novel con-
cept of syrinx drainage by performing a “termi-
nal ventriculostomy” was unsuccessful in many
patients, in large part because it did not address
the filling mechanism of syrinx cavities (Williams
and Fahy 1983).

Prior to the advent of modern imaging tech-
niques, specifically CT myelography and MR,
the belief was still widely held that in most cases
a communication existed between the fourth ven-
tricle and the syrinx cavity in patients with
Chiari-related syringomyelia. Gardner and Angel
(1958) postulated that syrinx cavities fill from the
fourth ventricle because of membranous outlet
obstruction of the fourth ventricle and recom-
mended plugging of the obex via a posterior
fossa approach. Inasmuch as he had to perform a
posterior fossa craniotomy to gain access to the
obex, it remains difficult to distinguish benefits
that might have resulted from the exposure from
those due to the obex plugging per se. This
received confirmation in the observations of
Logue and Edwards (1981). Obex plugging has
been abandoned for surgical management of
syringomyelia.

Major advances in treatment came about
because of a better understanding of the patho-
physiology of syringomyelia. For a syrinx cavity
to reduce in size, it appears to be necessary to
establish free communication between the cranial
and spinal subarachnoid spaces. This allows the
pulsatile energy within the CSF, transmitted from
the cranial cavity to act on the pial surface of the
cord (Paré and Batzdorf 1998) which becomes
attenuated as it passes down towards the caudal
end of the spinal canal. There has therefore been
a general trend away from syrinx drainage

procedures whenever possible (Sgouros and
Williams 1995; Batzdorf et al. 1998). Nowadays
shunting is considered appropriate only when
other approaches are not possible (Batzdorf
2000). The currently practised surgical
approaches are directed at establishing free com-
munication between the cranial and spinal sub-
arachnoid spaces, best achieved by posterior
fossa decompression without, or more commonly
with, duraplasty, especially in adults. Reduction
of the cerebellar tonsils, first described by
Bertrand (1973), is practised by some with modi-
fications. Similar subarachnoid decompression
approaches have been employed in primary spi-
nal syringomyelia and have been particularly
successful in situations where there is a focal
obstruction of the subarachnoid space, such as in
syringomyelia associated with arachnoid cysts
and in some instances of post-traumatic syrinx
(Williams 1991; Batzdorf 2005).

1.6  Previous Monographs

Syringomyelia has remained a challenging prob-
lem and has puzzled investigators for many years,
particularly with respect to its pathogenesis and
optimal management. Reflecting advances in our
understanding of the disorder, a number of volumes
devoted to this unusual disease entity have appeared
over the years, beginning with Schlesinger’s
book in 1895. Later volumes by Barnett (Barnett
1973a, b; Barnett and Rewcastle 1973; Barnett et al.
1973a, b), Foster and Hudgson (1973), Batzdorf
(1991), Tamaki et al. (2001), Anson et al. (1997)
and by Klekamp and Samii (2002) each brought
a timely update of the understanding current at
the time. Excellent reviews were also provided by
Schliep (1978) and by Aschoff (1993).
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2.1 Introduction

Syringomyelia is a polyaetiological disorder, char-
acterized by abnormal fluid-filled cavities within
the spinal cord. It causes typical neurological
symptoms and signs as it expands. Many associ-
ated disorders and anomalies that can cause syrin-
gomyelia have been described (Williams 1995),
including Chiari malformation type 1, trauma,
intramedullary tumours and inflammation. Despite
the ready availability of diagnostic methods and
surgical treatments for syringomyelia in developed
countries, this pathology continues to present
medical and social problems. Syringomyelia
accounts for about 5 % of paraplegias (Sedzimir
et al. 1974; Williams 1990) and the quality of life
for patients with syringomyelia is generally lower
than that of the general population, being compa-
rable with that of patients with heart failure or
malignant neoplasms (Sixt et al. 2009).

2.2  Geographical and Ethnic
Variation

The mean prevalence of MRI-confirmed syringo-
myelia ranges, in different countries, between 2
and 13 per 100,000 inhabitants (Table 2.1). There
are also some small regions where the prevalence
is even higher, reaching levels of 80-130 per
100,000 population (Borisova et al. 1989). The
ratio of males to females varies between 1:2 and
equal (Brickell et al. 2006; Sakushima et al.
2012; Sirotkin 1972).
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The recorded incidence and prevalence of
syringomyelia have not been constant through
time. Between 1949 and 1978, for example, in
southwest Germany, recorded cases fell from 25
to less than 1 case per year, per 100,000 inhabit-
ants (Hertel and Ricker 1978; Schergna and
Armani 1985). It was suggested that the enor-
mous change in living habits over this period
might have accounted for the decrease. In con-
trast, an epidemiological study in New Zealand
found that the incidence of syringomyelia
increased between 1961 and 2001, from 0.76 to

Table 2.1 Prevalence of syringomyelia

Prevalence

(per 100,000 Geographical

inhabitants)  region Reference source

1.94 Japan Sakushima et al.

(2012)

7 USA Kurtzke (1996)

8.2 New Zealand  Brickell et al. (2006)

12.6 Tatarstan, Authors’ data (2011)
Russia

470 cases per year, per 100,000 population
(Brickell et al. 2006). This increasing incidence
might have been due to the changing ethnic com-
position of the population. There are clear ethnic
differences in the prevalence of syringomyelia
and its associated conditions (Table 2.2), although
the extent to which these variations are due to
environmental influences, as opposed to genetic
factors, remains unknown. Pacific people and
Maori have a higher prevalence of syringomyelia
than other ethnic groups, and the percentage of
Maori and Pacific people in the New Zealand
population increased over the study period in the
Brickell et al. survey. The population of Pacific
people in particular grew 11 times faster than did
other ethnic groups. A second possible reason for
the increase in recorded incidence in New
Zealand is, of course, simply the increased detec-
tion of syringomyelia, brought about by improved
access to MR imaging.

The Tartar population in the Volga-Ural region
of Russia, including Bashkortostan, Tatarstan and
other areas, suffers from a particularly high

Table 2.2 Ethnic differences in syringomyelia and related disorders

Geographical Prevalence

Disorders region Ethnic group (per 100,000 inhabitants) Reference source

Syringomyelia New Zealand Pacific people 18.4 Brickell et al.
Maori 154 (2006)
Caucasians and other 54

Syringomyelia New Zealand Pacific people 16.1 Brickell et al.

associated with Maori 83 (2006)

CMl1 Caucasians and other 32

Syringomyelia Russia, Tartars 130 Borisova et al.

Bashkortostan Russians 0.5-12 (1989)

Bashkirs 0.32-0.6

Syringomyelia Russia, Tatarstan  Tartars 14.8 Authors’ data

associated with Russians (mainly) 9 (2011)

CM1

Chiari Russia, Tatarstan  Tartars 334 Authors’ data

malformations Russians (mainly) 23.8 (2011)

with and without

of syringomyelia

Syringomyelia New Zealand Maori and Pacific people Children with scoliosis more Ratahi et al.

associated with likely than Caucasians to (2002)

scoliosis have syringomyelia

Syringomyelia USA African-Americans and ~ Syringomyelia more Tipton and Haerer

Caucasians

(1970)

prevalent in
African-Americans
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Table 2.3 Geographical distribution of syringomyelia and related disorders

Countries and regions with high

prevalence (per 100,000

Countries and regions
with low prevalence (per

Disorders inhabitants) 100,000 inhabitants) Reference sources
Syringomyelia Germany Germany
Southwest Northeast Hertel and Ricker
(1978)
Italy
Piedmont, Valle d’ Aosta, Toscana Ciaramitaro et al. (2011)
and Marche
Russia Russia

Central regions in the valleys of the

South regions Borisova et al. (1989)

rivers Volga, Kama, Vyatka, Belaya

Russia
Bashkortostan

East and Northwest (80—-130)
Tatarstan

North (63-83)

Samara region
Northeast (43-62)

Chiari malformations Russia

with and without of Tatarstan

syringomyelia North (100-148)

Craniovertebral India

anomalies Uttar Pradesh, Bihar, Rajasthan,
part of Gujarat

Basilar impression Brazil

associated with Chiari  Northeast

malformation

Sagittal synostosis Finland

associated with Chiari
malformation

prevalence of syringomyelia, at 130 per 100,000
inhabitants. In contrast, the prevalence among
other ethnic groups, mainly Bashkirs and
Russians, in the same geographic region, was no
more than 12 per 100,000 population (Borisova
et al. 1989; Borisova and Mirsaev 2007). Our
own data, collected since 1998, revealed a less
pronounced difference in the prevalence of syrin-
gomyelia between the Tartars and other groups,
at 15 and 9 per 100,000 inhabitants, respectively.
In addition, the prevalence among both Tartars
and other ethnic groups varied significantly
across different regions of Tatarstan, ranging
between 3.7 and 93 per 100,000 adults in Tartars
and between 2 and 92 per 100,000 in a population
composed mainly of Russians.

Elsewhere in the world, the distribution of
syringomyelia and related conditions, by country,

Russia

Bashkortostan
Southwest (0.3-0.6)
Tatarstan

Sirotkin (1972)
Borisova et al. (1989)
Borisova and Mirsaev

(2007)
Authors’ data. (2011)

Southeast (4.3-5.5)

Samara region
South (6-20)

Russia

Tatarstan
Southeast (9-14)

Authors’ data (2011)

Goel (2009)

Da Silva et al. (2011)

Leikola et al. (2010)

region and even small territories, is extremely
non-uniform (Table 2.3, Fig. 2.1). Such differ-
ences have been linked to environmental factors,
for example, the size of a community, the distance
between a patient’s place of residence and a diag-
nostic centre, the degree of physical exertion exer-
cised by the individual as part of his or her
profession, the number of siblings in the patient’
family, the order of his or her birth and the infant
mortality rate in the patient’s family (Borisova
et al. 1989; Hertel and Ricker 1978; Sirotkin
1972). Most of the patients with syringomyelia
tend to come from large families and originate
from the second half of the birth order. Infant mor-
tality is especially high among the brothers and
sisters of syringomyelia patients. Patients are
more likely to live in small towns and are more
likely to be employed in occupations involving
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City Kazan

River Volga

100 Km

Fig. 2.1 Map of Tatarstan (Russia) with the prevalence
of syringomyelia (per 100,000 adult inhabitants).
Red=very high prevalence (>50); yellow=high preva-
lence (30-50); green=moderate prevalence (10-30);

hard physical labour. The high prevalence of
syringomyelia in the north of Tatarstan may be
associated not just with the predominance of
the Tartar population in this region but also the
employment of these people, mainly in physically
demanding jobs in agriculture (author’s own data).
Interestingly, however, syringomyelia prevalence
may also vary with the soil type (Sirotkin 1972).

2.3  Causes of Syringomyelia

A study analysing autopsy results over a 38-year
period identified 175 patients with tubular cavita-
tions of the spinal cord. Just over a half of these
cases were male and the mean age was just over
40 but with a range from 1 day to 87 years old.
Non-neoplastic syringomyelia was found in
60 %, neoplastic cysts in 10 % and syringomyelia
ex vacuo (i.e. atrophic syringes occurring with
myelomalacia) in 30 % (Milhorat 2000). The

River Kama

blue=1low prevalence (<10). Regions with very high prev-
alence of syringomyelia are situated in a compact area in
northern Tatarstan (Unpublished authors’ data 2011)

reported frequency of the main causes of syringo-
myelia does, however, vary between clinical and
MRI studies (Table 2.4).

The cause of syringomyelia varies between
different age groups, with Chiari malformation
type 2 being the most common cause in younger
patients, whereas in adolescents and adults,
Chiari malformation type 1 predominates. In
older age groups the cause of the syringomyelia
may not always be apparent, and cases are more
likely to be given the label of idiopathic
(Sakushima et al. 2012).

2.3.1 Chiari Malformations

Most cases of syringomyelia are associated with
Chiari malformation type 1, which in turn com-
prises the commonest abnormality encountered
at the craniovertebral junction. It is characterized
by underdevelopment of the posterior cranial
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Table 2.4 Syringomyelia by cause

Proportion of all causes of

Underlying cause syringomyelia (%) Geographical region Reference source
Chiari malformation 26 Germany Roser et al. (2010)
type 1 32 UK Williams (1995)

48 Japan Sakushima et al. (2012)

48 Italy Ciaramitaro et al. (2011)

50 New Zealand Brickell et al. (2006)

77 USA Speer et al. (2003)
Chiari malformation 4.6 Italy Ciaramitaro et al. (2011)
type 2 8 Japan Sakushima et al. (2012)

2-14 USA Speer et al. (2003)
Trauma 4 USA Speer et al. (2003)

8 Japan Sakushima et al. (2012)

10 New Zealand Brickell et al. (2006)

19 Germany Roser et al. (2010)

24 UK Williams (1995)
Tumours 0.4 USA Speer et al. (2003)

3 UK Williams (1995)

5.2 Japan Sakushima et al. (2012)

12 Germany Roser et al. (2010)

32 Croatia Orsolic et al. (1998)
Inflammations of the 2 Germany Roser et al. (2010)
spinal cord and 4 USA Speer et al. (2003)
LHCDINZES 44 New Zealand Brickell et al. (2006)

5 Japan Sakushima et al. (2012)
Idiopathic 13-25 Japan Sakushima et al. (2012)

16 New Zealand Brickell et al. (2006)

28 Germany Roser et al. (2010)

fossa with overcrowding of an otherwise nor-
mally developed hindbrain (Milhorat et al. 1999;
Nishikawa et al. 1997). A ubiquitous feature is
compression of the retrocerebellar CSF spaces,
and about nine out of ten cases have a tonsillar
herniation that is at least 5 mm below the level of
foramen magnum. Very commonly there are also
radiographic signs of cranial base dysplasia, of
varying degree (Milhorat et al. 1999). Chiari mal-
formation type 1 has a reported male to female
ratio of between 1:0.7 and 1:3.7 (Da Silva et al.
2011; Meadows et al. 2000; Milhorat et al. 1999;
Takeuchi et al. 2007). The reported rate of Chiari
malformation type 1 as an incidental finding on
MRI of the brain ranges from 0.04 to 0.9 %
(Meadows et al. 2000; Morris et al. 2009;
Vernooij et al. 2007). The reported incidence is
higher from studies using high-resolution MRI
sequences. One study reported cerebellar tonsillar

herniation in as many as 14.4 % of patients pre-
senting with neck pain and/or upper limb symp-
toms (Takeuchi et al. 2007).

The reported occurrence of syringomyelia in
association with Chiari malformation type 1
ranges from 65 to 80 % (Speer et al. 2003). Chiari
type l-related syringomyelia has also been
reported as an incidental finding on MRI
(Meadows et al. 2000; Nishizawa et al. 2001).

Chiari malformation type 2 is found only in
patients with myelomeningocele. It is the leading
cause of death in affected individuals under the
age of 2, and up to 15 % of patients with early
clinical manifestation of Chiari malformation
type 2 die by the age of 3 years and nearly a third
of survivors have some form of permanent neuro-
logical disability (Stevenson 2004). Outcomes in
older children, presenting with myelopathy and/
or pain, are much better, ranging from 79 to
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Table 2.5 Pathologies leading to Chiari type 1 hindbrain
hernias

Cranial constriction

Spinal cord tethering

Cranial settling

Intracranial hypertension

Intraspinal hypotension

100 % improvement in symptoms following
surgery. The prevalence of Chiari malformation
type 2 in the general population is 1 in 3,600.

Chiari malformation type 2 is associated with
syringomyelia in 35 % of cases (Speer et al.
2003), and it accounts for up to 8 % of the total
cases of syringomyelia, with a higher percentage
in paediatric practice.

Borderline tonsillar herniation, 2—4 mm below
the foramen magnum, has an estimated preva-
lence of 2.6 per 100,000 population, from all
MRI scans of the brain (Takeuchi et al. 2007).
Syringomyelia was found in just over half of
these patients (Milhorat et al. 1999).

The definition of Chiari malformation type
1 is evolving from that of a simple anatomi-
cal description to the concept of it representing
the clinical expression of a number of different
pathologies. Five broad mechanisms causing cer-
ebellar tonsillar have been described (Table 2.5)
(Milhorat et al. 2010; De Souza et al. 2011).
These include those which affect the development
of the craniocervical structures. For example, the
development of Chiari malformation type 1 was
seen in 29 % of patients suffering from rickets
and in 73 % of all cases of Crouzon’s disease.
A tight filum terminale has an associated Chiari
malformation type 1 in 10 % of cases. Twenty-
four percent of pseudotumour cerebri patients
had inferiorly displaced cerebellar tonsils. In
addition, venous sinus occlusion can be the cause
of reversible hindbrain herniation (Novegno et al.
2008). The frequency of these different causes of
cerebellar herniation is very variable (Table 2.6)
and also has ethno-geographical differences (Da
Silva et al. 2011; Milhorat et al. 1999, 2009,
2010; Novegno et al. 2008; Strahle et al. 2011a).
Our own observation of 900 adult patients with
Chiari malformations, over a 10-year period,

Table 2.6 Causes of hindbrain hernias

Chiari malformation type 1 57 %
Chiari malformation type 2 1.5 %
Basilar impression/invagination 18-64 %
Hydrocephalus 3-23 %
Tethered cord syndrome 7 %
Craniosynostosis 0.7-17 %

found basilar impression in 17 % and non-syn-
dromic craniosynostosis in 7.4 %. The incidence
of hydrocephalus, when defined as an Evans’
index greater than 0.30, was present in as many
as 54 % of patients. In contrast, the prevalence of
basilar impression associated with Chiari malfor-
mation in the northeast of Brazil was more than
60 % (Da Silva et al. 2011). It may well be that
differences in the frequency of cranial constric-
tion, cranial settling and mild deformations of
cranial shape can explain ethno-geographical dif-
ferences in syringomyelia prevalence.

2.3.2 Post-traumatic Syringomyelia

The causes of spinal cord injury vary from coun-
try to country, depending on social and economic
factors. Post-traumatic syringomyelia was previ-
ously thought to be an infrequent but serious
sequel to such injuries, and clinical and CT stud-
ies suggested that it occurred with an incidence
of between 1 and 5 % (Barnett et al. 1971; Biyani
and El Masry 1994; El Masry and Biyani 1996).
Since the introduction of MRI, the reported
radiological incidence has increased up to 22 %
(Burt 2004; Squier and Lehr 1994), which is con-
sistent with the frequency of 17-20 % identified
in post-mortem studies (Squier and Lehr 1994;
Wozniewicz et al. 1983). Cystic necrosis of the
spinal cord, confined to the level of injury, is gen-
erally considered to be a myelomalacic cavity
and not syringomyelia, but asymptomatic cavita-
tions, extending above and below the levels of
injury, are often detected radiologically in vic-
tims of spinal cord injury, and these outnumber
cases of symptomatic post-traumatic syringomy-
elia. Which asymptomatic cavities are likely to
become symptomatic and over what length of
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time is, however, unknown. Progression may
depend upon the original mechanism of injury or
a variety of conditions inherent to the individual
or both (Byun et al. 2010; Ohtonari et al. 2009).
Males are more likely to be victims of spinal
cord injury than are females, in a ratio of about
6:1 (Burt 2004; El Masry and Biyani 1996). The
interval between injury and diagnosis ranges
from 2 months to 34 years (Biyani and El Masry
1994; El Masry and Biyani 1996). Full neuro-
logical recovery following the original spinal
cord injury does not eliminate the possibility of
post-traumatic syringomyelia developing later.

2.3.3 Syringomyelia in Patients with
Non-traumatic Arachnoiditis

Syringomyelia is a rare sequel (less than 1 %) of
infectious and non-infectious central nervous
system inflammatory disease (Williams 1995).
There are two main mechanisms by which
inflammation may lead to the formation of syrin-
gomyelia: arachnoiditis and myelitis. Infection
may also be a factor precipitating the onset of
symptoms in Chiari-associated syringomyelia, in
up to 7 % of patients (Milhorat et al. 1999).
Primary spinal syringomyelia is commonly
secondary to post-inflammatory scarring, which
leads to obstruction to the normal spinal CSF
flow. Arachnoiditis might also cause syrinx for-
mation by causing obliteration of the spinal
microvasculature, leading to local cord isch-
aemia. Patterns of arachnoiditis seen range from
focal meningeal cicatrix formation to diffuse
adhesive spinal arachnoiditis (Caplan et al. 1990).
Foramen magnum arachnoiditis, in the
absence of Chiari malformations, is a rare cause
of syringomyelia (Klekamp et al. 2002). The
mean interval between the presumed causative
event (meningitis or trauma) and the develop-
ment of syringomyelia-related symptoms can be
up to 10 years. Compared with patients with
Chiari malformation type 1, individuals with
syringomyelia due to foramen magnum arach-
noiditis have a much poorer long-term outcome.
A stable clinical course was demonstrated in only

14 % of patients in whom surgery was not per-
formed. Following surgery, 57 % of patients will
have recurrence of symptoms within 5 years of
the procedure.

Non-infectious inflammatory diseases of the
nervous system are also sometimes associated
with syringomyelia (Ravaglia et al. 2007,
Zabbarova et al. 2010) and transient syringomy-
elia is occasionally encountered and associated
with various types of non-infectious myelitis.
Syringomyelia also occurs in 4.5 % of patients
with multiple sclerosis (Weier et al. 2008) and in
16 % of patients with neuromyelitis optica
(Devic’s disease) (Kira et al. 1996). Reversible
hydromyelia has been reported in patients with
transverse myelitis (Wehner et al. 2005).

Syringomyelia arising as a complication of
tuberculous meningitis is rare, in the context of
the overall incidence and prevalence of this dis-
ease (Kaynar et al. 2000). Published literature
consists, for the most part, of single case studies
or small series, reporting patients who developed
syringomyelia as a late complication of tubercu-
lous meningitis. Examples of gross pathology
include intradural extramedullary tuberculomas
(Gul et al. 2010; Muthukumar and Sureshkumar
2007), tuberculous meningitis with a cranial
nerve palsy (Katchanov et al. 2007) and spinal
tuberculous arachnoiditis (Paliwal et al. 2011).

Spinal intramedullary haematoma is an
uncommon lesion, and spontaneous, non-
traumatic, intramedullary haemorrhage, without
any obvious underlying pathology, is distinctly
rare. Predisposing conditions that have been
reported include pregnancy and childbirth, spinal
angioma, spinal artery aneurysm, haemophilia
and syringomyelia (Leech et al. 1991). The latter
condition was originally described by Gowers in
1904 and consequently has been termed Gowers’
syringal haemorrhage (Sedzimir et al. 1974).
A slowly developing haematomyelia, within an
existing syringomyelia cavity, may originate
from a torn intraspinal vein, which is deprived
of its normal neural and glial support (Ayuzawa
et al. 1995). Trauma is not a predisposing cause
of such haemorrhages.
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2.3.4 Idiopathic Syringomyelia
Idiopathic tubular cavitations of the spinal cord
account for between 13 and 28 % of all reported
cases of syringomyelia (Brickell et al. 2006;
Roser et al. 2010; Sakushima et al. 2012). A study
of adult patients presenting to a neurosurgical
department, with an MRI diagnosis of syringo-
myelia, found that 28 % had a central canal with
no underlying associated pathology (Roser et al.
2010). A distinguishing feature of these lesions
was that there was no accompanying clinical or
radiological progression. A study of 794 MRI
investigations of the spinal cord, for a variety of
indications, found 1.5 % of patients had a filiform
intramedullary cavity (Petit-Lacour et al. 2000).
These patients did not have any other anatomical
factors predisposing to syringomyelia and they,
too, were clinically asymptomatic.

Various terms have been used to refer to idio-
pathic syringomyelia including hydromyelia,
idiopathic localized hydromyelia and syringohy-
dromyelia (Roy et al. 2011). Primary or idio-
pathic hydromyelia is typified by a slitlike
expansion of the central canal, without any
pathology of CSF dynamics, congenital or
acquired (Holly and Batzdorf 2002; Novegno
et al. 2008; Roser et al. 2010). Idiopathic, slitlike
or “filiform” cavities usually represent a benign
condition, and in 50 % of these patients, medical
assessment may reveal alternative conditions as
being responsible for the presenting symptoms
(Holly and Batzdorf 2002).

An explanation for many apparently idio-
pathic syringomyelia cavities may be simple per-
sistence of the embryonic central canal of the
cord (Holly and Batzdorf 2002). This structure is
still present at birth but becomes progressively
obliterated during childhood and adolescence.
Clinical and experimental studies have shown
that expansion of the central canal is an early,
non-specific and potentially reversible manifes-
tation of disturbed intraspinal fluid circulation,
caused by both internal and external factors
(Josephson et al. 2001; Milhorat et al. 1993;
Petit-Lacour et al. 2000; Weier et al. 2008).

Some cases of syringomyelia that appear to be
idiopathic may actually be associated with
morphometric abnormalities of the skull, in par-
ticular a small posterior fossa, with resultant

compression of the subarachnoid cerebrospinal
fluid (CSF) pathways (Bogdanov et al. 2004;
Chern et al. 2011). This so-called Chiari 0 mal-
formation represents a very small cohort of
patients within the spectrum of all individuals
with Chiari malformation, and the diagnosis of
Chiari 0 malformation can only be made after
other aetiologies of syringomyelia have been
eliminated conclusively.

2.4  Natural History and

Presentation by Age

Clinical manifestations of type 1 Chiari malfor-
mation vary according to the age at which they
first appear (Klekamp and Samii 2002; Luciano
2011; Vannemreddy et al. 2010). Symptoms are
often caused by compression of the brainstem,
and in patients under 2 years of age, this often
manifests with stridor, crying, apnoea, cyanosis,
increased muscle tone and life-threatening respi-
ratory problems. In older children the greatest
problem is the development of scoliosis second-
ary to syringomyelia and an ataxic gait. In both
adolescents and adults, chronic brainstem com-
pression may be manifested by occipital head-
ache, nystagmus and hyperaesthesia in the
trigeminal nerve territory. In children, onset of
clinical features may be associated with the rap-
idly growing cerebellum, and later resolution of
symptoms can be related to increasing skull vol-
ume and gradual ascent of the child’s cerebellar
tonsils (Klekamp and Samii 2002; Novegno
et al. 2008).

Of patients diagnosed with Chiari malforma-
tion type 1 on MRI, the reported number that is
asymptomatic varies between a third and a half
(Benglis et al. 2011; Elster and Chen 1992;
Meadows et al. 2000; Novegno et al. 2008; Wu
et al. 1999). The frequency of asymptomatic
syringomyelia has been reported as being 23 %
(Sakushima et al. 2012).

Most patients with syringomyelia and Chiari
malformation type 1 first become symptomatic
during adult life (Table 2.7). Adults diagnosed
with Chiari malformation type 1 are more likely
to have an associated syringomyelia than are
children: 14-58 % of children and 59-76 % of
adults (Aitken et al. 2009). The mean age at onset
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Table 2.7 Incidence of tonsillar herniation in different age groups

Takeuchi et al.

Authors’ data (2011)
Chiari type 1, without

Chiari type 1, with

Chiari type 1, all

Age group (2007) (%) syringomyelia (%) syringomyelia (%) cases (%)
<29 5 27 10 19

30-39 20 17 21.7 19

40-49 12 29 38 33

50-59 17 19 20 20

60-69 17 8 10 9

>70 12 - 0.3 0.1

of symptoms in patients with Chiari malforma-
tion type 1 is between 11 and 25 years (Aitken
et al. 2009; Milhorat et al. 1999). The mean age
at onset of symptoms of syringomyelia is between
28 and 40 years (Brickell et al. 2006; Sakushima
et al. 2012).

Syringobulbia was found in between 1 and
6 % in patients with syringomyelia (Sakushima
et al. 2012; Tubbs et al. 2009).

Syringomyelia is a disorder that can have a
varying prognosis (Table 2.8). The course of
symptoms after initial diagnosis is not uniform,
with deterioration in 20-51 %, 10-80 % remain-
ing unchanged and 11 % improving (Table 2.8).
Spontaneous reduction of tonsillar herniation is
uncommon, but may occur, in 11-18 % of cases
(Novegno et al. 2008). Spontaneous resolution of
syringomyelia in adult patients with cerebellar
ectopia is rare, although cases have been reported
(Perrini 2012). Probable mechanisms include
spontaneous drainage between the syrinx and the
subarachnoid space or restoration of abnormal
CSF dynamics at the craniovertebral junction
(Bogdanov et al. 2000, 2006; Kyoshima and
Bogdanov 2003; Perrini 2012).

A study of patients with Chiari malformation
type 1, who initially elected for nonsurgical man-
agement, found no significant change in the mean
volume of cerebellar herniation over a 4-year
period. There was, however, worsening CSF flow
at the foramen magnum in 16 %, but there was
also an improvement in flow in 31 %.
Development of a spinal cord syrinx was seen in
only 5 % and spontaneous resolution of an exist-
ing syrinx in 2 % (Strahle et al. 2011b). Ten per-
cent of patients went on to undergo surgical
treatment. Other series have reported that, over-
all, surgical management is required for 29—44 %
patients with Chiari malformation type 1 (Benglis

Table 2.8 Clinical course of syringomyelia

Clinical course % Reference source

Acute presentation 11 Bogdanov and

Mendelevich (2002)

Deterioration 20-51 Bogdanov and
Mendelevich (2002)
Slow/moderate >47 Borisova and Mirsaev
progressive (2007)
Rapid progressive  15-20 Nakamura et al. (2009)
Stop after 5-6 Sakushima et al. (2012)
progression
Unchanged at 10 10-80 Bogdanov and
years or more Mendelevich (2002),
Boman and Livanainen
(1967), Borisova and
Mirsaev (2007),
Nakamura et al. (2009),
Sakushima et al. (2012)
Improved 11 Sakushima et al. (2012)

Collapse of cavity 10 Bogdanov and

Mendelevich (2002)

Spontaneous 32 Sakushima et al. (2012)

remission
Dead (or the status
was unknown)
during 40 years of
observation

5.8-20 Boman and Livanainen

(1967), Brickell et al.
2006

et al. 2011; Milhorat et al. 1999). Surgical man-
agement is performed in 69 % of patients with
syringomyelia in Japan (Sakushima et al. 2012).
In the paediatric population syringomyelia often
(94 %) remains stable in children managed
nonsurgically (Singhal et al. 2011).

A retrospective analysis of 103 adult patients
with un-operated hindbrain-related syringomy-
elia looked at the prognostic significance of syr-
inx size and morphology. Patients with the widest
cavities, as measured by their anteroposterior
diameter, presented with a short duration of
symptoms and a rapidly progressive clinical
course. Those with smaller diameter cavities had
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symptoms of longer duration and a slower rate of
progression (Bogdanov and Mendelevich 2002).

Little is known about effect of syringomyelia
on life expectancy or what is the most common
cause of death of patients with Chiari-associated
syringomyelia. Death rates in patients with syrin-
gomyelia ranged from 6 to 20 % in studies involv-
ing 30 and 40 years of observation (Boman and
Livanainen 1967; Borisova et al. 1989; Brickell
et al. 2006) and do not exceed the overall rate in
the population. Chiari malformation type 1 can
very occasionally be associated with respiratory
and cardiovascular compromise, which can poten-
tially lead to sudden death (De Souza et al. 2011).
The overall risk of such catastrophes must be small
and unless a patient reports himself or herself as
having suffered blackouts, brought on by Valsalva-
like manoeuvres, then surgery still remains an
option, rather than an essential treatment. There
have been cases reported of people dying in motor
vehicle collisions and who have been found, at
subsequent post-mortem examination, to harbour a
previously asymptomatic Chiari malformation.
Forced hyperextension of the neck, to a degree not
normally expected to cause serious injury, leads,
presumably, to lethal medullary contusion, caused
by the herniated cerebellar tonsils. Reported cases
are rare and are mostly children, so this sort of
tragedy may be related to the increased mobility
and poorer musculature of the neck (James 1995;
Mikelda 2006; Rickert et al. 2001; Wolf et al.
1998). It would be wrong, therefore, to advocate
surgery for Chiari malformations, solely on the
basis that the patient is at marginally increased risk
of injury during a road traffic accident.

2.5 Inheritance of Chiari

and Syringomyelia

It has been reported that 3—12 % of patients with
Chiari malformation type 1 have a family his-
tory of Chiari malformation (Milhorat et al. 1999;
Schanker et al. 2011). The incidence of a posi-
tive family history in our Chiari population was
4.7 %, and the mean prevalence of familial cases
was 2 per 100,000 adult inhabitants but ranging
from less than 1 to over 100 per 100,000 adult

inhabitants, with the highest prevalence found in
2 neighbouring villages in the northern region of
Tatarstan. The highest prevalence of familial cases
of syringomyelia and Chiari malformation was in
the regions with the highest prevalence of all cases
of this pathology (Figs. 2.1, 2.2 and 2.3). Genetic
studies would help clarify the nature of the preva-
lence of sporadic and hereditary forms of disease.

Evidence of a genetic contribution to Chiari
type 1 malformation and syringomyelia comes
from at least three sources: familial aggregation,
twin studies and known genetic syndromes asso-
ciated with Chiari and syringomyelia (Speer et al.
2003). One study identified 31 pedigrees, in
which two or more individuals were affected with
Chiari malformation type 1 and syringomyelia
(Speer et al. 2000). In this study, when MRI of
asymptomatic first-degree relatives of affected
patients was obtained, 21 % were diagnosed as
having Chiari malformation type 1 and syringo-
myelia. There were no cases of isolated familial
syringomyelia without an underlying Chiari mal-
formation, suggesting that familial syringomyelia
is more accurately classified as familial Chiari
type 1-associated syringomyelia (see Chap. 5).

Chiari malformation with syringomyelia
occurs in association with a variety of syndromes
of established inheritance patterns (Table 2.9)
(Speer et al. 2003). These syndromic cases are
likely to account for less than 1 % of the total
Chiari population. It has been suggested that the
underlying gene or genes involved in Chiari mal-
formation type 1 and syringomyelia will have
pleiotropic! effects, influencing bone morphol-
ogy at the skull base, posterior fossa volume and
the extent of cerebellar tonsillar herniation (Speer
et al. 2000). Such pleiotropic manifestations may
or may not be clinically relevant, but one possi-
ble condition within such a pleiotropic spectrum
may be the Chiari 0 malformation, which is found
in individuals with volumetrically small posterior
fossa, some of whom have been shown to respond
to decompressive surgery.

The genetics of Chiari malformation are dis-
cussed in more detail in Chap. 5 of this book.

''When a single gene influences more than one phenotypic
characteristic.
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City Kazan

River Volga
100 Km River Kama

Fig.2.2 Map of Tatarstan (Russia) with the prevalence of  prevalence (17.6); grey=low prevalence (<10). White
familial cases of Chiari malformation/syringomyelia (per  reveals regions without familial cases of Chiari malfor-
100,000 adult inhabitants). Red=very high prevalence  mation/syringomyelia (Authors’ data 2011)

(117.4); yellow =high prevalence (34.8); green =moderate

City Kazan

River Kama

Fig. 2.3 Map of Tatarstan (Russia) with the prevalence  (>100); yellow=high prevalence (60-100); green=mod-
of Chiari malformations with or without syringomyelia  erate prevalence (20-60); grey=Ilow prevalence (<20)
(per 100,000 adult inhabitants). Red = very high prevalence  (Authors’ data 2011)
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Table 2.9 Inherited syndromes associated with Chiari
and syringomyelia
Achondroplasia
Cleidocranial dysplasia
Crouzon’s syndrome
Cystic fibrosis
Familial osteosclerosis
Growth hormone deficiency
Paget’s disease of bone
Klippel-Feil sequence/syndrome
Hypophosphataemic rickets

Conclusions

The prevalence of syringomyelia varies widely
in different geographic regions and between
ethnic groups. These variations can probably
be explained by ethno-geographical differ-
ences of cranial construction and cranial set-
tling, including mild deformations of cranial
shape. Most cases of syringomyelia are associ-
ated with Chiari malformation type 1. Among
patients with Chiari malformation type 1, with
or without syringomyelia, up to 50 % are
asymptomatic. Some patients not undergoing
surgical treatment may have a favourable dis-
ease course with minimal progression of clini-
cal signs and, in a minority, spontaneous
reduction of their hindbrain hernia or even
resolution of their syringomyelia cavity.

There are clearly limitations as to how far
we can draw meaningful conclusions from the
data presented in this chapter, and there is a
need for international collaboration in gather-
ing more data, if we are to understand better
the epidemiology of Chiari malformations
and syringomyelia.
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3.1 Introduction

Syringomyelia and hydrocephalus, from what-
ever cause, are characterised by the abnormal
accumulation of fluid within cavities in the cen-
tral nervous system (CNS), suggesting that there
is a failure of fluid drainage systems in these
conditions.

Extracellular fluid in the CNS consists of cere-
brospinal fluid (CSF) and interstitial fluid (ISF).
CSF is produced by the choroid plexuses and
circulates through the ventricular system and the
subarachnoid spaces of the brain and spinal cord.
Drainage of CSF is partly into the blood through
arachnoid granulations and villi and partly along
lymphatic drainage pathways, mostly associated
with the cribriform plate of the ethmoid bone
(Johnston et al. 2004). Interstitial fluid is larger
in volume than CSF: in humans 250 mL com-
pared with 140 mL of CSF (Bergsneider 2001).
Derived from the blood, ISF and solutes circu-
late through the narrow extracellular spaces of
the CNS and drain out with soluble brain metab-
olites, along basement membranes of capillaries
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and arteries to lymph nodes (Carare et al. 2008;
Weller et al. 2009b). Disturbances of CSF drain-
age result in hydrocephalus and syringomyelia,
whereas failure of ISF drainage appears to play
a role in the aetiology of neurodegenerative dis-
eases, particularly Alzheimer’s disease (Weller
et al. 2009¢, 2011).

This chapter reviews the production, circu-
lation and drainage of cerebrospinal fluid and
interstitial fluid from the central nervous sys-
tem and how the balance between the two fluids
is disturbed in hydrocephalus and syringomy-
elia. Some attention is also given to pathologies
not directly related to syringomyelia but which
serve to illustrate how metabolic consequences
of altered CSF and water movement in the CNS
might account for some of the hitherto unex-
plained phenomena relating to syringomyelia.

Choroid Plexus
and the Production of CSF

3.2

Cerebrospinal fluid is produced by the choroid
plexuses at the rate of approximately 350 pL/min
in humans (Davson et al. 1987). The major cho-
roid plexuses are in the lateral and third ventricles
and in the fourth ventricle, from which the plex-
uses protrude through the foramina of Luschka
into the subarachnoid space. Microscopic
examination of the choroid plexus reveals two

Fig.3.1 Choroid plexus and
the formation of CSF. Fluid
and solutes pass freely from
the blood through the
fenestrated epithelium of
choroid plexus capillaries into
the stroma (red arrows).

CSF is produced by filtration

major components, namely the stroma and the
choroid plexus epithelium (Fig. 3.1) (Wolburg
and Paulus 2010). The stroma contains blood
vessels, meningeal cells and sheaths of colla-
gen (Alcolado et al. 1986). In contrast with the
brain, there is little barrier in the plexus blood
vessels to the passage of macromolecules into
the stroma itself. This is reflected in the entry
of contrast media into the choroid plexus and its
resultant visualisation by imaging techniques.
Leptomeningeal cells in the choroid plexus gen-
erate the collagen bands that constitute the major
bulk of the stroma. With advancing age, these
leptomeningeal cells produce spheres of collagen
that become calcified (Alcolado et al. 1986), to
such an extent that they are visible in skull x-rays
of older individuals.

The anatomical substrate of the blood-CSF
barrier is the choroid plexus epithelium, which
is derived from the ependymal lining of the ven-
tricles (Johanson et al. 2008). Choroid plexuses
are formed by the invagination of leptomeninges
into the ventricular cavities and by modification
of the ventricular ependymal lining into choroid
plexus epithelium. Histological and ultrastruc-
tural techniques have shown that the choroid
plexus epithelium is composed of cuboidal cells.
These are coated by basement membrane on their
basal surface, which abuts onto the stroma, and
by microvilli on the ventricular surface (Wolburg
and Paulus 2010). Tight junctions bind the apical

< Microvilli

Epithelium
Basement
membrane

<= Endothelium

through the choroid plexus

Choroid plexus and the formation of CSF

epithelial cells
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portions of these epithelial cells together. CSF
is formed by the net transport of water, sodium
chloride, potassium and bicarbonate ions from
the choroid plexus stroma, through the epithe-
lial cells, into the ventricles (Fig. 3.1) (Johanson
et al. 2008). This process involves the enzymes
carbonic anhydrase C, sodium and potassium
ATPases, and aquaporin-1 (AQP1), which reside
in the choroid plexus epithelial cells (Johanson
et al. 2008; Wolburg and Paulus 2010; Yool
2007). Acetazolamide reduces CSF production
by inhibiting carbonic anhydrase C and by reduc-
ing the amount of AQP1 through an alteration in
protein transcription (Ameli et al. 2012). CSF
in humans is produced at a rate of 0.3-0.6 mL/
min, or 500-600 mL/day. In those smaller mam-
mals that have been studied, CSF is replaced
approximately four times per day (Johanson et al.
2008). A small proportion of CSF appears to be
derived, additionally, from brain interstitial fluid
(Johanson et al. 2008).

3.3  Circulation and Drainage

of the CSF

CSF leaves the ventricular system via the foram-
ina of Luschka and Magendie and flows into the
basal cisterns and the cisterna magna. It circu-
lates through the ventricles and the basal cisterns
and across the foramen magnum in a pulsatile
manner (see Sect. 3.5.2), the pulses being derived
from the vascular system (Weller 1995).

There are two major routes of drainage of CSF
from the subarachnoid channels (Johnston et al.
2004): (a) alongside cranial and spinal nerve
roots, particularly the olfactory nerves as they
pass through the cribriform plate of the ethmoid
bone, and (b) directly into the blood via arach-
noid granulations and villi associated with major
cranial venous sinuses.

3.3.1 The Ventricular System

and Ependyma

The cerebral ventricular system is lined by epen-
dyma, which develops during foetal life. In the
postnatal brain and in the adult brain, ependyma

consists of a single layer of ciliated cuboidal epi-
thelial cells (Del Bigio 1995), but in the adult
human brain, there are frequently areas of the
ventricular walls that are devoid of ependyma,
leaving the subependymal glia exposed to ven-
tricular CSF. Ependymal cells are joined by gap
junctions and lack the tight barrier function of
choroid plexus epithelium so that, even in brains
with intact ependyma, tracers injected into the
ventricles pass freely into the periventricular tis-
sue, particularly into the white matter (Abbott
2004). The central canal of the spinal cord is well
defined in the foetus and is also lined by epen-
dyma. However, in the adult human spinal cord,
the central canal is usually very small or obliter-
ated and marked only by a small, closely packed
nest of ependyma cells.

3.3.2 Leptomeninges
and the Subarachnoid Space

The human brain and spinal cord are encased in
layers of meninges. On the outer surface, and
abutting the bones of the skull and spine, is the
tough collagenous dura mater, the outer layer of
which forms the inner periosteum of the skull.
Within the dura, the leptomeninges consist of two
major layers; the outer is the arachnoid mater and
is applied to the inner aspect of the dura mater.
Separated from the arachnoid by the subarach-
noid space is the pia mater. The arachnoid and
pia are connected by many sheetlike trabeculae
of arachnoid-coated collagen that traverse the
subarachnoid space and suspend the leptomenin-
geal arteries and veins within the CSF (Fig. 3.2)
(Weller 2005). As arteries penetrate the surface of
the cortex, the arachnoid coating is reflected onto
the surface of the brain as the pia mater and a sin-
gle layer of pia mater also accompanies the artery
into the surface of the brain (Fig. 3.2) (Zhang
et al. 1990). Scanning electron microscope stud-
ies have also shown that the pia mater on the
brain and spinal cord is reflected onto blood ves-
sels in the subarachnoid space and thus separates
CSF in the subarachnoid space from the brain and
spinal cord (Figs. 3.2 and 3.3) (Hutchings and
Weller 1986; Nicholas and Weller 1988; Weller
2005). The pia mater is usually only one cell
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Arrangement of meninges on the surface of the human brain and spinal cord

Dura mater

Arachnoid

sheath —_—>

Fig. 3.2 A diagram summarising the arrangement of
meninges on the surface of the human brain and spinal
cord. Arachnoid mater is closely applied to the dura
mater; sheetlike trabeculae cross the subarachnoid space
to link arachnoid to the pia mater on the surface of the
brain or spinal cord. Pia mater is reflected from the surface

thick and contains intercellular junctions, but it
is uncertain how impermeable the pia mater is to
the passage of water and macromolecules. Larger
particles, such as erythrocytes in subarachnoid
haemorrhage, do not penetrate the intact pia
mater although inflammatory cells can migrate
through this thin cell layer (Hutchings and Weller
1986). Underlying the pia mater, there are bun-
dles of collagen that surround arteries and veins
in the subpial space (Alcolado et al. 1988).

The layout of leptomeninges coating the spi-
nal cord differs somewhat from the arrangement
of the leptomeninges surrounding the cerebral

- Arachnoid mater

—< Subarachnoid space containing CSF and
traversed by sheet-like arachnoid trabeculae

- Pia mater

~< Brain or spinal cord

Note: The piamater is reflected on

to the artery entering the brain or
spinal cord and thus separates CNS
tissue from the subarachnoid space

of the brain onto the surface of arteries and veins in the
subarachnoid space, thus separating CSF in the subarach-
noid space from the brain and spinal cord. A thin layer of
pia mater extends alongside arteries as they penetrate the
brain or spinal cord

hemispheres and the brain stem. Arachnoid mater
coating the spinal cord is composed of several
layers (Nicholas and Weller 1988) (Fig. 3.4). The
outer arachnoid is firmly applied to the inner sur-
face of the dura mater. A series of intermediate
layers of arachnoid mater are attached to this
parietal layer, and they either spread out over the
dorsal and ventral aspects of the spinal cord or
form the dorsal, dorsolateral and anterior liga-
ments. Dentate ligaments on the lateral aspect of
the spinal cord (Fig. 3.4) are formed of collage-
nous sheets that connect the dura to the substan-
tial layer of subpial collagen that surrounds the
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Fig.3.3 Scanning electron
micrograph of the surface of
the brain as viewed from the
subarachnoid space.

A leptomeningeal artery
spreads its branches over the
surface of the pia mater, and
before the branches penetrate
the brain, the pia mater is
reflected on to the surface

of the artery (arrow)
(Reproduced with permission
from Hutchings and Weller
(1986)). x75

Fig. 3.4 Diagram showing the arrangements of the lepto-
meninges surrounding the spinal cord. An outer layer of
arachnoid mater (blue) is applied to the inner aspect of the
dura mater. Highly perforated intermediate layers of arach-
noid (green) arise from the outer arachnoid to coat the dorsal

spinal cord. The surface of the dentate ligaments
is coated by arachnoid mater (Nicholas and
Weller 1988). Functionally, the intermediate lay-
ers of arachnoid around the spinal cord may act
as baffles, modifying the propagation of pressure
waves within the CSF passing up and down the
spinal subarachnoid channels.

and ventral surfaces of the spinal cord. There is a prominent
dorsal ligament and less robust dorsolateral ligaments are
also present. The dentate ligaments connect the layer of sub-
pial collagen (white) with the collagenous dura (Reproduced
with permission from Nicholas and Weller (1988))

3.3.3 Lymphatic Drainage
of the Cerebrospinal Fluid

In smaller mammals such as rats, mice and rab-
bits and even in larger mammals such as sheep,
the major pathways for drainage of CSF appear
to be alongside cranial and spinal nerve roots to
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Fig. 3.5 Coronal section
through the olfactory bulbs,
cribriform plate and nasal
mucosa of a rat that had
received an injection of
Indian ink into the CSF.
Black Indian ink is seen in
the subarachnoid space
inferior to the olfactory bulbs.
Channels cross the cribriform
plate adjacent to branches of
the olfactory nerve and allow
Indian ink to drain into the
lymphatics of the nasal
mucosa (arrow) (Reproduced
with permission from Kida

et al. (1993)). Haematoxylin
and eosin x40

regional lymph nodes. This lymphatic drainage
of cranial CSF is via well-defined channels that
run alongside branches of the olfactory nerves,
as they pass through the cribriform plate of the
ethmoid bone to nasal lymphatics (Fig. 3.5)
(Johnston et al. 2004; Kida et al. 1993). Channels
formed by leptomeningeal cells in the subarach-
noid space join nasal lymphatics, and when trac-
ers are injected into the cisterna magna in the
rat, they drain to lymph nodes in the neck in less
than 1 min (Kida et al. 1993). Although there
are arachnoid villi in the rat, they are small and
mostly associated with the dorsal aspect of the
olfactory bulbs (Kida et al. 1993). It is estimated
that at least 50 % of cranial CSF in the rat drains
to cervical lymph nodes by the nasal route, and
this has implications for immunological reactions
in the central nervous system (Cserr and Knopf
1992; Weller et al. 2010).

3.3.4 Drainage of Cerebrospinal
Fluid via Arachnoid Villi
and Granulations

In humans, the brain is much larger than in other
mammals and the volume of CSF is much greater.
Similarly, the sizes of arachnoid granulations and
villi associated with the superior sagittal sinus
and other cerebral and spinal sinuses are also
much greater (Upton and Weller 1985). In
humans, therefore, CSF drains directly back into

the blood, via arachnoid granulations and villi, as
well as through the cribriform plate and nasal
lymphatics. However, the balance of amounts of
CSF draining via these two routes is still unclear
(Johnston et al. 2004).

Structurally, arachnoid granulations and villi
are extensions of the leptomeninges, protruding
through perforations in the dura mater, into
venous sinuses (Fig. 3.6a) (Kida and Weller
1993; Kida et al. 1988). CSF appears to percolate
through a mesh of collagenous trabeculae, which
is coated by arachnoid cells and located in the
centre of the villus or granulation. The CSF
finally reaches the venous endothelium via chan-
nels in a compacted layer of leptomeningeal cells
that caps each granulation or villus (Upton and
Weller 1985) (Fig. 3.6b, c). Tracer studies in
monkeys suggest that CSF then drains through
the venous endothelial cells by a bulk flow mech-
anism that entails the transport of macrovacuoles
across the endothelial cells (Tripathi and Tripathi
1974). Despite the large size of some arachnoid
granulations, drainage of CSF appears to be
restricted to an apical area some 300 pm in diam-
eter (Upton and Weller 1985).

3.3.5 Other Routes of Drainage
of the Cerebrospinal Fluid

In addition to these major drainage pathways
for CSF, through venous endothelium and via
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Fig. 3.6 Arachnoid
granulations in the human
brain. (a) Diagram showing
the relationship between the
brain, subarachnoid space
(blue) and the superior
sagittal sinus (SSS).
Arachnoid granulations
extend through the dura from
the subarachnoid space into
the superior sagittal sinus
and its lateral extension.

(b) Histological section
through the length of an
arachnoid granulation. CSF
from the subarachnoid space
(SAS) passes into channels in
the collagenous core (red) of
the granulation and then
through channels in the
arachnoid cap of the
granulation (**) to reach the
endothelium lining the
venous sinus. Haematoxylin
van Gieson x40. (¢) Diagram
showing the main features of
an arachnoid granulation with
channels leading from the
subarachnoid space to the
endothelium (red) of the
superior sagittal sinus (SSS)
(Reproduced with permission
(a, ¢) from Dr. Shinya Kida
and (b) from Upton and
Weller (1985))

nasal and spinal lymphatics, some may also be
absorbed directly into blood vessels in periven-
tricular tissue (Johnston et al. 2004).

3.4 Interstitial Fluid (ISF)

In common with most other tissues of the body,
the central nervous system has interstitial fluid
within the extracellular spaces. In contrast with
most other tissues, there are no conventional lym-
phatics in the central nervous system to drain
interstitial fluid to regional lymph nodes.
However, there are well-defined perivascular

lymphatic pathways in the CNS by which inter-
stitial fluid and solutes drain from the brain and
spinal cord. These run along the basement mem-
branes in the walls of capillaries and arteries, to
reach regional lymph nodes (Weller et al. 2009b).
Perivascular lymphatic drainage of interstitial
fluid appears to be largely separate from the CSF
drainage, with only 15 % of ISF leaking into the
CSF (Szentistvanyi et al. 1984). This is contrary
to some established concepts that the CSF acts as
a sink for metabolites from the brain, a concept
that needs to be re-examined in the light of more
recent work on the drainage of interstitial fluid
(Carare et al. 2008; Weller et al. 2009b).
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The Blood-brain Barrier and
Production of Interstitial Fluid

3.4.1

The blood-brain barrier (BBB) is one of the major
systems that regulate homoeostasis and the con-
stancy of the neuronal environment in the CNS.
The BBB is located in the capillary endothelial
cells of the brain and spinal cord and appears to
be induced by the presence of perivascular astro-
cytic and neuronal processes; it is characterised
by the tightness of intercellular junctions and the
relative absence of trans-endothelial vesicular
transport (Fig. 3.7a) (Abbott et al. 2006; Nag
et al. 2011). Although water may pass freely
across the blood-brain barrier, other molecules
are actively transported from blood to brain;
many substances are blocked from entering the
CNS by the blood-brain barrier.

The volume of interstitial fluid in the human
brain has been estimated at approximately
280 mL (Bergsneider 2001). It is produced partly
from the blood and partly from the metabolites
produced by the CNS tissue itself. The esti-
mated range of drainage of ISF is 0.11-0.29 pL/
min/g of tissue (Abbott 2004); this is compara-
ble with the drainage of ISF from other organs
(Szentistvanyi et al. 1984). Although the study of
ISF has been largely overshadowed by concen-
tration of research on CSF, the production and
drainage of ISF has implications particularly for
neurodegenerative disorders, neuroimmunologi-
cal diseases (Weller et al. 2010), hydrocephalus
and syringomyelia.

Fluid in the central nervous system is increased
in three main types of oedema. Cytotoxic oedema
occurs in the very early stages of damage to the
CNS, particularly in grey matter, when cells are
deprived of oxygen or glucose and die (Marmarou
2007). As ATP production ceases, ion pumps at
the cell membrane no longer function and allow
the influx of sodium and other electrolytes into
the cell, followed by water, with the result that
cells swell and burst. Vasogenic oedema results
from the breakdown of the blood-brain barrier
following tissue damage in the CNS and the out-
pouring of fluid, proteins and other solutes into
the brain tissue (Marmarou 2007; Nag et al.
2011). The third type is interstitial oedema

(Weller 1998) due to the infusion of CSF into the
white matter in hydrocephalus and syringomyelia
(see Sects. 3.4.2 and 3.5.2). Accumulation of
interstitial oedema fluid reflects the failure of
interstitial fluid drainage pathways to accommo-
date increased ISF in the extracellular spaces of
the CNS.

3.4.2 Circulation and Drainage
of Interstitial Fluid

Fluid and nutrients cross the blood-brain bar-
rier at the capillary endothelial cells and dif-
fuse through the narrow extracellular spaces
of the brain to supply neurons and glial cells
(Abbott 2004; Abbott et al. 2006; Marmarou
2007) (Fig. 3.7a, b). Interstitial fluid and soluble
metabolites then diffuse through the extracellular
spaces (Sykova and Nicholson 2008) to drain by
bulk flow along the basement membranes in the
walls of capillaries and arteries (Fig. 3.7b) within
CNS tissue and leptomeninges (Carare et al.
2008; Weller et al. 2009b).

Evidence for perivascular lymphatic drainage
pathways is derived from a series of experimental
studies, initially using radioactive tracers that
showed rapid elimination of interstitial fluid and
solutes from the brain to cervical lymph nodes
(Szentistvanyi et al. 1984). The detailed anatomy
of the drainage pathway was later elucidated
using fluorescent tracers and confocal micros-
copy (Carare et al. 2008). When fluorescent dex-
tran is injected into grey matter of the mouse
brain, it initially spreads diffusely through the
extracellular spaces and then, within 5 min, is
present in the basement membranes in the walls
of capillaries and arteries in the brain and lepto-
meninges (Carare et al. 2008). It appears that
interstitial fluid and solutes drain to the lymph
nodes at the base of the skull from the walls of the
carotid artery (Weller et al. 2009b). The motive
force that drives perivascular drainage is thought
to be the contrary, or reflection, wave that follows
the pulse wave passing along cerebral artery
walls; in this model, the contrary wave drives
interstitial fluid out of the brain in the reverse
direction to the flow of blood (Schley et al. 2006).
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Fig. 3.7 Production and
drainage of interstitial fluid.
(a) Transmission electron
micrograph of a capillary and
surrounding brain tissue in
the human cerebral cortex.
Endothelial cells, joined by
tight junctions (7J), surround
the lumen of the capillary and
are coated on the abluminal
surface by basement
membrane (BM). Neuronal
and glial processes are tightly
packed together and separated
by a very narrow extracellular
space. x14,000. (b) Diagram
to show the passage of fluid
and soluble nutrients from a
capillary, through the narrow
extracellular spaces, to
neighbouring neurons (red
line) and the drainage of fluid

and soluble metabolites out of ’

Production of ISF and perivascular drainage of ISF and solutes from the CNS

the brain along perivascular b
basement membranes in the
walls of capillaries and
arteries (green line)
(Reproduced with permission
(a) from Preston et al. (2003))
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Although it is not possible to perform tracer
studies in humans, there is one natural tracer that
strongly indicates the presence of a perivascular
lymphatic drainage pathway in the human brain,
similar to that in the mouse. Amyloid-p (Ap) is
derived from amyloid precursor protein and is
one of the peptides that accumulate within the
brain in Alzheimer’s disease (Duyckaerts and
Dickson 2011). Ap also accumulates in the walls
of capillaries and arteries in the brain and lepto-
meninges as cerebral amyloid angiopathy (Biffi
and Greenberg 2011; Weller et al. 2009¢, 2011)

the CNS along basement membranes in
walls of capillaries and arteries -

(Fig. 3.8a, b). The pattern of perivascular accu-
mulation of Ap is exactly the same as the distri-
bution of fluorescent tracers defining interstitial
fluid drainage pathways (Carare et al. 2008;
Weller et al. 2009b). This strongly suggests that
soluble AP is draining out of the brain along peri-
vascular interstitial fluid drainage pathways (Biffi
and Greenberg 2011; Weller et al. 2011).
Furthermore, biochemical studies have shown
that the accumulation of AP in the walls of the
carotid arteries ceases at the base of the skull
(Shinkai et al. 1995), suggesting that interstitial
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Fig.3.8 Amyloid-f is
deposited in the perivascular
interstitial fluid drainage
pathways in human brain as
cerebral amyloid angiopathy.
(a) Deposition of amyloid-f
(brown) in the basement
membrane surrounding a
cortical capillary.
Immunocytochemistry for
amyloid-p x750.
(b) Leptomeningeal artery
(top) extends a branch into
the cerebral cortex.
Amyloid-f (brown) is
deposited in the basement
membranes between the
smooth muscle cells of the
tunica media (arrow)
suggesting that soluble
amyloid- drains out of the
brain along perivascular
pathways. -
Immunocytochemistry for L
amyloid-p x200 (Reproduced L
with permission (a) from
Preston et al. (2003) and t
(b) from Weller et al. (1998))
fluid with soluble A drains from the artery wall
to adjacent cervical lymph nodes in a similar way
to that observed in experimental animals.
Although it is mainly the brain that is affected
by amyloid angiopathy in Alzheimer’s disease,
amyloid also accumulates in artery walls in the
spinal cord in the familial British dementia
(Revesz et al. 2009). This suggests that intersti-
tial fluid and solutes drain from the spinal cord
along perivascular pathways by a system similar

to that observed in the brain.

3.5 Pathology of the

Cerebrospinal Fluid

Pathology of the CSF falls into two main catego-

ries (Weller 1998):

(a) Meningitis and haemorrhage in which
inflammatory cells, erythrocytes or tumour
cells are released into the CSF following
infection, subarachnoid haemorrhage and
invasion of the subarachnoid space by pri-
mary or metastatic tumours.
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(b) Obstruction to the flow of CSF that results in
hydrocephalus in the brain and syringomy-
elia in the spinal cord.

3.5.1 Meningitis and Subarachnoid

Haemorrhage

Bacterial and fungal infections of the subarach-
noid space result in an outpouring of polymor-
phonuclear leucocytes and protein from the
blood into the CSF (Brown and Gray 2008;
Weller 1998). Inflammatory cells remain mostly
confined to the subarachnoid space and do not,
in general, invade the underlying brain or spi-
nal cord tissue. The pia mater, subpial colla-
gen and the tightly packed astrocyte processes,
which form the glia limitans on the surface of the
brain and spinal cord, appear to act as a barrier
to the entry of infection and inflammatory cells
into the CNS. Often the only reaction at the sur-
face of the brain is proliferation of microglia.
In tuberculous meningitis, however, caseating
granulomata not only involve the leptomeninges
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but also extend into the surface of the brain or
involve cranial nerve roots; there is invasion of
the CSF by lymphocytes and high protein levels
may be attained in the CSF (Brown and Gray
2008). One of the major complications of both
pyogenic and tuberculous meningitis is inflam-
mation in the walls of leptomeningeal arteries,
thrombosis of their lumina and infarction of the
underlying CNS tissue (Brown and Gray 2008).
In the long term, bacterial meningitis may result
in fibrosis of the leptomeninges, interfering with
drainage of cerebrospinal fluid and resulting in
hydrocephalus and syringomyelia.

In viral infections and in autoimmune dis-
ease, such as Guillain-Barré syndrome, there is
a rise in the level of protein and the presence of
lymphocytes in the CSF, indicating a breakdown
in the blood-CSF barrier. The major complica-
tions of these conditions are not so much in the
CSF but result from the involvement of brain
tissue (encephalitis) or involvement of cranial
and spinal nerve roots (autoimmune neuritis)
(Weller 1998).

Subarachnoid haemorrhage results from rup-
ture of a saccular aneurysm or an arteriovenous
malformation or may follow an episode of
trauma (Ferrer et al. 2008). Fresh arterial blood
floods into the subarachnoid space and may
spread widely over the surface of the brain and
spinal cord and fill the cisterns at the base of the
brain. Frequently there is extension of the haem-
orrhage into the brain itself resulting in a fatal
intracerebral haemorrhage. If the patient sur-
vives the initial episode, the arteries that are sur-
rounded by blood in the subarachnoid space may
go into spasm resulting in cerebral infarction.
The long-term effects of the subarachnoid haem-
orrhage may be fibrosis of the leptomeninges,
disturbance of CSF drainage and hydrocephalus
(Ferrer et al. 2008).

Both primary and metastatic tumours can
invade the cerebrospinal fluid, and the main
effect of this invasion is damage to cranial and
spinal nerves and extension of tumour cells into
the surface of the brain or spinal cord. Tumours
in the ventricles, aqueduct or subarachnoid space
may also block the drainage of CSF, resulting in
hydrocephalus (Weller 1998).

3.5.2 Obstruction of CSF Flow
and Drainage

Interference with the flow and drainage of CSF
within the ventricular system of the brain or
in the subarachnoid spaces overlying the brain
and spinal cord may result in hydrocephalus
or syringomyelia. There are many causes of
hydrocephalus affecting the brain, occurring at
any time from infancy to old age (Harding and
Copp 2008). Congenital malformations, primary
and metastatic tumours in the brain and fibrosis
or tumours in the subarachnoid space may all
interfere with the flow of CSF from ventricles
to the subarachnoid space and its elimination
via arachnoid granulations and lymphatic drain-
age pathways. The resulting dilatation of the
ventricular system is associated with a number
of pathological changes in periventricular tis-
sue, particularly around the lateral ventricles.
In the acute stages of hydrocephalus, the epen-
dyma becomes stretched and flattened and may
rupture, allowing CSF to infuse freely into the
periventricular white matter and resulting in
interstitial oedema (Weller 1998) (Fig. 3.9a—c).
This stage may be followed by destruction and
gliosis of white matter and severe dilatation of
the ventricles (Fig. 3.9d). In human infants that
develop hydrocephalus before the sutures of the
skull bones have fused, ventricular dilatation,
head enlargement and severe attenuation of the
cerebral mantle may ensue (Harding and Copp
2008). Damage to nerve fibres in periventricu-
lar white matter in hydrocephalus is difficult to
detect as it occurs over a protracted time period.
It is only in the acute stages of hydrocephalus,
when the tissue is oedematous, that axonal degen-
eration is obvious (Weller and Shulman 1972).
As the interstitial oedema of the acute stages
of hydrocephalus subsides, the periventricular
white matter becomes gliotic.

Compared with white matter, the grey mat-
ter of the cerebral cortex and the basal ganglia
are relatively well preserved in hydrocephalus
(Fig. 3.9b, c¢). This may be due to a number of
factors including the restricted nature of the
extracellular space in grey matter, which prevents
the entry of fluid (Weller and Wisniewski 1969)
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Fig. 3.9 Coronal sections of mouse brains showing
progressive hydrocephalus with interstitial oedema and
destruction of the white matter. (a) Normal mouse brain
with small lateral ventricles. Haematoxylin and eosin
x8. (b) Early stages of hydrocephalus with dilatation of
the lateral ventricles and severe interstitial oedema of
the white matter. Haematoxylin and eosin x8. (¢) Severe
destruction of the oedematous white matter in hydroceph-

and the more efficient perivascular drainage of
interstitial fluid from grey matter compared with
white matter (see Sect. 3.6.2)

3.6 Syringomyelia

Syringomyelia can be defined as an elongated
fluid-filled cavity in the central regions of the
spinal cord. Syrinx, a shepherd’s (pan) pipe,
describes the shape of the syringomyelic cyst,
often tapered at the upper and lower ends. The
cervical region of the spinal cord is most fre-
quently involved, and four types of syringomy-
elia have been described (Fernandez et al. 2009):

alus but with relatively good preservation of the central
grey matter and cerebral cortex. Phosphotungstic acid
haematoxylin (PTAH) x8. (d) Scanning electron micro-
graph of a severely hydrocephalic mouse brain showing
extensive dilatation of the lateral ventricles and rupture
of the ependyma (ER) x6 (Reproduced with permission
(a—c) from Weller (1998))

Type I syringomyelia is associated with obstruc-
tion of the foramen magnum with a Chiari
type 1 malformation or another obstructive
lesion, such as fibrosis or tumour.

Type II syringomyelia is without obstruction of
the foramen magnum and is so-called
idiopathic.

Type III syringomyelia is associated with other
diseases of the spinal cord such as spinal
tumours, traumatic lesions of the cord and spi-
nal arachnoiditis.

Type IV is hydromyelia usually associated with
hydrocephalus. Hydromyelia is when the cen-
tral canal is dilated and may be lined by normal
ependyma; in the later stages, the ependyma is
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Major types of syringomyelia
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Fig.3.10 Diagram to illustrate the major types of syringomyelia

replaced by glial tissue. Dilatation may be focal
and more pronounced in the lumbar spinal
cord. Hydromyelia may be an isolated finding
and asymptomatic, or it may be part of a more
complex syndrome (Harding and Copp 2008).

3.6.1 Aetiology of Syringomyelia
Figure 3.10 summarises the aetiology of the main
types of syringomyelia.

Most cases of syringomyelia and almost
90 % of cases of type 1 syringomyelia are asso-
ciated with Chiari malformations. Conversely,
some 40-75 % of Chiari type 1 malformations
have associated syringomyelia (Fernandez et al.
2009). Of the four types of Chiari malformation,
type 1 has been defined radiographically as cer-
ebellar tonsillar herniation, or ectopia of 5 mm or
greater below the foramen magnum (Sekula et al.
2011; Ellison et al. 2004) (Figs. 3.11 and 3.12).

Maldevelopment of the skull results in reduced
length of the occipital portion of the clivus,
whereas the sphenoid portion is often normal.
Platybasia and abnormalities of the occipital con-
dyles and atlas are also seen. As a result of the
malformations, the volume of the posterior fossa
is effectively reduced, whereas the volume of the
cerebellum is normal.

Cerebellar tonsillar herniation in the Chiari
type 1 malformation appears to be the result of a
normal cerebellar mass in a small posterior fossa
and is thus secondary to the bony abnormality
(Goel 2001). Syringomyelia in this case is a ter-
tiary event and is thought to be due to distur-
bance of CSF flow through the foramen magnum
(Heiss et al. 1999; Wetjen et al. 2008) (see
Sect. 5.1.2). Other types of Chiari malformation
may be associated with further abnormalities of
the skull or brain, and in Chiari type 2 malforma-
tion, there is an associated myelomeningocoele
and hydrocephalus (Harding and Copp 2008).
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Level.of Foramen
~—— magnum

Elongated
cerebellar
tonsil-— "

Fig. 3.11 A view of Chiari type 1 malformation at sur-
gery. The posterior aspect of the cerebellum and spi-
nal cord has been exposed by removing the bone of the
foramen magnum. Elongated cerebellar tonsils extend
through the foramen magnum posterior to the spinal cord
(Reproduced with permission from Ellison et al. (2004))

Patients with a posterior fossa arachnoid cyst
may develop acquired Chiari malformation and
syringomyelia due to displacement of the cere-
bellar tonsils through the foramen magnum
(Galarza et al. 2010).

Although the majority of cases of syringo-
myelia appear to be due to cranio-cervical mal-
formations that are present at birth, the average
age of presentation is approximately 35 years
(Fernandez et al. 2009).

3.6.2 Pathology of Syringomyelia

Exposure of the syringomyelic spinal cord at
surgery or at post-mortem usually results in col-
lapse of the cavity. The full extent of a syrinx is,
therefore, more adequately visualised by MRI.
At post-mortem examination, the spinal cord in
cross-section reveals a cystic space in the cen-
tre of the cord that is often asymmetrical and
extending laterally towards one or other dorsal
root entry zone (Fig. 3.13a). Microscopically,
the syrinx may be totally separate from the

o A
<— magr*um ;;

Fig. 3.12 Chiari type 1 malformation in a post-mortem
brain. A fixed post-mortem brain at the level of the fora-
men magnum, viewed from the front. The spinal cord has
been cut away to reveal the elongated cerebellar tonsils
on its dorsal aspect (Reproduced with permission from
Ellison et al. (2004))

central canal or may be partly lined by epen-
dyma. A syrinx of long-standing is often lined
by a layer of dense gliotic scar tissue (Fig. 3.13b)
(Harding and Copp 2008). Acute syringomyelia
induced experimentally (Williams and Weller
1973) shows disruption of the ependyma of the
spinal cord, interstitial oedema of the cord tissue
surrounding the syrinx and associated nerve fibre
damage and reactive astrocytosis (Fig. 3.14).
This suggests that fluid may be forced into the
tissue around the syrinx as in hydrocephalus
(Sect. 3.4.2). Similar tissue oedema may be seen
in syringomyelia in humans and other species
(Harding and Copp 2008).

At the level of the syrinx, ascending sensory
tracts are often damaged, including those in the
dorsal columns and the spinothalamic tracts.
Locally, anterior horn motor neurons may be dam-
aged. Remotely, above and below the syrinx, long
tracts may show changes due to the damage at the
level of the syrinx (Harding and Copp 2008).

In type III syringomyelia, there is a cavity in
the cord associated with tumour, trauma or arach-
noiditis. Oedema fluid derived from a spinal
tumour appears to be a precursor of a tumour-
associated syringomyelia (Baggenstos et al.
2007) in which the syrinx may be irregular in
shape and lined by tumour. Following spinal cord
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Fig. 3.13 Transverse sections of spinal cords with
syringomyelia. (a) A large asymmetrical syringomy-
elic cyst extends towards one dorsal root entry zone.
Anterior horn of grey matter (AH) on the opposite side

Fig. 3.14 Experimental syringomyelia.(a) Transverse
section of the spinal cord showing a syringomyelic cyst

extending towards one dorsal root entry zone.
Haematoxylin and eosin x8. (b) Histology of the wall of
the syrinx showing disrupted ependyma (ep) partly
surrounding a blood vessel. Toluidine blue-stained resin
section x720. (c¢) Interstitial oedema in the acute stage of

Syringomyeli¢’
cyst

7
Gliotic
wall to the
cyst

of the cord. Weigert-Pal stain x4. (b) Although this long-
standing syringomyelic cyst in the spinal cord is small,
it is surrounded by a thick layer of purple-stained gliosis
(arrow). Phosphotungstic acid haematoxylin (PTAH) x6

Blood
vessel

syringomyelia; a damaged nerve fibre is present at the
edge of the oedematous region (W). Toluidine blue-
stained resin section x120. (d) The oedematous wall of
the cyst shows reactive astrocytosis (AS). Haematoxylin
and eosin x120 (Reproduced with permission from
Williams and Weller (1973))
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injury, a syringomyelic cavity may be associated
with arachnoiditis and tethering of the spinal
cord or may be due to myelomalacia resulting
from direct damage or ischemia of the cord linked
to the trauma (Falci et al. 2009).

3.6.3 Dynamics of CSF Movement
at the Foramen Magnum

Recent data on the dynamics of CSF flow at
the foramen magnum are mainly derived from
phase-contrast MRI (Ambarki et al. 2007; Battal
et al. 2011). The model presented is that of a
rigid skull containing three incompressible ele-
ments, namely brain, CSF and blood (Ambarki
et al. 2007). CSF has a viscosity close to that of
water and is distributed in three spaces that com-
municate with each other, the cerebral ventricles
and the cranial and spinal subarachnoid spaces.
Both the brain and spinal cord float in the CSF,
and the surface of the CNS is crossed by a vas-
cular network of arteries and veins. The overall
intracranial volume remains constant, and the
Monro-Kellie doctrine describes the blood, brain
and CSF as incompressible. If the volume of one
of the intracranial components increases, static
mechanisms force one or both of the other com-
ponents out of the cranial cavity, to maintain a
constant intracranial volume. Pulsations of intra-
cranial arteries result in a cyclical expansion of
cerebral blood volume, which is transferred as
pulsations in the CSF (Ambarki et al. 2007).
Maintenance of intracranial volume is by expul-
sion of CSF from the cranial to the spinal sub-
arachnoid space, which itself is expandable due
to distensibility of the spinal dural sac, which
acts as a mediator of compliance. CSF oscillates
through the foramen magnum in response to pul-
satile cerebral blood flow. This results in a cou-
pling between changes in blood volume and CSF
volume (Ambarki et al. 2007). Disturbance of
the normal free flow of CSF through the foramen
magnum appears to be a major factor responsible
for the formation of a syrinx in the cervical spi-
nal cord (Heiss et al. 1999; Wetjen et al. 2008).
However, failure of absorption or drainage of
extracellular fluid may also play a role, either

in the pathogenesis of a syringomyelic cavity
or in maintaining the volume of fluid within it
(Koyanagi and Houkin 2010).

Disorders of Interstitial Fluid
and Its Drainage

3.7

Maintaining a constant external environment for
neurons within the central nervous system
depends upon homoeostasis of the interstitial
fluid, itself achieved through the control of nutri-
ents, metabolites and other soluble materials in
the extracellular compartment of the CNS. Entry
of fluid and solutes into the interstitial fluid is
controlled by the blood-brain barrier (Abbott
2004), and their elimination is along perivascular
pathways in the narrow basement membranes in
the walls of capillaries and arteries (see
Sect. 3.3.2). Drainage of antigens by this route
from the brain and spinal cord may play a role in
immunological protection of the central nervous
system and in neuroimmunological disease
(Weller et al. 2009b, 2010). Equally important
are the neurodegenerative diseases, such as
Alzheimer’s disease, in the category of protein-
elimination failure arteriopathies (PEFA) that
are associated with failure of drainage of intersti-
tial fluid and solutes from the CNS (Weller et al.
2008, 2009b; Carare 2013).

3.7.1 Cerebral Amyloid Angiopathy

and Alzheimer’s Disease

Alzheimer’s disease is characterised, pathologi-
cally, by the accumulation of neurofibrillary tan-
gles within neurons and deposition of insoluble
amyloid-p (Ap) in brain parenchyma and in artery
walls, as cerebral amyloid angiopathy. Some 5 %
of cases of Alzheimer’s disease are familial dis-
orders of A production, caused by defects in the
amyloid precursor protein and presenilin genes
(Bertram and Tanzi 2011). In the majority of cases
of Alzheimer’s disease, however, age is the major
risk factor and failure of elimination of Ap from
the brain with age appears to be a major caus-
ative factor in the disease. Several mechanisms
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for the elimination of AP from the brain have
been identified; they include the enzyme neprily-
sin in brain parenchyma and vessel walls, absorp-
tion of AP into the blood and drainage of soluble
AP out of the brain along perivascular pathways
(Weller et al. 2009¢c, 2011). As cerebral arteries
age, elasticity in the walls is reduced and elimina-
tion of AP along perivascular pathways appears
to be less efficient (Schley et al. 2006; Weller
et al. 2009a). Failure of elimination of Ap results
in the deposition of AP as insoluble plaques
(Duyckaerts and Dickson 2011), a rise in soluble
AP in brain tissue (Lue et al. 1999; McLean et al.
1999) and loss of homoeostasis of the neuronal
environment, leading to the cognitive decline we
see in Alzheimer’s disease. Although it is not the
only factor in the aetiology of Alzheimer’s dis-
ease, failure of perivascular drainage of soluble
AP appears to play an important role.

Deposition of amyloid is mainly in the cortex
and to a lesser extent in the basal ganglia, but the
white matter is also affected in Alzheimer’s dis-
ease. Leukoaraiosis is the accumulation of fluid
in the subcortical white matter that is detectable
by CT and MRI in a proportion of patients with
Alzheimer’s disease. The blood supply for sub-
cortical white matter is from leptomeningeal
arteries on the surface of the brain; long thin
arteries penetrate the cortex to supply the under-
lying white matter. Accumulation of fluid in the
subcortical white matter in leukoaraiosis is asso-
ciated with severe cerebral amyloid angiopathy
of leptomeningeal arteries (Roher et al. 2003); it
appears that deposition of AP in artery walls
interferes with the drainage of fluid from the sub-
cortical white matter.

3.7.2 Interrelationships Between
Cerebrospinal Fluid and

Interstitial Fluid

CSF fills the ventricles and cerebral and spinal
subarachnoid spaces, functioning as a buoyancy
fluid for the brain and spinal cord. Interstitial
fluid plays a role in maintenance of homoeostasis
within the parenchyma of the brain and spinal
cord. Although largely separate in their functions

and drainage systems, there are areas of interface
between CSF and interstitial fluid. On the one
hand, a small proportion of interstitial fluid leaks
into the CSF during drainage along the artery
walls (Szentistvanyi et al. 1984), and on the other
hand, tracers, such as horseradish peroxidase,
injected into the subarachnoid space, diffuse
along perivascular spaces into the CNS (Rennels
et al. 1985). Despite the connections between the
two fluids, failure of drainage of one is not com-
pensated by increased drainage of the other. In
acute hydrocephalus, for example, CSF enters
periventricular white matter resulting in intersti-
tial oedema. As outlined in Sect. 3.4.2 and
Fig. 3.9, interstitial oedema affects the white mat-
ter, but grey matter areas such as the basal ganglia
and cortex are largely spared in hydrocephalus.
This suggests that drainage of interstitial fluid
along artery walls from grey matter is maintained
in hydrocephalus, whereas such a drainage sys-
tem in the white matter is overloaded and cannot
cope with the infusion of CSF. It is still unclear
why CSF, accumulating within the ventricles of
the brain in hydrocephalus and in the spinal cord
in syringomyelia, does not drain along perivascu-
lar pathways in the surrounding brain or spinal
cord tissue. It is possible that perivascular drain-
age of interstitial fluid is limited and is unable to
cope with the excess volume of CSF when drain-
age of the latter is impaired. Similarly, the failure
of elimination of AP by perivascular drainage
from grey matter is not compensated by elimina-
tion of fluid and AP into the CSF. In fact, the level
of AP is reduced in the CSF in Alzheimer’s
disease (Mawuenyega et al. 2010).

Conclusions

Balanced production and elimination of CSF
plays a significant role in maintaining physi-
cal stability of the brain and spinal cord.
Similarly, the balance between production and
elimination of interstitial fluid ensures the
stable tissue environment for neurological
activity. Disturbances in the elimination of
CSF and interstitial fluid result in retention of
fluid and solutes in the CNS. CSF and intersti-
tial fluid are largely separate in their produc-
tion and elimination, and although there is an
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interface between the two fluids systems, nei-
ther system appears to compensate fully for
deficiencies in the other. Facilitating drainage
of CSF would have major effects in the treat-
ment of hydrocephalus and syringomyelia,
whereas facilitating the elimination of intersti-
tial fluid and the soluble metabolites that it
contains would have a major effect on the
treatment of neurodegenerative diseases. On
the other hand, increasing the capacity to drain
extracellular fluid along perivascular path-
ways may reduce the fluid in hydrocephalic
ventricles and syringomyelic cysts, and
increasing the drainage of interstitial fluid into
CSF would facilitate the elimination of solu-
ble metabolites from the brain in cerebral
amyloid angiopathy and Alzheimer’s disease.
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4.1 Early Development

of the Nervous System

Formation of the central nervous system (CNS)
during embryonic life takes place in distinct
stages. The three most important are gastrulation,
primary neurulation and secondary neurulation.
Gastrulation includes the ability of the ectodermal
layer to develop the neuroectoderm, by a process
known as neural induction. Primary neurulation
forms the whole of the CNS, down to and includ-
ing the conus, by closure of the developing neural
tube. Secondary neurulation is the stage during
which the cauda equina and the sacral elements
are formed by a process of cavitation of a caudal
cell mass. Secondary neurulation is not important
for the development of Chiari or syringomyelia,
which are both effects of primary neurulation.

4.1.1 Gastrulation

Early in the 2nd week of development, prior to
implantation of the blastocyst, its inner cell mass
(the embryoblast) develops into a two-layered
structure, made up of a primitive ectoderm (the
epiblast) and a primitive endoderm (the hypo-
blast). By the beginning of the third week, a
‘primitive streak’ has appeared on the dorsal sur-
face of the ectodermal layer. This structure
develops at what will become the caudal end of
the embryo, but at the cranial end of the streak
itself, a distinct elevation forms, as a result of
proliferation of cells. This structure is known as
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Day 16 Day 17-19 Day 21-23 Day 25
Size: 0.2 mm Size: 0.4 mm Size: 1-1.4 mm Size: 1.5-3 mm Hindbrain begains

Henson’s node, primitive
streak, neural plates
(caudal end)

Gastrulation, primitive
streak, neural groove,
trilaminar embryo

Neural pit, neural
plates, neural
groove visible

12 somite pairs
future eyes and ears
are obvious

to develop

Fig.4.1 Gastrulation and primary neurulation Embryo stages from development of Hensen’s node on day 13 to closure

of anterior neuropore on day 25

Hensen’s node, and cells arising here begin to
migrate into the interface between the ectoderm
and endoderm, to form the mesodermal layer.
This stage is known as gastrulation as it results in
the formation of the primitive gut cavity, but it
also defines the period in which the three basic
germ cell layers form. Those mesodermal cells
that migrate along the midline give rise to the
notochord. The immediately overlying ectoder-
mal cells then begin to develop into the neural
plate, by a process referred to as neural induction.
This neural plate becomes the source of the
majority of neurons and glial cells in the mature
mammal (Fig. 4.1).

4.1.2 Primary Neurulation

Further development of the neural plate begins
the process of primary neurulation. This sees the
plate begins to invaginate, between neural folds
on each side of the midline. Cells at the top of the
neural folds are referred to as neural crest cells.
The neural folds then begin to fuse at several
points, concomitant with the appearance of the
budding somites.!

' A somite, or primitive segment, is a division of the body
of an animal. Somites form the vertebral column, dermis
and skeletal muscle. They are derived from the paraxial
mesoderm.

The main driving force for the shaping of the
neural plate seems to be a medially directed
movement of cells, with intercalation in the mid-
line, leading to a narrowing and lengthening of
the plate, a process known as convergent exten-
sion? (Keller et al. 2000; Copp et al. 2003),
illustrated in Fig. 4.2. The result of this process is
the formation of a tubular structure, below the
surface of the ectoderm, by week 4 of develop-
ment (Table 4.1). The cranial end of this neural
tube (the anterior neuropore) seals by the 25th
day, and its location, in the mature central ner-
vous system, is represented by the lamina termi-
nalis. The caudal end of the neural tube (the
posterior neuropore) closes between 26 and 28
days (Norman et al. 1995) (Fig. 4.3).

This infolding of the neural plate is usually
described as starting at the craniocervical junction
and proceeding both rostrally and caudally, in a
‘zipper’-like fashion. Recent evidence suggests,
however, that the closure actually occurs simul-

2Convergent extension is a mechanism of cellular mor-
phogenesis, whereby cells within a structure converge and
extend possibly by the action of actin-myosin contractions
at cellular boundaries. The process is under the control of
myosin regulatory chains found at these boundaries,
which direct contraction of cell boundaries perpendicular
to the axis of elongation and elongation along this axis.
Structures that undergo convergent extension become
elongated and thinned out without any net increase in cell
volume or number. It is an important mechanism in the
formation, extension and shaping of the neural tube.
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Fig. 4.2 Illustration depicting the mechanism of
convergent extension. This results in gene-regulated
convergence (narrowing) along one axis and extension
(lengthening or elongation) in a perpendicular axis. The
three cell layers first converge and intercalate causing
constriction. Further morphogenesis occurs with contrac-
tion of exact cell boundaries perpendicular to growth

Table 4.1 Stages in cranial neural tube closure

Shape of neural tube  Stage

Biconvex Inner biconvex morphology of neural
folds

Transitional Dorsolateral neural plate bending

Biconcave Midline approximation of neural folds
Dorsal neural crest cell migration
Ventral plate neuroepithelial cell
deposition

Tubular Midline neural plate

Neural tube separation from dorsal

epithelium

direction and redistribution of cells into two layers along
the growth axis with elongation in a sequential fashion.
Finally reducing the cellular layer numbers on one axis
(convergence) and adding these cells along the perpen-
dicular elongation axis causes extension. Both gastrula-
tion and primary neurulation cellular morphogenesis
depend on effective convergent extension

Process
Expansion of the cranial mesoderm

Under sonic hedgehog homologue signalling the
apices of the neural folds begin to come into
apposition in the dorsal midline

Contraction of subapical actin microfilaments is
thought to be the process that pulls the folds
together towards the midline

Emigration of the neural crest occurs as the
midline approximates and thins down. Timing
differs between cranial and spinal ends

Maintenance of a proliferative neuroepithelium

Believed to be an apoptotic process

Apical apoptotic cell death is involved in
epithelial remodelling following closure
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Fig. 4.3 Primary neurulation.
The ectoderm germ layer by a
process of columnarisation
forms a thickening, the flat
neural plate. The neural plate
then grooves and develops a
medial hinge point, folds in
upon itself, developing
bilateral dorsolateral hinge
points and neural crests. As
the neural folds are pushed
upwards and towards the
midline by the expanding

paraxial mesoderm, the neural ® —

crest cells separate from the
neuroectoderm which begins
to separate from the ectoderm
by a process of apoptosis.
This process is achieved by
neural plate switching from
expressing E-cadherin to
N-cadherin and N-CAM

expression. This allows the -

approximating neural tube in
the midline to recognise as the
same tissue and close the
neural tube

taneously at multiple sites. In the mouse embryo,
for example, neural tube closure initiates at three
distinct locations, with an intermittent pattern of
subsequent closure (Golden and Chernoff 1993).
A study of neural tube defects in human embryos
indicated that five closure sites exist (Van Allen
et al. 1993), and other investigators have con-
firmed these views (Ahmad and Mahapatra 2009;
Nakatsu et al. 2000), suggesting that the mode
of closure in humans is different from that in
other animal species. Sites identified as points of
initiation include the future cervical region, the
mesencephalic-thombencephalic boundary, the
anterior neuropore and the posterior neuropore.
The existence of multiple simultaneous closure
points help to explain why neural tube defects

Ectoderm

= _ Neural plate

_ - Neural groove

__~ Dorsolateral hinge point

—~ Median hinge point

Notocord

= Neural crest
~  Neural fold

~ Notocord

Ectoderm

Neural crest cells

—= Neural tube closure

= Para axial mesoderm

_~ Notocord

occur preferentially at certain sites. Examples
include the lumbosacral myelomeningocoele and
frontal and occipital meningo-encephalocoeles.
It is also becoming clear that neural tube clo-
sure is dependent on an apoptotic process, rather
than just a proliferative growth of cells that meet
in the midline. In an experimental study in
chicken embryos, the apoptosis inhibitor Zvad-
fmk® was shown to prevent cell death in the neu-
ral plate and to inhibit neural tube closure.

3Zvad-fmk (carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoromethylketone) is a cell-permeant pan
caspase inhibitor that irreversibly binds to the catalytic
site of caspase proteases. In this way it inhibits the induc-
tion of apoptosis.
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Furthermore, the way in which brain and spinal
cord components of the neural tube close differs.
In the spinal region, the neural tube closes first,
and outward migration of neural crest cells only
begins several hours after this process is com-
plete (Franz 1992). This contrasts with the cra-
nial closure, where outward migration of the
neural crest cells occurs before closure. Indeed, it
is likely that neural crest migration is required to
trigger the neural tube closure at this level.

Primary neurulation subserves the future
development of the whole of the central nervous
system. As a result, the vast majority of CNS
anomalies, ranging from fatal deformities such as
anencephaly to open neural tube defects, occur
during this stage. The causes of most of these
brain anomalies are still unknown (Norman et al.
1995), although advances in genetics and devel-
opmental embryology, as well as various clinical
studies, looking at congenital conditions and
their causes, genetic or otherwise, have found
new mutations. Their effects on children and
adults with brain anomalies or malfunctions are
identifying an increasing number of responsible
chromosomal aberrations, single gene mutations
and extrinsic teratogens.

The period of time for which a deformed
embryo survives is determined by the type and
location of the neural tube defects. Almost all
embryos with total dysraphism die by 5 weeks of
gestation, and those with an opening over the
rhombencephalon die by 6.5 weeks. In contrast,
those with a defect at the frontal and parietal
regions may survive beyond 7 weeks (Nakatsu
et al. 2000). For example, even when there is
severe failure of neural tube closure anteriorly,
such as leading to anencephaly, the foetus may
survive even to birth, although the condition is
always fatal thereafter. This suggests that, in
terms of survival of an embryo, normal develop-
ment of the hindbrain is more important than
development of the forebrain or the distal spine.

Spina bifida occurs from failure of posterior
tube closure. Two varieties may arise, referred to
as spina bifida aperta and spina bifida occulta. In
the former, the neural elements are openly
exposed with sometimes leaking CSF through
thin dysplastic skin. Its most severe form leads to
an open neural tube placode with cauda equina

nerves lying outside of the spinal canal in a
myelomeningocoele pouch. Less severe forms
include dermal sinuses and meningocoele sacs.
In spinal bifida occulta the anomaly includes
open laminae and perhaps a neural tube lesion
but covered by intact muscle and skin.

4.1.3 Molecular Control
of Primary Neurulation

Differentiation of ectodermal cells into skin cells
is regulated by the action of a protein, known as
bone morphogenetic protein (BMP). Normally
BMP4 causes ectodermal cells to differentiate
into epidermis. During neural induction, how-
ever, two proteins, known as Noggin and Chordin,
are produced by the notochord and its enveloping
mesoderm. They diffuse locally into the overly-
ing ectoderm and inhibit the activity of BMP4,
allowing these cells to differentiate into neural
cells. Thereafter closure of the dorsal neural tube
is patterned in two stages, midline neural plate
closure and neural tube separation from the dor-
sal epithelium. It is believed that these processes
are brought about by a combination of pro-
grammed cell death, on the one hand, and epithe-
lial remodelling, on the other hand, probably
modulated once again by BMP4.

Development of the dorsal neural plate (the
alar plate) is controlled by its flanking ectoder-
mal plate. Initial growth of the ventral part (the
basal plate) is organised by the notochord, which
regulates much of the development of the ner-
vous system (Jessell et al. 2000). The ventral
neural tube is subsequently patterned by the pro-
tein sonic hedgehog homologue (SHH).* Sonic
hedgehog plays a key role in regulating verte-
brate organ formation, including organisation of
the brain and growth of digits on limbs. It also
controls cell division of adult stem cells and has
been implicated in the development of some can-
cers, such as medulloblastomas, which mostly

“Sonic hedgehog homologue (SHH) is one of three pro-
teins in the mammalian signalling pathway family called
hedgehog; desert hedgehog (DHH) and Indian hedgehog
(IHH) are the other two. Sonic hedgehog was named after
Sega’s video game character Sonic the Hedgehog.
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occur in the region of the hindbrain. Sonic hedge-
hog can function in different ways, according to
the cellular substrate upon which it acts. It also
has different effects on the cells of the developing
embryo, depending on its concentration. Basal
(floor) plate-derived SHH subsequently signals
to other cells in the neural tube and is essential
for proper specification of ventral neuron pro-
genitor domains.

SHH binds to a protein, named protein-patched
homologue 1 (PTCH1). This then results in uncou-
pling of PTCH from a receptor named smooth-
ened. This in turn results in activation of the Gli
family of transcription factors (Glil, Gli2 and
Gli3), which are the ultimate effectors of this SHH
signalling. In this context SHH acts as a morpho-
gen, inducing cell differentiation dependent on its
concentration. At low concentrations it promotes
formation of ventral interneurons; at higher con-
centrations it induces motor neuron development,
and at highest concentrations it induces floor plate
differentiation. Failure of SHH-modulated differ-
entiation results in holoprosencephaly, a condition
where there is failure of midline clefting of the
forebrain, with cortex crossing the midline, often
associated with agenesis of the corpus callosum
and a single midline thalamic mass.

Ventricular layer

Marginal layer

Mantle layer

Fig. 4.4 The spinal cord
Three layers (ventricular,
mantle and marginal) develop
from the neural tube.

The ventricular layer contains
undifferentiated neurons.

The grey matter of the spinal
cord will develop from )
differentiating neurons in the
mantle layer and the white _I/’/
matter from the nerve fibres

in the marginal layer Floor plate

4.2 Development

of the Spinal Cord

As the spinal part of the neural tube develops,
neuroblasts proliferate in two zones, creating the
characteristic butterfly-shaped mantle of grey
matter seen in cross section. The lateral walls of
the tube thicken but leave a shallow, internal,
longitudinal groove called the sulcus limitans,
which separates the developing grey matter into
a dorsal (alar) plate and a ventral (basal) plate.
The sulcus limitans extends the length of the spi-
nal cord and beyond to the mesencephalon. Cell
bodies in the alar plate form the nuclei, which
make up the uninterrupted dorsal column of grey
matter (Fig. 4.4). These nuclei receive and relay
input from somatic and visceral afferent neurons,
whose fibres run in the dorsal roots of spinal
nerves. In the basal plate, cells likewise form an
uninterrupted column of ventral grey matter that
extends the length of the cord. Axons of these
efferent neurons project motor fibres to skeletal
muscle and make up the ventral roots of the spi-
nal nerves. Further proliferation and bulging of
alar and basal plates results in the formation of
the external longitudinally running dorsal
median septum and ventral median sulcus.

Roof plate

Dorsal root

Alar plate

Sulcus limitans

Basal plate

Anterior root
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Concurrently the lumen of the neural tube
becomes reduced to a small central canal.
Addition of longitudinally running intersegmen-
tal axons, long ascending and descending axons
and incoming dorsal root sensory fibres, on the
outside of this grey matter, creates a marginal
layer. Beginning in the 4th month, these fibres
acquire myelin sheaths and form the white mat-
ter of the cord.

4.3 Formation of the Brain

Progressive dilatation and folding into flexures
of the cranial end of the neural tube creates three
distinct, primitive brain vesicles, the prosenceph-
alon, the mesencephalon and the rhombencepha-
lon. The mesencephalon remains undivided, to
form the future cerebral peduncles and quadri-
geminal plate. The alar and basal plates of the
prosencephalon, on the other hand, will divide to
form the telencephalon and diencephalon,
respectively. The optic vesicles, which will
develop into the optic nerves, retinas and irises,
expand out from lateral extensions of the dien-
cephalon. The cerebral hemispheres develop
from the dorsal alar plate of the telencephalon.
The basal and alar rhombencephalic plates will
form the metencephalon (future pons and cere-
bellum) and myelencephalon (future medulla
oblongata). Different parts of the future basal
ganglia (nuclei basales) arise separately, the cau-
date nucleus and the putamen from the alar plate
telencephalon and the globus pallidus, from
basal plate diencephalon. The thalamus and

hypothalamus also arise from basal plate
diencephalon.
4.3.1 The Brainstem

Neuroblasts of the brainstem develop in a man-
ner similar to those in the spinal cord. Alar and
basal plates form sensory and motor columns of
cells that supply cranial nerves, but the topo-
graphical layout of these nuclei differs in the
brainstem, as compared with the cord. The mes-
encephalon remains undivided and consists of

the basal midbrain and alar quadrigeminal plate.
The pons consists of two parts, the basis pontis
and the pontine tegmentum. The former is ven-
trally located and is phylogenetically newer.
The latter is the older portion, is dorsal in posi-
tion and is continuous with the medulla. The
pontine tegmentum and the medulla together
form the floor of the fourth ventricle. Here, the
alar and basal plates are separated by a sulcus
limitans, but unlike in the spinal cord, they are
disposed laterally and medially, instead of dor-
sal and ventral. With continued development,
alar and basal plates shift laterally but retain
their respective functions, with the alar plates
containing afferent nuclei and the basal plates
forming efferent nuclei. Portions of the alar
plate migrate ventrally and form the inferior oli-
vary nucleus. Nuclei of the basis pontis migrate
there from the alar plate. They receive synapses
of cortically originating fibres. Medullary pyra-
mids consist of fibres from the cerebral cortex
and develop on the ventral surface near the
midline

4.3.2 The Cerebellum

Caudal to the mesencephalon lies the meten-
cephalon, which is the rostral portion of the
hindbrain. It differentiates into two major struc-
tures, the cerebellum and the pons. At the rostral
edge of the roof of the fourth ventricle lie the
rhombic lips, which arise from the dorsolateral
alar plates of the rhombencephalon. At about the
fifth or sixth week, these lips start forming the
cerebellar primordia. Their growth and infolding
into each other causes them to fuse in the mid-
line, creating the cerebellar plate, which covers
the fourth ventricle caudal to the mesencepha-
lon. Although the cerebellum accounts for
approximately 10 % of the human brain’s vol-
ume, it contains over 50 % of the total number of
neurons in the brain. The cerebellum, like the
frontal lobe, is the last of the structures to
develop. Chiari tonsillar descent, for example,
has not been identified earlier than 10 weeks on
antenatal ultrasound scans (Blaas et al. 2000).
Another example of the effect of disordered
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Table 4.2 Components of the basal and alar plates

Basal plate components  Alar plate components

Nucleus of cranial nerve Vestibulocochlear
VI components of cranial
nerve VIII

Motor components to
muscle of branchiomeric
origin of cranial nerves
V and VII

Superior salivary
nucleus of cranial

nerve VII

Trigeminal sensory for pain
and temperature, cranial
nerve V

Solitary nucleus for taste
and visceral sensation of
cranial nerves VII, IX and X
Pontine nuclei in the basis
pontis upon which
corticofugal fibres terminate

development and growth on this late maturation
is seen in severe prematurity,” where cerebellar
function and volume may be affected. Recent
evidence shows that individuals born very pre-
term have significantly smaller cerebella than
their term-born peers, and that this difference
remains statistically significant after controlling
for whole brain volume and other potentially
confounding variables (Allin et al. 2001).

4.3.3 The Cranial Nerves

By the 5th week of gestation, all cranial nerves
are recognisable except for the olfactory and
optic nerves. The pure motor cranial nerves (III,
IV, VI and XII) have no external ganglia and arise
from the basal (motor) plate. Sensory nerves have
conspicuous ganglia near the brain and most have
motor components, except for the eighth. Apart
from the third and fourth cranial nerves, which
arise from the midbrain, the 5th to the 12th cra-
nial nerves arise from the rhombencephalon
(Table 4.2). Hox genes play an important role in
temporospatial development of motor neurons of
the trigeminal and facial nerves, as we will see
later.

3Severe prematurity or extremely premature or extremely
low GA (gestational age) refers to the youngest of prema-
ture newborns, usually born at 27 weeks’ gestational age
or younger. These infants also have an extremely low birth
weight defined as a birth weight of less than 1,000 g (2 1b,
3 0z).

4.3.4 The Ventricular System

The cranial part of the neural canal (lumen of
neural tube) forms the ventricular system of the
brain. The shape of the ventricles is determined
by the brain folding around the two primary flex-
ures (cephalic and cervical), forming three primi-
tive vesicles, during week 4 of gestation. These
bends arise as a result of tremendous cell prolif-
eration, occurring within the confined space of
the cranial vault, causing the neural tube to
buckle as the brain develops. Towards the end of
week 4 and early into week 5, the primitive
3-vesicle brain divides further to become a
5-vesicle structure. Each vesicle contains its own
ventricle (Table 4.3). The prosencephalon gives
rise to paired lateral telencephalic vesicles, which
become the cerebral hemispheres. It also forms
the diencephalon, from which the optic vesicles
also extend. During week 6, in the 5-vesicle
stage, the pontine flexure develops. This divides
the rhombencephalon into a rostral metencepha-
lon, which will form the pons and cerebellum,
and a caudal myelencephalon, which becomes
the medulla. Later, the disproportionate expan-
sion of the cerebral hemispheres alters the con-
figuration of the lateral ventricles, which become
‘C’-shaped. These flexures also create specific
narrowings within the ventricles. The foramina
of Monro are located at the level of the telenceph-
alon/diencephalon division. The cerebral aque-
duct remains as a relatively simple tubular
channel within the unflexed mesencephalon.
During the fifth and sixth weeks, the roof of the
fourth ventricle thins out in the midline to form
the foramen of Magendie and, laterally, the fora-
men of Luschka (Melsen 1974; Koseki et al.
1993). By approximately the 7th week, a connec-
tion between the fourth ventricle and the sub-
arachnoid space is established. The foramina of
Luschka and Magendie lie at the division of the
rostral metencephalon and caudal myelencepha-
lon. More caudally, below the cervical flexure,
the central canal lies within and along the
spinal cord.

The development of the three primary vesicles
(5th week) and subsequently, at 7 weeks, the five
secondary vesicles (telencephalon, diencephalon,
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Table 4.3 Development of the flexures, ventricular system and foramina

Timing  Event Flexures
Early 4th Neural tube closure and primary Cephalic
week neurulation start and
Day 22 Cervical
S5th week Primary vesicles subdivide. Future Cephalic

foramina of Monro will form

between forebrain and midbrain

Does not divide

Pontine flexure develops. Separates ~ Pontine

pons and cerebellum from medulla at

level of future foramina of Luschka

and Magendie

Cervical or cervicomedullary flexure Cervical

separates medulla from the spinal
cord (future foramen magnum)

mesencephalon, metencephalon and myelen-
cephalon) is accomplished by the development of
flexures. These flexures may also help maintain
the CSF between them in a state of tension, so as
to expand the ventricular system in an asymmet-
ric way. Our ventricular system was moulded by
flexural kinks into different shapes and sizes,
aided by the moulding weight of the developing
brain around it (Fig. 4.5). The hydrostatic tension
within the ventricles acts as a vital scaffold upon
which the parenchyma develops and grows.
Premature unfolding of a particular flexure
will impact on the CSF tension within the corre-
sponding vesicle and almost certainly cause a
degree of collapse of the dorsal structures upon it.
Hypothetically, if the distal pontine flexure —
which develops around the seventh week,
between the pons, cerebellum and medulla oblon-
gata—and/or the cervical flexure were to ‘unkink’,
then this could result in lesser tension in the met-
encephalic vesicle and a smaller posterior fossa,
as seen in occipital somite (skull base) develop-
ment anomalies. On the other hand, if there was a
continuous caudal CSF leak, as we see with
leaking myelomeningocoeles, then the normal
tension within the ventricular system would be
reduced. The effect would be a sequential
collapse of dorsal structures upon the floppy

Secondary Future
Primitive vesicles  vesicles ventricles
Prosencephalon
Mesencephalon
Rhombencephalon
Prosencephalon Telencephalic ~ Paired lateral
ventricles
Diencephalic Third
ventricle
Mesencephalon Mesencephalic ~ Cerebral
aqueduct
Rhombencephalon Metencephalic ~ Fourth
ventricle
Myelencephalic
Vestigial
central canal
of the spinal
cord
metencephalic and myelencephalic vesicle

centres, causing a small posterior fossa and its
caudal dislocation. An inward suction/decom-
pression effect on the most rostral part of the
ventricle could also occur, leading to flattening of
the forehead. This may hypothetically explain
why foetuses develop the typical lemon appear-
ance of the forehead and the banana sign® on
ultrasounds of myelomeningocoele and Chiari II
malformation. It may also help explain the tectal

®An early cranial ultrasound may give indirect signs of
myelomeningocoele-derived loss of CSF and hindbrain
hernia, even before the actual spinal lesion can be
observed. At the level of the cerebellum and cistern
magna, unwinding of the nearest (pontine) flexure, due to
CSF leakage in the lumbosacral spine, likely releases the
hydrostatic CSF pressure maintaining the posterior fossa
‘scaffold” and causes descent and herniation of the cere-
bellar vermis through the foramen magnum, giving the
cerebellum the appearance of a banana. Frontally, on both
sides of the metopic suture (in between the two frontal
bones), a depression or buckling occurs, giving the ante-
rior calvarium the pointed shape of a lemon (the ‘lemon
sign’). Both signs are associated with and the consequence
of spina bifida aperta and associated with Chiari IT malfor-
mation. Once the CSF tension drops through the pontine
flexure, the whole ventricular axis may be affected. It is
interesting to note that, if the spinal leak is sealed antena-
tally by the second trimester, the Chiari I malformation is
less severe or does not occur.



54

G.A. Solanki

Cephalic

flexure \
Foramen of /

monro

Aqueduct of
sylvius

Pontine

flexure \

\ Foramen of _—>

magendie

Cervical flexure

Mesencephalon

Optic vesicle

Telencephalon

— Rhombencephalon

Spinal cord

Foramen magnum

Fig. 4.5 Development of the ventricular system Neural
canal develops two flexures and three vesicles.
Remodelling and mantle laying of grey matter deforms
the canal further into three flexures and five vesicles. The
two original flexures are at the level of the foramen of
Monro and foramen magnum. Above the future foramina
of Monro, the prosencephalon divides into two vesicles,
the mesencephalon and diencephalon. A further flexure,

beaking and neuronal migration disorders seen in
association with Chiari II malformations and
myelomeningocoele.

4.4 Development

of Mesodermal Elements

The neural tube and its future coverings develop
hand in hand. As the folding of the neural tube
progresses, it becomes surrounded ventrally
by the mesoderm-derived notochord, dorsolater-
ally by the paraxial mesoderm and neural crest
cells and in the midline dorsally, by the
ectoderm.

4.4.1 Somite Development

Somites are masses of mesoderm, distributed
along the two sides of the neural tube, that will
eventually become dermis (dermatome), skeletal

known as the pontine flexure, develops in the rhomben-
cephalon, splitting it into a rostral metencephalon (the
future pons and cerebellum) and a caudal myelencephalon
(the future medulla oblongata). This occurs at the level of
the future lateral foramina of Luschka and medial fora-
men of Magendie. Flexures help maintain tension within
the ventricles, which may act as an internal scaffold for
the mantle layer cellular proliferation

muscle (myotome) and vertebrae (sclerotome).
During the 4th week of gestation, 42 somites are
formed.- These are made up of 4 occipital somites,
8 cervical, 12 thoracic and 5 lumbar; the remain-
der are sacrococcygeal (Muller and O’Rahilly
1980; Gasser 1976; Arcy 1965) . Each somite
then differentiates into an outer dermatome, an
inner myotome and a medial sclerotome
(Fig. 4.6). Because the sclerotome differentiates
before the other two components, the term ‘der-
momyotome’ is sometimes used to describe the
combined dermatome and myotome. Each sclero-
tome has three parts, a hypocentrum, a centrum
and a neural arch. The first four sclerotomes go
on to form the skull base and the foramen mag-
num. The hypocentrum forms different structures
at each level (see Table 4.4). The sclerotomes are
ventromedial to the neural tube and will surround
the notochord and go on to form the vertebral
bodies. This topography means that the skull
base develops ventral to the rostral notochord
(Melsen 1974).
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Fig. 4.6 Budding somite
derived from paraxial mesoderm
The sclerotome lies ventro-
medially, adjacent to the neural
tube. After its detachment the
remaining somite is known as
dermomyotome. The dermo-
myotome splits to form the
dermatome and the myotome
and then the myotome splits into
epimeres, which form the deep
muscles of the back, and
hypomeres, which form the
musculature of the lateral and
anterior body wall

Dermatome

Epimere

Sclerotome

Hypomere

Neural tube

Ectoderm

Endoderm

Notocord

Table 4.4 Structures developed from occipital and first two spinal sclerotomes

Origin
Neural crest cell derived

All four occipital sclerotomes, derived  Enchondrosis

from the paraxial mesoderm

1st and 2nd occipital sclerotomes
3rd occipital sclerotome

4th occipital sclerotome (proatlas) Hypocentrum

Centrum

Ventral neural arch

Lateral neural arch

Caudal neural arch

Dorsal fusion of first 4

sclerotomes

1st spinal sclerotome Hypocentrum
Centrum
Neural arch
Hypocentrum
Centrum

Neural arch

2nd spinal sclerotome

The clivus and the occipital bone and, hence,
the foramen magnum are derived from the four
occipital somites. The first two occipital sclero-
tomes give rise to the basiocciput (Fig. 4.7).
The tip of clivus, the anterior tubercle of the
C1, the dens apex and the apical ligament are
derived from the fourth occipital sclerotome,

Process/division
Membranous ossification

Exoccipital bone

Anatomical part
Skull vortex and calvarium
Skull base

Clivus — basiocciput

Jugular tubercles

Anterior tubercle of clivus

Dens apex

Apical ligament

Basion - anterior margin of foramen magnum
Occipital condyles

Midline third occipital condyle
Cruciate ligament

Alar ligaments

C2 lateral mass

Superior portion of posterior arch of C1
Posterior margin of FM

Occipital bone

Anterior arch of C1

Dens

Inferior portion of posterior arch of C1
Disappears

Body of axis

Facets

Posterior arch of atlas

otherwise referred to as the proatlas (Menezes
1996; Gladstone and Wakeley 1925; Gasser
1976). The anterior margin of the foramen
magnum, as well as the occipital condyles and
the midline third occipital condyle (Fig. 4.8),
arises from the ventral portion of the proatlas
(Prescher et al. 1996). The cruciate ligament
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and the alar ligaments arise from the lateral
part of proatlas. The C2 lateral mass and the
superior portion of the posterior arch of the
atlas develop from the caudal proatlas. The

Basisphenoid

Fig. 4.7 The clivus The clivus is made up from the basi-
sphenoid, the basiocciput and the sphenooccipital syn-
chondrosis (closed arrow), as well as the anterior and
posterior clinoids — otherwise referred to as the basi-
endosphenoid (open arrows). It also includes the basion,
which forms the anterior lip of foramen magnum. The
basiocciput is formed by the occipital sclerotomes. The
basion is formed by the 4th occipital sclerotome, or proat-
las. Anomalies of the 4th occipital sclerotome are associ-
ated with Chiari malformations

posterior rim of the foramen magnum and the
occiput develop from the dorsal fusion of the
first four (occipital) sclerotomes. The odontoid
process and the atlas vertebra are formed from
the first spinal sclerotome. The atlas shows sev-
eral ossification centres in development
(Keynes and Stern 1988). While the lateral
masses of C2 are present at birth, complete
ossification may not occur until about 3 years
of age when a complete ring may then be seen.
The dens is the central portion of the first
sclerotome, which fuses with the axis body.
The neural arch of this first spinal sclerotome
proceeds to form the posterior and inferior por-
tion of the C1 arch (Menezes 1995; Koseki
et al. 1993). With further development, the
hypocentrum of the second spinal sclerotome
disappears, but the centrum goes on to form the
body of the axis body. Division of the neural
arch forms the facets and the posterior arch of
the axis vertebra (Keynes and Stern 1988). In
summary, most of the dens develops from the
first spinal sclerotome, but the terminal portion
of the odontoid process arises from the proat-
las, and the most inferior portion of the axis
body is formed by the second spinal sclerotome
(Table 4.4).

Fig. 4.8 (a) Bony structures related to the lateral bound-
aries of the foramen magnum. In higher vertebrates, the
foramen magnum is surrounded by a ring of four bones.
They arise from the third occipital sclerotome. The basi-
occipital bone lies in front of the opening, the two
exoccipitals lie to either side, and the larger supraoccipital
lies posteriorly. The jugular tubercles (J7) arise from the
two exoccipital bones, which lie lateral to the foramen

magnum. (b) Third occipital condyle. (a) CT sagittal. (b)
Coronal multiplanar reconstruction. The third occipital
condyle (condylus tertius or median occipital condyle)
was first described by J.F. Meckel in 1815. It is a bony
process in the anterior midline of the foramen magnum,
forming a rudimentary articulation above the C1 arch. It
sometimes persists into adult life
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4.4.2 Development of the Skull

The skull develops by two different processes.
The calvarium and facial bones develop by mem-
branous ossification (Kessel and Gruss 1991;
Christ and Wilting 1992; Dietrich and Kessel
1997) as does the occipital skull above the nuchal
line, although this component is thought to arise,
originally, from neural crest cells, rather than
from the paraxial mesoderm. The skull base and
the remainder of the occipital bone develop from
a cartilaginous framework, in which deposition
of bone occurs. This process is driven mainly by
distorting forces generated by the developing
brain. Just as remodelling of the anterior cranial
fossa occurs as the prosencephalon folds down,
posterior fossa expansion occurs following the
growth of its neural contents. In response to the
pontine and medullary enlargement, the clivus
elongates at the basiocciput and lowers the front
margin of the foramen magnum. Downward cer-
ebellar displacement pushes the opisthion down-
ward and backward. These processes result from
a combination of endochondral resorption and
sutural growth.

Some parts of the skull base also continue to
develop later in life, in response to the growth of
surrounding structures. For example, growth of
the sphenooccipital and sphenopetrosal synchon-
drosis, along with adjacent endochondral and
intramembranous ossification, results in an elon-
gation of the clivus and the posterior skull base
(Menezes 1998). This process can continue until
late adolescence and will ultimately model the
final shape and size of the posterior fossa.

4.4.3 Genetic Control of
Mesodermal Growth

The process of segmentation at the craniocervical
junction and along the spine is tightly regulated
by control genes. Proteins promoted by these
genes modulate the transcription of specific
downstream genes, thereby controlling morpho-
genesis and providing specific identify for
each vertebra (Lufkin et al. 1992). The main
genetic groups involved in mesodermal and

neuroectodermal development of the craniocervi-
cal junction are the SHH genes, for basal
development, the Hox genes’ for dorsal neural
folding and tube closure and the PAX genes® for
segmentation. Subsequent re-segmentation of the
sclerotomes then occurs, to establish vertebral
boundaries. This process seems to be indepen-
dently controlled by two regulatory genes of the
PAX family (Koseki et al. 1993).

Following segmentation, the Hox genes play a
critical role. They are part of the developmental-
genetic toolkit’ and contain the phylogenetically
highly conserved homeobox!' domain. Hox
genes regulate the establishment of the body
plan in a temporospatial manner. They achieve
this by the phenomenon of colinearity.!! Hox
genes are ordered in a linear fashion, precisely
correlated with the order of both the segments
and regions they affect and with the timing in
which they are affected. Any mutation leading to
a loss or gain in the gene cluster causes precise
and specific similar changes in the affected seg-
ments and regions. The precise identity of each

7HOX genes organise dorsal neural folding and tube clo-
sure. This happens in the craniocaudal plane. At the same
time sonic hedgehog and PAX genes are working on the
basal plane and segmentation at each somite, respectively.

8 PAX genes encode for a family of closely related tran-
scription factors (TGF). In their absence segmental devel-
opment fails. For example, PAX1/PAX9 double-mutant
mice completely lack the medial derivatives of the sclero-
tomes, the vertebral bodies, intervertebral discs and the
proximal parts of the ribs.

°The developmental-genetic toolkit consists of a small
fraction of the genes in an organism’s genome whose
products control its overall development.

1A homeobox is a 180-base pairs long DNA sequence
found within genes that are involved in the regulation of
patterns of anatomical development (morphogenesis).
These homeobox genes switch on cascades of other genes
by using transcription factors. The homeobox encodes a
protein domain (the homeodomain) which when expressed
binds to DNA in a sequence-specific manner.

"Colinear property of Hox genes — the sequence of Hox
genes matches the sequence in which they act along the
body axes. Hox colinearity is pivotal in embryogenesis
and is described in three ways: functional colinearity
describes the order in which Hox genes act along a body
axis, spatial colinearity refers to the spatial order in which
the Hox genes are expressed and temporal colinearity is
the time sequence in which they are expressed.
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Table 4.5 Human CNS malformations

Days of

gestation Event

0-18 Formation of 3 germ layers and neural plate

18 Formation of neural plate and groove

22-23 Appearance of optic vessels

24-26 Closure of anterior neuropore

26-28 Closure of posterior neuropore

32 Vascular circulation

33-35 Splitting of prosencephalon to make paired
telencephalon

70-100  Formation of corpus callosum

hindbrain and prevertebral segment (and for
every segment along the embryo) is controlled
by Hox genes.

It is likely that a number of malformations
have a basis in anomalies of regulatory gene
function or of their signalling molecules, start-
ing early in the gastrulation phase and continu-
ing into primary neurulation (Table 4.5). The
dorsally placed hindbrain and the craniocervical
junction are particularly sensitive to Hox gene
anomalies and/or disruption. In the hindbrain,
cells in each rhombomere'? do not cross estab-
lished boundaries and are programmed to form
only one precise part of the hindbrain (Fraser
et al. 1990; Lumsden 1990). In this way, rhom-
bomeres 2 and 3 induce formation of the motor
neurons of the trigeminal nerve, rhombomeres 4
and 5 are responsible for the motor nerves of the
facial nerve and rhombomeres 6 and 7 for the
glossopharyngeal and vagus nerves. Retinoic
acid treatment has been shown to alter the
expression boundaries of homeobox genes and
to cause homeotic transformations in the hind-
brain (Marshall et al. 1992; Kessel 1993;
Alexander et al. 2009) and within the vertebrae
(Kessel and Gruss 1991). Marshall and col-
leagues reported in 1992 that retinoic acid alters

2Rhombomeres (r) are eight distinct segments of the
neural tube located distal to the cephalic flexure. They
determine the pattern of maturation of the rhombencepha-
lon (developing hindbrain) into its final parts — pons, cer-
ebellum and medulla. Each rhombomere develops its own
set of ganglia and nerves. Transcription factors (T-box)
have been linked to the proper development of migrating
cells in the region extending from one rhombomere to
another.

Resultant malformation

Death or unclear effect

Anterior midline defects

Hydrocephalus (18-60 days)

Anencephaly

Cranium bifidum, spina bifida cystica, spina bifida occulta
Microcephaly (30-130 days)

Migration anomalies

Holoprosencephaly

Agenesis of the corpus callosum

hindbrain HOX code'® and induces transforma-
tion of rhombomeres 12/r3 into an r4/r5 identi-
ty.* A main feature of this rhombomeric
phenotype is that the trigeminal motor nerve is
transformed to a facial identity. Neural crest
cells derived from rhombomeres r2/r3 also
express posterior HOX markers, suggesting that
the retinoic acid-induced transformation extends
to multiple components of the first branchial
arch (Marshall et al. 1992). Such anomalies also
extend to the craniovertebral junction, where a

3The HOX code is an ordered molecular system of
positional values provided by the HOX genes. The HOX
code is responsible for the patterning of hindbrain,
craniofacial structures, vertebrae and limbs.

¥While rhombomeres were discovered and histologically
characterised in the early nineteenth century, only recently
has their role in development become known. In all verte-
brates, rhombomeres and branchial nerves (cranial nerves
V, VII, IX for branchial arches I, I and III) are organised
in a pair-wise fashion, such that the motor neurons of tri-
geminal nerve arise from r2 and r3, the facial and auditory
neurons arise from r4 and r5 and the glossopharyngeal
and vagus neurons extend caudal to r6. This specificity is
controlled by the HOX genes. The segmental specification
for each thombomere within the hindbrain neuroectoderm
remains, despite surgical transplantation into the next
even-/odd-numbered rhombomere. In contrast, spinal
nerve segmentation depends entirely on the pattern of
somites. This implies that cranial nerve patterning is
brought about by factors intrinsic to rhombomeres and to
the attached neural crest cell populations. The patterns of
the neuroectoderm and of the peripheral nervous system
(PNS) are specified early in hindbrain development and
cannot be influenced by tissue transplantation. In rhombo-
meres without neural crest cells (odd-numbered r3 and
r5), transplantation leads to neurons migrating back to
their appropriate (original) rhombomere nerve root exit
site rather than the closest exit site in the transplanted
rhombomeres for that root.
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variety of homeotic transformations'® can occur.
When there is loss of a Hox gene, the correspond-
ing region fails to segment from its cranial
neighbour. This anomaly produces an anterior
homeotic transformation, where the C1 arch will
remain fused to the occiput and clivus. When
there is a gain of function in the Hox gene, a
posterior homeotic transformation occurs, where
the distal clivus is assimilated into C1 or C1 into
the tip of the dens (Fig. 4.9). Teratogen-induced
disturbance of Hox gene expression, or mutation
in the Hox genes themselves, can cause altera-
tions in the morphology or number of cervical
vertebra that are formed. Inactivation of the
HOX-d3 gene in mice, for example, produces
mutations with assimilation of the atlas into the
basiocciput and failure of occipital somite devel-
opment, resulting in a small or contracted
occiput and leading to a small posterior fossa
(Condie and Capecchi 1993).

4.5 Developmental
Anomalies of the

Craniocervical Junction

The endochondral skull base of foetuses with
Chiari malformations is shorter than normal
and elevated in relation to the spinal axis
(Marin-Padilla and Marin-Padilla 1981). This

'SHomeotic transformation means that a normal body part
is replaced by a body part which is regularly found in
other regions. This can be anterior or posterior.

underdevelopment of the occipital bone results in
a short and small posterior fossa of inadequate
volume for the normal hindbrain. A secondary
effect is elongation of the odontoid process, the
so-called dolicho-odontoid process, or dolichoid
dens. This is often associated with a short basioc-
ciput, and these two features result in basilar
invagination, an appearance seen not uncom-
monly with Chiari malformations.

Anomalies of development of the proatlas and
the spinal sclerotomes may lead to segmentation
failures of the proatlas and development of
occipital vertebrae (Tominaga et al. 2002; Rao
2002; Koseki et al. 1993; Gasser 1976). Hindbrain
herniation is seen in 33 % of affected children.
Another anomaly is the Klippel-Feil deformity,
where there is failure of segmentation between
the fourth occipital and the first spinal sclerotome
(VonTorklus and Gehle 1972; Menezes 1995;
Gehweiler et al. 1983). Basilar invagination is a
secondary phenomenon, with associated hind-
brain herniation, in about 40 % of cases.

A number of anomalies of the craniofacial
skeleton are associated with the Chiari malforma-
tions and syringomyelia (Thompson and Rudd
1976). Craniofacial syndromes, which include
lambdoid synostosis, severe brachyturricephaly!®
or pansynostosis, are quite likely to have an asso-
ciated Chiari I malformation (Koseki et al. 1993).

1Brachyturricephaly is an abnormal head shape where
there are sagittal narrowing, coronal widening and
increase in skull height, generally seen in syndromic cra-
niosynostosis and bicoronal synostosis.
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This may not be regarded as an essential
component of the syndromic phenotypes but can
be seen as a secondary effect of the cranioce-
phalic mismatch, be this supratentorial or
infratentorial. Indeed, calvarial augmentation sur-
gery often resolves the hindbrain hernia in such
cases, without the need for foramen magnum
decompression (Iskandar et al. 2004; Frias et al.
1988; Nakai et al. 1995; Solanki et al. 2009).-

4.5.1 Embryology of Chiari

Malformations

Several different theories have been consid-
ered in explaining the embryogenesis or ori-
gins of Chiari malformations (Thompson and
Rudd 1976), but a unifying theory has yet to
emerge. Based on our current understanding
of gastrulation and neurulation, the onset for
the Chiari malformations lies in the embry-
onic period, somewhere between the 3rd and
the 5th week and is likely to happen prior to,
during and following closure of the neural
tube. The association of Chiari I malforma-
tion with other spine, skull, somatic and cra-
niofacial abnormalities, which are the result of
mesodermal maldevelopment, would suggest a
paraxial mesoderm origin of Chiari malforma-
tions and point towards a common pathway for
these insults (Lee et al. 2003; Tubbs et al. 2003;
Tubbs and Oakes 2005) (Table 4.6). The asso-
ciation of craniosynostosis and Chiari I mal-
formation is well documented and is strongest
in cases of syndromic, multi-suture and lamb-
doid synostosis. Nearly a 100 % association is
noted with Kleeblatschadel.!” The incidence of
Chiari I malformation in Crouzon syndrome
is about 70 % but is much lower in syndromes
such as Apert (2 %) (Cinalli et al. 2005). It is
most likely that the Chiari malformations arise
from anomalies of the mesoderm, resulting in
axial skeletal defects but with a range of asso-
ciated neurological anomalies, proportionate

"The Kleeblattschadel deformity is a form of
craniosynostosis where there are prominent temporal
bones, leading to a clover leaf-type appearance of the
skull.

Table 4.6 Associations reported with Chiari malformations

Group Syndrome or anomaly

Craniosynostosis  Antley-Bixler syndrome

Apert syndrome

Crouzon syndrome
Jackson-Weiss syndrome
Kleeblattschidel syndrome
Lambdoid synostosis
Loeys-Dietz syndrome type I
Metopic synostosis
Pansynostosis

Pfeiffer syndrome

Seckel syndrome
Shprintzen-Goldberg syndrome
Hydrocephalus
Endocrine

Obstructive hydrocephalus
Very rare in achondroplasia
Acromegaly

Growth hormone deficiency
Hyperostosis
Craniometaphyseal dysplasia
Erythroid hyperplasia
Osteopetrosis

Paget disease

Bone mineral deficiency

Familial vitamin D-resistant
rickets

Familial hypophosphataemic
rickets

Sickle-cell disease with
hypertrophy of diploic layer
Acanthosis nigricans

Blue rubber bleb nevus
syndrome

Haematology

Cutaneous/
neurocutaneous
disorders

Giant congenital melanocytic
nevi
LEOPARD syndrome

Macrocephaly-cutis marmorata
telangiectatica

Neurofibromatosis type I
Phacomatosis pigmentovascularis
type II
Waardenburg syndrome

Spinal neurulation

defects
Primary Lipomeningomyelocoele
neurulation
Secondary Caudal regression syndrome
neurulation

Spinal somitic Atlantoaxial assimilation

defects Basilar impression
Odontoid retroflexion
Klippel-Feil syndrome

Spondyloepiphyseal dysplasia



4 Developmental Anatomy

61

Table 4.6 (continued)

Group Syndrome or anomaly

Space-occupying  Posterior fossa

lesions Supratentorial

Spinal cord

Congenital space-occupying lesions
Other Beckwith-Wiedemann syndrome

CHERI syndrome

Chiari 1 malformation with or
without cleft palate, deviant
EEG or epilepsy and retarded
intelligence with delayed
language development
(Haapanen 2007)

Cloacal exstrophy

Costello syndrome

Cystic fibrosis
Ehlers-Danlos syndrome
Fabry disease

Kabuki syndrome

Situs inversus
Williams-Beuren syndrome
Pierre-Robin syndrome

Modified from Loukas et al. (2011)

Table 4.7 Theories
malformations

of pathogenesis of Chiari
Caudal traction

Hindbrain dysgenesis and developmental arrest

Lack of embryological ventricular distension
Hydrocephalus and hydrodynamic theory of Gardner
Small posterior fossa/hindbrain overgrowth theory

to the extent of the mesodermal disturbance.
Many features of Chiari malformations, includ-
ing neuronal migration anomalies,'® are now
believed to be secondary, rather than primary
(Gardner et al. 1975) (Table 4.7). What was
previously considered as a primary neuronal
migration anomaly, as part of the Chiari II
presentation, may in fact occur secondary to
physical changes resulting from an open spina
bifida. The loss of tension within the ventricu-
lar system distorts the brain parenchyma with

'8 Neuronal migration anomalies are a wide spectrum of
developmental malformations of the cortex caused by dis-
ruption to its normal process of formation, which includes
proliferation, migration and organisation (lamination,
gyration and sulcation). The most well known are, for
example, megalencephaly (proliferation), lissencephaly
(migration) and heterotopias (organisation).

a dorso-caudal movement. This elongation of
parenchyma may lead to loss of cortical rugos-
ity, sulcation anomalies, beaking of the tectum
and so on.

Both genetic and environmental factors,
including teratogens, might also play a role in the
development of Chiari malformations. For exam-
ple, administration of a single dose of vitamin A
to pregnant hamsters, early during the morning of
their 8th day of gestation, induces the formation
of type 1 and type 2 Chiari malformations
(Marin-Padilla and Marin-Padilla 1981). The
critical defect arises from inhibition of a diffus-
ible retinoid inducing factor, during gastrulation,
causing a primary paraxial mesodermal insuffi-
ciency. The consequent underdevelopment of
occipital somite, leading to a short clivus and a
small occipital bone, results in a shallow poste-
rior fossa (Tominaga et al. 2002). This, coupled
with the later, rapid development, leads to a
range of hindbrain abnormalities consistent with
Chiari I and II malformations, as well as other
mesenchymal anomalies. Interference with
induction by the prechordal plate!® at or before
stage 8 (18 days) would also be expected to
affect future development, particularly of the
mediobasal part of the neural plate. Such
anomalies occur by the 4th week post-ovulation
(Muller and O’Rahilly 1980). Failure of the pon-
tine flexure to form normally during primary neu-
rulation from the 28th to 29th day of gestation
may lead to formation of elongated brainstem
and Chiari [ and IT malformations. Signs of Chiari
malformations have certainly been noted on ante-
natal ultrasound as early as 10 weeks (Blaas et al.
2000), and there is evidence for accelerated
growth of the cerebellum in the 20th week; this,

19 ‘Prechordal plate’ and ‘prochordal plate’ are essentially
synonymous terms referring to the horseshoe-shaped
band of thickened endoderm rostral to the notochord. The
prechordal plate starts as a thickening of the endoderm at
the cranial end of the primitive streak. It is located at the
anterior end of the notochord, which appears in early
embryos as an integral part of the roof of the foregut. It
contributes mesodermal type cells to the surrounding tis-
sue. Cells derived from the prechordal plate become
incorporated into the cephalic mesenchyme, which is
thought to contribute, later, to the meninges. Failure of
induction leads to cyclopia, holoprosencephaly and other
mediobasal defects.
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in the presence of arrested occipital somite devel-
opment, may cause the typical hindbrain hernia-
tion seen in the commoner Chiari types I and II.

4.5.2 Chiarill Malformation

Chiari IT malformation is virtually always present
in neonates with open spinal dysraphism. The
anatomical severity and resultant physiological
effects of the malformation vary from one child
to another. We encounter a range, from a near-
normal-sized posterior fossa with no real descent
of the vermis or brainstem to other children that
may be affected by permanent nocturnal central
hypoventilation, requiring noninvasive ventila-
tion (Bhangoo et al. 2006).

The open neural tube defect arises during pri-
mary neurulation. Failure of developmental clo-
sure of the caudal neural tube results in an
unfolded neural tube, known as neural placode,
exposed to the dorsal surface in the midline. CSF
leaks through the defect into the amniotic sac,
resulting in chronic CSF hypovolemia and hypo-
tension within the developing neural tube. This
creates a small ventricular system and inadequate
dilatation of the future fourth ventricle. It also
fails to induce the posterior cranial fossa perineu-
ral mesenchyme (McLone and Knepper 1989).
The dominant features of Chiari II malformation,
up to 20 weeks of gestation, are the result of these
developmental failures. After 20 weeks the accel-
erated and disproportionate growth of the cere-
bellum dominates (Beuls et al. 2003; Paek et al.
2000; Bouchard et al. 2003; Sutton et al. 1999).
Both cerebellum and brainstem are eventually
forced to develop within a smaller than normal
posterior fossa and consequently herniate through
both the tentorial hiatus and the foramen
magnum.

In lambs, adding a myelotomy to experimen-
tally induced dysraphic lesions leads to forma-
tion of a hindbrain hernia that is similar to that
observed in the human Chiari I malformation.
Further, repair of myelomeningocoele in a
human foetus reverses the hindbrain herniation
and restores gross anatomy of the vermis
(Bouchard et al. 2003; Sutton et al. 1999). The
posterior fossa will expand in time to allow fur-

ther normal growth of both the cerebellum and
brainstem.

CSF hypotension in the supratentorial brain
may also impair neuronal migration, producing
various associated malformations of the ner-
vous tissue. Although histologically normal, the
cerebral cortex in patients with Chiari II malfor-
mation is abnormal in gross appearance. The
gyri are abnormally numerous and small,
although the term polymicrogyria is best
avoided because of its association with an
abnormal four-layered cortex that is not present
in Chiari II malformation; the term polygyria is
to be preferred (McLendon et al. 1985). Partial-
to-total agenesis of the corpus callosum is seen
in a third of patients with Chiari II malforma-
tion; nearly two thirds of those have below aver-
age intelligence (Venes et al. 1986).

Multiple ventricular anomalies are found com-
monly in the patient with Chiari II malformation.
The fourth ventricle, which is typically small and
poorly visualised, is frequently displaced into
the cervical canal, along with its choroid plexus.
The aqueduct is similarly small and rarely seen
on routine imaging, although this probably does
not contribute significantly to the hydrocepha-
lus (Peach 1965). The third ventricle is rarely
enlarged but may take on a narrow-angled appear-
ance, giving rise to the term ‘shark tooth defor-
mity’. The lateral ventricular appearance varies
from nearly normal to severely deformed and
hydrocephalic. Colpocephaly® is common, with
the occipital horns disproportionately enlarged
compared with the frontal horns. This finding
is often present, even in patients with myelome-
ningocoele who do not have hydrocephalus. It
frequently persists in patients in whom a shunt
has been placed. ‘Beaking’ of the frontal horns
is occasionally seen, when the frontal horns point

2 Colpocephaly refers to an abnormal appearance of the
ventricular system of the brain in which there is asymmet-
ric dilatation of the occipital horns but with normal-sized
frontal horns. It is common in Chiari malformation II. It is
thought to be related to an intrauterine disturbance that
occurs between the second and sixth months of preg-
nancy. The finding may be indirectly suggested on ultra-
sound by the so-called lemon sign, which occurs due to
depression of the calvarium at the bilateral frontal suture
lines, giving the calvarium the appearance of a lemon.
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Fig. 4.10 Luckenschadel Also known as lacunar skull,
this condition is a dysplasia of the membranous skull
vault. Two variants are described. Craniolacunia is the
name given when the grooves in the skull are limited to
the inner table. In craniofenestrae there are palpable
defects involving both the inner and outer tables. It is
associated with Chari malformations, particularly Chiari
II malformation (up to 80 %). It is believed that the defect
is not so much due to pressure from within but rather an
abnormality of collagen development and ossification

inferiorly. This finding is attributed to interdigita-
tions of the cerebral hemispheres in the affected
region (Rauzzino and Oakes 1995).

In addition to the anomalies of the brain,
typical skull malformations are frequently found
in association with Chiari II malformation. The
foramen magnum is often enlarged, a find-
ing which obviates the need for suboccipital
craniectomy in many patients undergoing surgery
for symptomatic Chiari II malformation.
Luckenschadel scalloping of the petrous pyramid
(Fig. 4.10) and shortening of the clivus are com-
mon findings on computerised tomography scan-
ning (Naidich et al. 1980).

A description of the pathological and radio-
logical types of Chiari variants is given in
Table 4.8. MRI findings are described in
Table 4.9.

The widened foramen magnum provides one
of the key components of any herniation, which
is an incompetent orifice between two compart-
ments. This raises questions regarding the per-
ceived merits of expanding an already widened
or incompetent hernia orifice to treat the hind-
brain ‘hernia’. Indeed the most reasonable treat-
ment of any hernia is to tighten the orifice; release
of a constricted orifice is reserved for those cases

Table 4.8 Chiari pathological classification and new radiological variants

Chiari Description Association

I Herniation of the cerebellar tonsils 5 mm below the Association with craniosynostosis, skull base
foramen magnum anomalies and craniocephalic mismatch

11 Herniation of the cerebellar vermis and 4th Associated with myelomeningocele, defect,
ventricle hydrocephalus syringomyelia and neurological
Low-lying tentorium with low torcula deficits
Occipital lobe often posterior to cerebellum

1T Cerebellum, brainstem, 4th ventricular herniation Most serious form of Chiari malformation.
with occipital or occipito-cervical Hydrocephalus may be present. Severe neurological
meningoencephalocoele deficits, incompatible with survival

v Cerebellar hypoplasia, 4th ventricle communicates Dandy-Walker-type malformation

with cisterna magna, no hindbrain hernia
Proposed new variants

0 Patients with headaches and other symptoms of

Chiari malformation or syringomyelia and no

tonsillar hernia or tonsillar hernia less than 3 mm
1.5 A Chiari is seen in combination with brainstem

herniation through the foramen magnum

Abnormal CSF flow the posterior fossa or foramen
magnum as the suspected cause for syringomyelia
(Tubbs et al. 2001)

Obex below the foramen magnum. Flat medulla
oblongata. Mean backward angulation of the
odontoid process in relation to the C2 body was
84°. Fifty percent have syringomyelia. Patients may
not respond well to posterior fossa decompressive
surgery especially if syringomyelia is present
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Table 4.9 MRI findings in Chiari II malformation

Location
Infratentorial

Inferior vermis

Medulla

Cerebellar
hemispheres

Tentorium cerebelli
Torcula

Vascular

Height of posterior
fossa

Occipital lobes
Occipital lobes

4th ventricle

Tectal beaking

Suprapineal recess
of the 3rd ventricle

Corpus callosum

Membranous skull

Hydrocephalus

Abnormality

Metencephalon/posterior fossa
mismatch

Peg-like cerebellar tonsillar descent

Cervicomedullary kink

Cerebellar hemispheres expand around
the brainstem, occupying the
cerebellopontine angles. Upward
cerebellar herniation through the
tentorial hiatus

Steep angle of the tentorium
Displaced inferiorly

Venous hypertension

Height from level of foramen magnum
to apex of tentorium is increased

Lie posterior to the cerebellum instead
of above

Stenogyria®

The fourth ventricle is usually small or
even completely effaced

The inferior colliculi may be
hypertrophied or fused, and point
posteriorly to form the tectal beak

The suprapineal recess of the third
ventricle and the interthalamic mass
are especially prominent

Commissural anomalies are commonly
associated

Lacunar skull or luckenschédel

Consistent finding within 48-72 h of
repair of the spinal dysraphism

Cause

Variably reduced space for the cerebellum and
brainstem into a smaller than normal posterior fossa
The inferior vermis herniates into the foramen
magnum and wraps around the posterior surface of
the cord

The medulla is stretched downwards into the
foramen magnum, while the cervical cord is
anchored by the dentate ligaments, resulting in the
cervicomedullary kink

The posterior fossa volume mismatch causes the
cerebellum to move forward and be upright creating
a distinctive appearance, the ‘standing-up’
cerebellum

Pushed down nearly into level of foramen magnum
along with steep tentorium

Anomalies of the skull base, tight posterior fossa

Crowding of the cerebral lobe gyri with loss of
sulcal CSF and increased density

Disorganisation of the collagenous outer meninges
(from which the membranous calvarium forms)
produces irregularity of the surfaces of the inner and
outer table of the skull

Once the caudal leakage is repaired, the amount of
CSF increases in the ventricular system

“This is a radiological term describing compaction of otherwise normal gyri, such that they become small, with loss of
intervening CSF. This feature is seen commonly in association with Chiari II malformation malformations

of strangulated hernia. It is therefore interesting

4.6

Morphometric Studies

to learn that performing a posterior, supratento-
rial calvarial augmentation, in children with cra-
niosynostosis, can lead to regression of an
associated Chiari malformation, without recourse
to augmentation of the posterior fossa or decom-
pression of the foramen magnum (Solanki et al.
2009, 2011; Farooq et al. 2011; White et al.
2009).

From the foregoing discussions it may reason-
ably be suggested that idiopathic Chiari I
malformation is the result of mesodermal defects
that create a congenitally small posterior fossa
(Atkinson et al. 1998; Badie et al. 1995;
Nishikawa et al. 1997). A mismatch between the
size of the posterior fossa and its contents leads
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to neural element compression and herniation
through the foramen magnum (Tubbs et al. 2002).
In children with Chiari I malformation, the
anteroposterior dimension, the width and the vol-
ume of the posterior fossa are significantly lower
than in controls (Furtado et al. 2009; Milhorat
et al. 1999; Rodrigues and Solanki 2008;
Rodrigues et al. 2009). So too is the ratio of pos-
terior fossa volume to the overall intracranial
volumes. Indeed, posterior fossa volumes may be
some 23 % smaller in Chiari I patients compared
to controls (Vemaraju et al. 2009; Milhorat et al.
1999). In contrast, a small body of evidence
suggests that there is no difference in the size of
the posterior fossa in patients with tonsillar ecto-
pia, as compared with controls (Vega et al. 1990).
The weight of evidence, however, points to a
comparatively smaller size of the posterior fossa,
in relation to the supratentorial compartment, in
Chiari-affected patients (Badie et al. 1995;
Solanki et al. 2009; Frias et al. 1988; Nakai et al.
1995; Vemaraju et al. 2009; Rodrigues et al.
2009; Milhorat et al. 1999).

Morphometric studies also reveal a larger sag-
ittal diameter and a greater area of the foramen
magnum compared to controls in both Chiari and
Chiari II patients. The shape of the foramen mag-
num is also altered and expanded, from a normal
ovoid to a more rounded opening, particularly in
Chiari II malformations (Vemaraju et al. 2009).
Contrast this with achondroplasia, a condition
where accelerated fusion of the basiocciput and
supraocciput occurs. Here the foramen magnum
is narrow with a reduced area and sagittal steno-
sis.2!’ Achondroplasia is also associated with
macrocephaly, venous hypertension and ventric-
ulomegaly, and yet there is no herniation of the
hindbrain. Interestingly, in achondroplasia, the
abnormalities often result in upward displace-
ment of the brainstem, sometimes in conjunction
with angulation of the pons and medulla oblon-
gata (Nakai et al. 1995; Frias et al. 1988). This
may explain the fact that Chiari type I malforma-
tion is somewhat rare in the achondroplastic
population.

2ISagittal stenosis: narrow in the anterior-posterior
diameter.

Conclusions

The SHH, HOX and PAX genes are crucial in
the normal development of the brain and spi-
nal cord, and many of their influences are
mediated through the notochord organiser. It
is very probable that both Chiari I and Chiari
IT malformations have a paraxial mesodermal
origin, with a variable expression of their
anomaly. It is now seen as less likely that
Chiari I malformations are a disorder of neu-
ronal migration, despite the presence of het-
erotopias® in some cases. Indeed, one could
argue that Chiari II malformation malforma-
tions represent an exaggerated form of Chiari
I malformation, resulting from an open neural
tube defect that leaks CSF, causing caudal
slump of the cerebrum and cerebellum.

The Chiari II malformation first becomes
visible by the 10th to 12th weeks on ultra-
sound imaging. There is now good evidence to
suggest that foetal surgery for Chiari II mal-
formation improves motor outcomes, reverses
the hindbrain hernia and reduces need for
shunting after birth. This does mean, however,
that a decision to reverse it must be taken
urgently in such cases (Gehweiler et al. 1983).
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5.1 Introduction

Chiari malformations are among the most
common congenital abnormalities of the cranio-
vertebral junction (Tubbs et al. 2008b). They
encompass various degrees of herniation of infe-
rior cerebellar structures, resulting in an over-
crowding at the foramen magnum and altered
cerebrospinal flow across the craniovertebral
junction. Classification is based on the location
and degree of herniation of the cerebellar tonsils
and adjacent structures. Type I is the most com-
mon form of Chiari malformation and consists of
a caudal descent of the cerebellar tonsils through
the foramen magnum into the vertebral canal. It
is a leading cause of syringomyelia and occurs in
association with bony abnormalities at the cra-
niovertebral junction. The most common of
these is a small and shallow posterior fossa, with
flattening of the squamous occipital bone (Tubbs
et al. 2008b). Other associated abnormalities
include kinking and inferior displacement of the
medulla, angulation of the cervicomedullary
junction and ventriculomegaly. Chiari malfor-
mation type II typically occurs in conjunction
with myelomeningocoele and hydrocephalus. In
addition to herniation of the cerebellar tonsils,
the cerebellar vermis, fourth ventricle and
medulla also protrude through the foramen mag-
num. Chiari malformations types III and IV are
very rare conditions. Type III is structurally
similar to type II malformation but with a coex-
istent low occipital or high cervical encephalo-
coele. Type IV is characterised by cerebellar
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hypoplasia with no hindbrain herniation
(Hurlbert and Fehlings 1998).

Chiari types II, IIT and IV are very different
from Chiari I embryologically, and little is
known, at present, about the genetics of these
forms of hindbrain hernia. The following discus-
sions, therefore, relate in the main to the Chiari

type I malformation.

5.2 Epidemiology and Clinical

Presentation

If we accept that the diagnosis of Chiari type I
malformation can only be confirmed by magnetic
resonance imaging, then our best estimates of the
prevalence of the condition, or at least the under-
lying anatomical abnormality, are likely to be
given by reviews of MRI scans (Hurlbert and
Fehlings 1998). Not surprisingly, estimated num-
bers have increased significantly with advances in
MRI technology, and a review of all brain images
in one hospital, over a 43-month period (22,591
individuals in total), produced a figure of 0.77 %
(Meadows et al. 2000). This figure could be an
overestimate since the study was conducted in a
hospital population that is biased towards symp-
tomatic patients with an increased incidence of
anatomical abnormalities. Alternatively, this fig-
ure still could be an underestimate because of the
under-diagnosed asymptomatic individuals in the
normal population (Speer et al. 2003). Chiari type
I malformation has a higher incidence in females
than males (3:2) (Hurlbert and Fehlings 1998).
Nearly a third of patients with Chiari type I
malformation become symptomatic (Hurlbert and
Fehlings 1998). Initial presentation can occur in
the paediatric population but is usually delayed
until the third, fourth or fifth decade (Tubbs et al.
2007). Patients with Chiari type I may present with
a variety of symptoms and signs, ranging from
slight headache to severe neurological deficits and
permanent nervous system damage, depending
upon whether or not there is an associated syringo-
myelia. The most common symptom of Chiari is
pain (60-70 %), usually occipital and upper cervi-
cal in location and often induced or exacerbated by
Valsalva manoeuvres such as laughing, sneezing
and coughing. Other common features are visual

disturbances (78 %) and otoneurological symp-
toms (74 %), as well as those arising from an asso-
ciated syringomyelia (Speer et al. 2003).

5.3  Aetiology and Pathogenesis
Whilst tonsillar herniation can be produced by
pathologies causing increased intracranial pres-
sure, including trauma, hydrocephalus, intracra-
nial masses and benign intracranial hypertension,
most cases of Chiari malformation are congenital
in nature. The aetiology of congenital hindbrain
hernias is probably multifactorial and almost cer-
tainly involves some genetic determinants. The
majority of cases of Chiari that we regard as being
congenital in origin is sporadic with no family his-
tory. Only about 1 % of the total number of Chiari
type I malformations occur as part of a genetic
syndrome (Speer et al. 2003; Tubbs et al. 2008b).
Several theories have been put forward to
explain the embryological basis of Chiari type I
malformation but with no single hypothesis being
able to account for all aspects of the condition
(Tubbs et al. 2008b; Sarnat 2007). Clearly, molec-
ular studies are required and will be important, if
we are to gain a better understanding of the under-
lying pathogenic mechanisms. The most widely
accepted explanation, currently, is the ‘crowding
theory’. This proposes that a small posterior fossa
volume, relative to the total cranial volume,
results in herniation of the cerebellar tonsils into
the vertebral canal. Essentially, we have a volume
discrepancy between the posterior fossa of the
cranium and the neural tissue residing within it.
This explanation implies that the primary devel-
opmental defect is mesodermal, involving the
cranial base, rather than being a primary disorder
of the neuroectodermal tissue (Sarnat 2007).
Morphometric studies in human patients certainly
indicate that the posterior fossa is small and shal-
low in Chiari type I patients, compared to the nor-
mal population, while the total cranial volume is
not reduced. These studies also suggest that the
fundamental defect may involve underdevelop-
ment of the occipital somites, originating from
the paraxial mesoderm (Nishikawa et al. 1997,
Karagoz et al. 2002; Aydin et al. 2005; Sekula
et al. 2005; Trigylidas et al. 2008). In hamsters,
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Chiari type I malformation can be induced exper-
imentally by administration of a single dose of
vitamin A, a substance known to affect mesoder-
mal development, on day 8 of embryonic life.
These laboratory studies suggest that the defect of
Chiari type I malformation involves the somitic
mesoderm at the basicranium and craniovertebral
junction. An insufficiency of the paraxial meso-
derm after the closure of the neural folds could
lead to underdevelopment of the basichondrocra-
nium, resulting in a posterior fossa that is too
small and shallow (Marin-Padilla and Marin-
Padilla 1980). Another study demonstrated that
the structures affected in both Chiari type I and
type II malformations are neural crest derived,
and hence the defect could be neuroectodermal in
origin (Matsuoka et al. 2005).

Syringomyelia is encountered in anywhere
between 30 and 85 % of patients with Chiari type I
malformation (Speer et al. 2003). It is possible that
some or all of these cases are simply another con-
sequence of a single developmental defect involv-
ing posterior fossa size. If so, they would share the
same underlying genetic lesions. Alternatively, the
development of syringomyelia could be deter-
mined by a different set of genetic modifiers that
modulate the Chiari type I genetic background.

5.4  GeneticInfluences

A genetic basis for Chiari type I malformation is
supported by three major lines of evidence: (1)
familial aggregation, (2) twin studies and (3)
association with other genetic conditions.

5.4.1 Familial Aggregation and

Clustering

A number of case studies have reported familial
aggregation and clustering of Chiari type I mal-
formation, suggesting a genetic basis to the patho-
genesis of this condition in at least a proportion of
patients (Table 5.1). A large study of 364 patients
with Chiari type I malformation found that 12 %
had a close relative with Chiari (Milhorat et al.
1999). Another large retrospective institutional
study, looking at 500 surgically treated paediatric

Chiari type I malformations, reported a positive
family history of approximately 3 % (Tubbs et al.
2011). Familial Chiari malformation is probably
under-diagnosed because many affected relatives
may be asymptomatic. Indeed, about one in five
asymptomatic first-degree relatives of Chiari
type I patients were also found to have Chiari mal-
formations on MRI (Speer et al. 2000).

Families with Chiari type I malformation
showed both vertical (mother-to-child) and male-
to-male (father-to-son) transmission' consistent
with an autosomal dominant mode of inheritance.
Since the disease frequency in these affected
families is less than what would be expected from
pure Mendelian inheritance, Chiari type I malfor-
mation is thought to be incompletely penetrant.?
Other pedigree studies, however, have implicated
autosomal recessive mode of inheritance for
Chiari type I malformation (Table 5.1). Most
likely, the pattern of inheritance is oligogenic, i.e.
determined by the cumulative effect of variants in
several genes, albeit with variable penetrance.

A few cases have been reported of familial
syringomyelia without an associated Chiari type I
malformation (Robenek et al. 2006; Kog et al.
2007), although another study found no cases of
familial syringomyelia in the absence of Chiari
type I malformation, in a cohort of over 150 fami-
lies (Speer et al. 2003). It may be that cases of
‘isolated’ familial syringomyelia have a volu-
metrically small posterior fossa without overt
tonsillar herniation (Mavinkurve et al. 2005).

5.4.2 Twin Studies

Classical twin studies compare the occurrence of
the same trait or disease in monozygotic and
dizygotic twins. Monozygotic twins develop
from a single fertilised egg and therefore have
identical genetic material. Dizygotic twins derive

!Father-to-son transmission of a trait usually indicates
that this trait is transmitted in a dominant fashion on an
autosomal chromosome and not on the X chromosome.
*Penetrance is the proportion of individuals carrying a
particular variant of a gene that also express an associated
trait (phenotype). Penetrance is said to be incomplete or
reduced when some individuals fail to express the trait,
even though they carry the disease-causing mutation.
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Table 5.1 Studies of families affected with Chiari type I malformation, with or without syringomyelia

Proposed inheritance
Autosomal dominant
with reduced
penetrance

Number of families
21 families

23 families

1 family
31 families

Affected members

Parent—child, siblings, avuncular
pairs?, cousins

Parent—child, siblings, avuncular
pairs, cousins

Two brothers

Parent—child, siblings, avuncular
pairs, cousins

2 monozygotic twins and

Siblings, avuncular pairs, cousins

Parent—child, monozygotic twins,
avuncular pairs and cousins

2 mother—daughter pairs and 1

15 surgically treated cases with

Reference study
Milhorat et al. (1999)

Boyles et al. (2006)

Robenek et al. (2006)
Speer et al. (2000)

Stovner et al. (1992)

Coria et al. (1983)
Giménez-Roldan et al. (1978)
Milhorat et al. (1999)
Szewka et al. (2006)

Schanker et al. (2011)

Tubbs et al. (2011)

positive family history including 3
pairs of affected siblings

1 family
first-degree relatives
1 family 3 generations
1 family 3 affected members
Autosomal recessive 21 families
Multifactorial 3 families
Undetermined 3 families
father—daughter pair
15 families
1 family 4 generations
1 family 3 sisters

31 families

Parent—child, siblings, avuncular

Tubbs et al. (2004a)
Weisfeld-Adams et al. (2007)
Speer et al. (2000)

pairs, cousins

Monozygotic twin sisters and the

Mavinkurve et al. (2005)
Atkinson et al. (1998)

daughter of one sister

1 family 2 sisters

1 family

1 family 2 siblings
1 family 2 siblings

Stovner and Sjaastad (1995)
Herman et al. (1990)

*An avuncular relationship describes that between uncles and their nieces and nephews

from two eggs that were fertilised independently
from two different sperm cells at the same time.
These twins, like any other siblings, share 50 %
of their genes.

Comparing the concordance® of monozy-
gotic twins for a trait or disease with that of
dizygotic twins provides an estimate of the
extent to which genetic variation contributes to
that trait or disease. A higher concordance in
monozygotic as opposed to dizygotic twins
indicates a genetic contribution to the trait
under study (Boomsma et al. 2002). Several
twin studies of Chiari type I malformation have
reported an almost 100 % concordance in
monozygotic twins (Stovner et al. 1992;
Iwasaki et al. 2000; Szewka et al. 2006; Miller

3Concordance refers to the occurrence of the same trait in
both members of a pair of twins.

et al. 2008; Tubbs et al. 2008a; Solth et al.
2010). Only five studies were examined for an
associated syringomyelia, and three sets of
twins were found to be discordant for this phe-
notype (Stovner et al. 1992; Iwasaki et al. 2000;
Tubbs et al. 2008a), whilst two other sets were
concordant for the absence of syringomyelia
(Miller et al. 2008; Solth et al. 2010). Another
report described syringomyelia in monozygotic
twin brothers who were discordant for Chiari
type I malformation (Tubbs et al. 2004b).
A unique report of a monozygotic triplets
described differing degrees of tonsillar descent;
one triplet was affected by Chiari type I malfor-
mation and syringomyelia, whilst the other two
asymptomatic siblings had tonsillar descent of
4 and 2.5 mm, respectively (Cavender and
Schmidt 1995). A study of three pairs of dizy-
gotic twins revealed that one pair of sisters was
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concordant for Chiari type I malformation with
syringomyelia. A second pair of sisters had
Chiari type I malformation but only one of
them had syringomyelia. In a third pair, one
sister had Chiari type I malformation with
syringomyelia while the female co-twin had
neither (Speer et al. 2003). Collectively, these
studies indicate a higher concordance of Chiari
type I malformation between monozygotic than
dizygotic twins, further supporting a genetic
basis for Chiari type I malformation. Clearly,
additional, larger twin studies are needed to
confirm these findings and to investigate fur-
ther twin concordance for syringomyelia asso-
ciated with Chiari type I malformation.

5.4.3 Association with Known
Genetic Syndromes

Co-segregation* of one condition, with one or
more other known genetic conditions, suggests a
genetic basis for the first condition. The assump-
tion is that a common genetic defect is respon-
sible for the various abnormal phenotypes within
the complete syndrome. Chiari type I has been
associated with several known genetic disorders
or syndromes (Table 5.2). The majority of these
disorders affect bone structures, for example,
achondroplasia and Crouzon syndrome, or path-
ways involved in axial mesodermal growth and
differentiation, for example, Williams syndrome
and Shprintzen—Goldberg syndrome. The caus-
ative genes have been identified for some of these
conditions and are mainly regulators of signal-
ling pathways or transcription factors.’ A few are
implicated in essential cellular functions, such
as chromatin methylation and proteolysis. DNA
methylation plays an important role in regulation
of gene expression during development and differ-
entiation (Qureshi and Mehler 2011). Proteolysis
is the process by which proteins are hydrolysed
into small peptides and removed or cleaved for
cell signalling (Maupin-Furlow 2011). The genes

4Co-segregation is the tendency for closely linked genes
or traits to segregate or be inherited together.

SA transcription factor is a protein that binds to spe-
cific DNA sequences and controls the transcription or
flow of genetic information from DNA to mRNA.

are hypothesised to have pleiotropic effects® on
the manifestation of cerebellar tonsil herniation,
occipital hypoplasia, syringomyelia and other
phenotypes.

Alternatively, Chiari type I malformation
could be acquired secondarily in some of these
diseases, for example, in cystic fibrosis, conse-
quent upon constant Valsalva, from recurrent
coughing or wheezing or as a result of metabolic
and electrolyte imbalances (Patel et al. 2011).

Genomic deletions or duplications, on chro-
mosome 7q and chromosome 16p, have been
associated with Chiari type I malformation (Pober
and Filiano 1995; Mercuri et al. 1997; Ferrero
et al. 2007; Schaaf et al. 2011). These rearranged
chromosomal regions contain a large number of
biologically plausible candidate genes for Chiari
type I, including TBX6, on chromosome 16p, that
encodes a transcription factor important in estab-
lishing mesodermal identity and which can have a
role in the aetiology of congenital spinal anoma-
lies (Schaaf et al. 2011). A more comprehensive
and systematic research of these regions is needed
to identify the underlying genetic lesions and to
understand their pathogenic role in the develop-
ment of Chiari type I malformation.

Molecular Studies of Chiari
in Humans

5.5

While Chiari type I malformation has a tendency
to aggregate in families, it is rarely segregating in
a classical Mendelian fashion. It is believed to be
a complex trait that could be either oligogenic or
polygenic, i.e. resulting from a large number of
genetic variants, each contributing small effects.
One cannot exclude the possibility of unknown
environmental or nongenetic influences that may
interact with these predisposing genetic factors to
modulate the incidence of the Chiari type I with
or without syringomyelia phenotype.

Studies of alleles’ that influence other com-
plex diseases could provide some indication of

SPleiotropy is a phenomenon in which one gene can influ-
ence two or more phenotypic traits.

"Different alleles of a gene refer to alternative forms of
the gene; usually they are only very minor sequence
differences between different alleles of any gene.
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Fig. 5.1 Feasibility of gene identification studies by
allele frequency and effect size in Mendelian and com-
plex human diseases. Rare variants that have a large effect
on the phenotype in Mendelian diseases can be identified
in linkage studies where one investigates the segregation
of a genetic marker with the disease phenotype in large
multiple families affected with the disease. Very rare
Mendelian diseases that are present in few small fami-
lies are not amenable to this kind of linkage analysis and
can only be identified if one sequences the whole exome
(WES) or the whole genome (WGS) of the few affected
individuals in order to identify the mutation specific to the

what might be taking place with Chiari type I
malformation and syringomyelia. There is con-
siderable heterogeneity both as regards the fre-
quency and as regards the strength of effect of
the alleles described to date (Fig. 5.1). At one
end of the spectrum are high risk alleles, segre-
gating in large families affected with Mendelian
diseases. These can be identified easily by fam-
ily-based linkage studies that aim at identifying
a polymorphic genetic marker allele® that seg-

8 A genetic marker refers to a short sequence of DNA with
a known location on a chromosome. This marker is poly-
morphic when there are two or more allelic forms in the
same population and the most common allele has a fre-
quency of 0.99 or less.

phenotype. Recent genomics studies have implicated the
presence of de novo (new) mutations in complex diseases
that can only be identified by WES and/or WGS to iden-
tify the new mutation present in the affected individual
and absent in parents. On the other end of the spectrum,
common variants that have a small effect on the phenotype
in complex diseases are identified by genome-wide asso-
ciation studies where one determines the association of a
marker allele with the phenotype in a large cohort of cases
and controls. Abbreviations: WES whole exome sequenc-
ing, WGS whole genome sequencing, GWA genome wide
association

regates strongly with the disease phenotype in a
family.’® At the other extreme, gene identification
in complex traits remains a challenge. A number
of common alleles have been found to be associ-
ated with common phenotypes, as predicted from
the common disease/common variant hypothesis.

The principle of a linkage study is the following: if a dis-
ease runs in a family, one could look for genetic markers
that run exactly the same way as the disease in the family.
A marker allele that segregates with the disease is said to
be linked to the disease. In this case, we assume that the
gene that causes the disease and the marker allele are in
the same area of the genome. Since we know the location
of the genetic marker in the genome, we can deduce the
location of the disease gene.
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These common variants are usually identified by
genetic association studies that investigate the
association between common genetic variation
and disease in a large numbers of study subjects.
This type of analysis requires a dense set of poly-
morphic markers that capture a substantial pro-
portion of common variation across the genome
(for genome-wide association studies or GWAS!?)
or across a set of biologically plausible candidate
genes (for candidate gene association studies)
(Frazer et al. 2009). Common variants seem to
have modest effect sizes.!! Even when combined,
their impact on overall population variance and
predictive power!'? is limited. For many traits,
associated variants have explained only a small
proportion of estimated heritability.'”® A signifi-
cant proportion of this undetermined heritability,
known as ‘missing heritability’, may be attribut-
able to variants that are of low frequency (<0.01 in
frequency) with intermediate penetrance effects,
which cannot be detected by conventional gene-
discovery approaches mentioned above (Manolio
et al. 2009). Recently, a role for rare de novo
mutations is emerging in the genetic architecture
of some of the complex traits, particularly those
that decrease the reproductive fitness and incur a
large degree of selection against the phenotype
(Gillis and Rouleau 2011).

Gene identification studies of Chiari type I
malformation and syringomyelia have been hin-
dered by their complex aetiologies and inheri-
tance patterns. Two approaches have been

I GWAS (genome-wide association studies) involve scan-
ning hundreds to thousands of samples, either as case—
control cohorts or in family trios, utilising hundreds of
thousands of genetic markers located throughout the
genome. This analysis identifies regions with statistically
significant differences in allele frequencies between cases
and controls, pointing to their role in disease.

Effect size measures the strength of the relationship
between the variant and the phenotype in a study
population.

12 Variants identified through association studies as signifi-
cantly associated with disease susceptibility may be used
in a genetic predictive test to classify disease risk in
individual.

13 Heritability is a measure of how much variation of a trait
within a population is due to genes compared to variation
due to environment.

adopted or suggested in an attempt to identify the
responsible genes and the underlying molecular
pathogenic mechanisms. These are candidate
gene studies and genome-wide linkage studies.

5.5.1 Candidate Genes Studies

A number of biologically plausible candidate
genes, derived from mouse models, have been
proposed for Chiari type I malformation, includ-
ing the Hox genes, Pax genes, FGFR2 and Noggin.
The Hox gene family controls the development of
the occipital bone and ectopic expression'* of Hox-
2.3 results in dysplasia or deficiency of occipital,
basisphenoid and atlas bones in transgenic'® mice
(McLain et al. 1992). The Pax group of genes
codes for transcription factors with a conserved
DNA-binding domain that have important roles
in mesodermal segmentation and vertebral devel-
opment. In particular, Pax/ plays an important
role in somitic segmentation and proper sclero-
tomal differentiation in the cervico-occipital tran-
sitional zone (Chi and Epstein 2002). FGFR?2 is
transmembrane protein conserved across evolu-
tion and known to be critical for the normal devel-
opment of multiple organ systems, including the
craniofacial skeleton. The most common cause of
Crouzon syndrome, a well-known craniosynos-
tosis, is a mutation in FGFR2, and Chiari type 1
malformation is a common feature of Crouzon
syndrome (Park et al. 1995). Noggin is required
for growth and differentiation of the somites of
the paraxial mesoderm (see Chap. 4). Noggin
knockout mice show various defects, affecting
neural and axial skeletal defects (McMahon et al.
1998). Noggin was analysed in 33 cases of Chiari
type I malformation but no variant was identified,
which suggests that this gene is not a common
genetic factor involved in Chiari type I malforma-
tion (Speer et al. 2003).

“Ectopic expression is the expression of a gene in an
abnormal place in an organism.

SA transgenic mouse contains additional, artificially
introduced genetic material in every cell. This can confer
a gain of function if the mouse produces a new protein or
a loss of function if the integrated DNA interrupts another
gene.
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5.5.2 Linkage Studies

To date, only one linkage study'® of human Chiari
type I malformation has been conducted in a col-
lection of 23 families with 71 affected individuals.
This detected significant linkage of Chiari type I
malformation to two genomic regions, on chro-
mosomes 9q21.33-33.1 (31.3 Mb) and 15q21.1-
22.3 (12.3 Mb) (Boyles et al. 2006). These two
regions were too large for positional candidate
gene cloning efforts whereby disease genes are
identified using only knowledge of their approxi-
mate chromosomal location. A large candidate
region identified by a linkage or an association
study will most likely contain a large number of
genes to be analysed, hence making this cloning
procedure long and tedious. Interestingly, the
region on chromosome 15 harbours a biologically
plausible gene for Chiari type I malformation,
fibrillin 1. This has been linked to a human syn-
drome called Shprintzen—Goldberg syndrome,
which has Chiari type I malformation as a dis-
tinguishing characteristic (Boyles et al. 2006).
These studies also demonstrated significant heri-
tability of posterior fossa volume, supporting the
presence of a genetic basis for this condition.
Results from both studies should be interpreted
cautiously as they are complicated by probable
genetic heterogeneity!” and the multifactorial
aetiology of Chiari type I malformation.

Canine Models for Chiari
and Syringomyelia

5.6

Chiari type I malformation in humans is similar
to a condition called Chiari-like malformation
that is common in several toy breed dogs includ-
ing two genetically related dog breeds, the
Cavalier King Charles Spaniels and Griffon
Bruxellois (Rusbridge and Knowler 2003;

16 A genome-wide linkage scan refers to a screen of the
whole genome for segregation of a marker allele with the
phenotype.

17Genetic heterogeneity is a phenomenon in which many
alleles of the same gene or of different genes cause the
same phenotype.

Rusbridge et al. 2009). Chiari-like malformation
is present in almost 100 % of Cavalier King
Charles Spaniels (Cerda-Gonzalez et al. 2009),
and in a recent study of 56 Griffon Bruxellois
dogs, the condition was found at a frequency of
6 in 10 (Rusbridge et al. 2009). Canine Chiari-
like malformation therefore provides a sponta-
neously occurring, natural model of Chiari type
I malformation in humans. In affected dogs, the
caudal fossa is small relative to the entire cranial
cavity (Cerda-Gonzalez and Dewey 2010), and
the cerebellum is disproportionally large espe-
cially with dogs with early-onset syringomyelia
(Shaw et al. 2012). As with humans, Chiari-like
malformation in the dog is thought to involve an
insufficiency of the occipital bones, producing a
small caudal fossa (Rusbridge et al. 2009). The
bony changes consist of a shortening of the basi-
cranium, a shorter and vertical supraoccipital
bone and a compensatory lengthening of the
parietal bone. The latter characteristic does
allow for accommodation of the forebrain, but
there is insufficient room for the hindbrain,
resulting in displacement of the neural structures
into and through the foramen magnum
(Rusbridge et al. 2009).

There is also a strong association between
Chiari-like malformation and syringomyelia in
dogs, which is thought to be related to obstruc-
tion of cerebrospinal fluid (CSF) movement
across the craniovertebral junction (Rusbridge
and Knowler 2003).

The high incidence of Chiari-like malforma-
tion in the Cavalier King Charles Spaniel and
Griffon Bruxellois, as compared to other breeds,
suggests the involvement of genetic factors in the
aetiology of this disease (Rusbridge and Knowler
2003, 2004). Canine Chiari-like malformation
does not segregate in Mendelian fashion in
affected families, suggesting that this condition is
oligogenic, polygenic or complex in origin,
which could implicate environmental factors as
well. The heritability of syringomyelia was esti-
mated to be 0.37 (x0.15 standard error), indicat-
ing a moderate genetic effect on susceptibility to
development of syringomyelia (Lewis et al.
2010). This heritability estimate implies that
~37 % of the trait is due to genetic factors.
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Purebred dogs represent an invaluable tool for
mapping and cloning genes affecting human
health (Karlsson and Lindblad-Toh 2008). More
than 450 diseases have been identified in dogs,
and of these around 360 are homologues of com-
mon human disorders. These conditions can be
studied and traced more easily when large dog
pedigrees are available in established registries.
The dog population has a unique history that is
characterised by founder effects!® and periodic
population  bottlenecks.!”” This, along with
stringent breeding programmes, led to a closed
genetic pool among dogs of each breed (Ostrander
et al. 2000; Sutter and Ostrander 2004). There are
some 350 breeds of dogs, and the high prevalence
of specific diseases in many of these genetically
homogeneous breeds suggests that a limited num-
ber of genes underlie each disease (Shearin and
Ostrander 2010). These circumstances are mir-
rored, in part, in isolated human populations, such
as the Finns and Icelanders. This situation can be
used advantageously in genetic mapping studies,
as such populations have limited variation in their
gene pools, which reduces the chances of disease
heterogeneity (Varilo and Peltonen 2004).

Most dog breeds are less than 200 years old and
thus have long linkage disequilibrium® blocks,
making them particularly amenable to linkage dis-
equilibrium mapping with fewer markers and fewer
dogs as compared to humans (Hyun et al. 2003;
Sutter et al. 2004). This approach has been
successful in mapping and identifying many genes
predisposing to Mendelian as well as complex
traits in the dog (Karlsson et al. 2007; Karlsson and

18 Founder effect occurs when a small group of individuals
from a genetically diverse population migrates away and
forms a new colony. Because the new colony will be com-
posed only of genes from those few individuals, its genetic
diversity will be reduced compared to the parent
population.

YPopulation bottleneck is an evolutionary event charac-
terised by a marked reduction in population size followed
by the survival and expansion of a small random sample
of the original population.

2 Linkage disequilibrium is the nonrandom association of
alleles at two or more loci. The strength of LD depends on
many factors including the number of founders and the
number of generations over which recombination has
driven the decay of LD.

Lindblad-Toh 2008; Patterson et al. 2008; Wilbe
et al. 2010). Notably, a genome-wide association
study in 81 affected dogs and 57 controls, from the
Nova Scotia Duck Tolling Retriever breed, identi-
fied five loci associated with a systemic lupus
erythematosus-related disease. This demonstrated
the power of linkage disequilibrium mapping in the
dog, even in a small cohort of less than 100 cases
and 100 controls, to identify pathways involved in
human complex diseases (Wilbe et al. 2010).

The dog model is the only known naturally
occurring animal model for Chiari type I malfor-
mation and syringomyelia. The high prevalence
of Chiari-like malformation in the Cavalier King
Charles Spaniel and Griffon Bruxellois breeds,
along with the genetic homogeneity within these
breeds, should help identify the defective gene(s)
in the dog and then provide an entry point for a
parallel search for mutations in the human
orthologue(s)* in Chiari type I and syringomy-
elia. We can hope to identify key genes, proteins
and molecular pathways involved in normal and
abnormal development of structures of the human
craniovertebral junction.

5.7  Future Studies

To date, no genetic factor predisposing to Chiari
type I malformation and syringomyelia has been
identified in humans. Identification of such genes
by classical linkage analysis, association studies
and positional cloning strategies is hindered by the
complex nature of the inheritance of the disease
along with its multifactorial aetiology. The candi-
date gene approach where one investigates genes
that are biologically plausible (e.g. genes that are
important for development of the craniovertebral
junction) has not been successful so far because
little is known about the molecular mechanisms
underlying the pathogenesis of Chiari type I and
syringomyelia. Identification of the Chiari gene(s),
as for all other complex diseases, faces other major
difficulties. These include epistasis, which is the
effect that genetic variants have on each other,

21 Orthologues are genes in different species that origi-
nated from a single gene of the last common ancestor.
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genetic alterations that occur during gametogene-
sis or after fertilisation and imprinting, which is the
phenomenon in which only one of the two alleles
of a gene may be expressed (Dean 2003). Finally,
we always have to take into account the influence
of various unknown environmental factors.

Powerful advances in genomics technolo-
gies have the potential, in the future, to revolu-
tionise the exploration of the molecular genetics
of Chiari I and syringomyelia. We are enter-
ing an exciting era, when we can sequence the
‘whole genome’ of an individual, in a cost-
effective manner and in a short period. The next
generation sequencing technologies will allow
whole genome mutation analysis, with no prior
assumptions regarding gene function and iden-
tification of low-frequency variants that increase
disease susceptibility in affected individuals.
A similar approach can focus on sequencing
only protein-coding exons,?? which comprise
about 1 % of the human genome sequence. Exon-
containing genomic fragments are isolated using
oligonucleotide capture libraries,® followed by
next generation sequencing.* A major challenge
remains, however, with such innovative technol-
ogies, as regards the management and analysis
of the massive data sets that will be generated
(Majewski et al. 2011).

Genetic defects other than point mutations®
could be involved in the pathogenesis of Chiari
type I and syringomyelia. Data have emerged
on the role of DNA copy number variants?® as
an important cause of neurodevelopmental con-
ditions and birth defects. The novel technology
of array comparative genomic hybridisation can

22 An exon is a sequence of DNA that codes information
for protein synthesis that is transcribed to messenger
RNA.

2 Qligonucleotide capture libraries are pooled libraries of
thousands of probes that will hybridise against and cap-
ture the coding exons.

24 Next generation sequencing is the most recently devel-
oped high-throughput sequencing method that produces
thousands or millions of sequences at once.

%3 A point mutation is when a single base pair is altered.

2 A copy number variant is a segment of DNA ranging
from 1 kb to several megabases in size that is caused
by deletions, duplications, triplications, insertions or
translocations.

survey the whole genome and detect large seg-
ments of genomic imbalance that are usually
detectable by karyotyping,”’ as well as smaller
copy number variants (Vissers et al. 2005).
Using whole genome array comparative genomic
hybridisation, several groups have shown that
pathogenic copy number variants are a frequent
cause of structural malformations in foetuses and
newborns (Choy et al. 2010).

Epigenetic modifications?® including DNA
methylation could play an important role in the
development of Chiari malformation. Assays that
interrogate the whole genome for epigenetic reg-
ulatory modifications, for example, chromatin
immunoprecipitation combined with DNA
microarrays,” will enable us to explore the epig-
enomic influences on Chiari malformations
(Schones and Zhao 2008). Another key regulator
of gene expression is the recently discovered
class of small RNA molecules, known as microR-
NAs. These play important regulatory roles in
developmental timing and patterning, cellular
differentiation, organogenesis and apoptosis
(Chang et al. 2008). Several methodologies,
including cloning, northern blotting, real-time
RT-PCR and in situ hybridisation, have been
developed and applied successfully in microRNA
profiling (Li and Ruan 2009).

Conclusions

Chiari type I malformation, with or without
syringomyelia, is a complex trait, with predis-
posing genetic influences. We are still in the
early stages of identifying these genetic fac-
tors, and progress is hampered by the com-
plexity of this trait. We are, however,
witnessing a rapid expansion of high resolu-
tion technologies which, when coupled with
the canine Chiari-like malformation model,
will help us define these genetic factors and

Y Karyotyping is a laboratory test that provides a picture
of all the chromosomes from an individual’s cells.
*Epigenetics is the study of heritable changes in gene
expression or cellular phenotype caused by mechanisms
other than changes in the DNA sequence.

2 A DNA microarray or a DNA chip is a collection of
microscopic DNA spots attached to a solid surface.
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better understand the pathophysiology of
human Chiari malformations. We may then be
in a better position to advise affected patients
about any likely inheritance of their
condition.
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6.1 Introduction

Syringomyelia is one of the most enigmatic
conditions affecting the central nervous system.
The seemingly simple nature of these intramed-
ullary cysts belies the complexity that meets any
serious investigation of the filling mechanisms.
The pathophysiology may at first appear
tantalizingly simple, yet closer inspection reveals
complexity, and a satisfactory explanation
remains elusive.

A myriad of theories have been proposed.
Hydrodynamic theories generally assume that
syrinx fluid is cerebrospinal fluid (CSF) that has
entered the cord as a result of perturbations of
pulsations in the subarachnoid space, caused by
an associated Chiari malformation, arachnoiditis,
or other abnormalities obstructing the subarach-
noid space. Other theories propose that the fluid
is not CSF, being formed predominantly from
interstitial fluid. Suggested mechanisms include
cord tethering, stretching the cord apart, and the
Venturi effect in the subarachnoid space, expand-
ing the cord by suction. Recent theories have pro-
posed that disruptions of the blood-spinal cord
barrier or alterations of aquaporin expression or
function may result in excess fluid accumulation
in the cord. Despite the plethora of theories, the
pathophysiology of syringomyelia remains
perplexing.

At a fundamental level, the volume of fluid
and pressure in a syrinx are determined by
the flow of fluid into and out of the cavity. A syr-
inx can only enlarge if net inflow exceeds net
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outflow; enlargement may therefore occur due to
either increased inflow or decreased outflow. In
addition to such factors, there may be local tissue
characteristics that limit or permit syrinx expan-
sion and influence internal pressure and the effect
that it has on cord neurological function.

Syringomyelia is associated with many
conditions, and the filling mechanism may, of
course, be different in each case. Whether a syr-
inXx is an expansion of the central canal (canalicu-
lar) oris outside the central canal (extracanalicular)
and whether the subarachnoid space is affected
by the associated condition may be important
factors determining the underlying pathophysiol-
ogy. Furthermore, there may be different mecha-
nisms for initial cyst formation and subsequent
cyst enlargement (Brodbelt and Stoodley 2003).

Essential, but still unresolved aspects of the
condition include the composition of syrinx fluid
and the pressure within syrinx cavities relative to
the subarachnoid space. Each of these will be
discussed, following a general outline of the
history of theories regarding syringomyelia
pathogenesis.

6.2  History of Filling

Mechanism Theories

Original descriptions of syringomyelia were
garnered from autopsy studies. The pathological
appearances were therefore of a collapsed cavity,
rather than the tense cyst, exerting pressure on
the surrounding cord tissue, that is now familiar
to neurosurgeons. Initial theories regarding
pathogenesis were accordingly not focused on
fluid dynamics. Chiari and Ollivier D’ Angers
both suggested that syrinx cavities were develop-
mental defects of the central canal or spinal cord
(Newton 1969; Ollivier 1827). A subsequent the-
ory was that the cavities were formed secondary
to tissue loss, and attention turned to ischaemia
as a possible cause (Joffroy and Achard 1887).
Early experimental studies continued to focus on
tissue loss and vascular effects of arachnoid
inflammation and scarring (Hall et al. 1975;
McLaurin et al. 1954; Woodard and Freeman
1956). Ischemic tissue loss was considered by

Caplan and colleagues to be an important
component of syringomyelia associated with
arachnoiditis, although the authors suggested that
alterations of CSF dynamics could contribute to
cavity formation (Caplan et al. 1990).

Traumatic birth then received attention as a
possible causative factor. It was suggested
that the high pressure applied to the foetal head
during a difficult labour and the use of forceps
may increase venous pressure, displace the
cerebellar tonsils, cause the central canal to
rupture, or cause haemorrhage that results in
arachnoiditis (Newman et al. 1981; Williams
1977; Hida et al. 1994).

A hydrodynamic aetiology was first proposed
by Cleland, who suggested that brainstem abnor-
malities led to hydrocephalus and dilation of the
central canal (Cleland 1883). Gardner refined this
theory, proposing that obstruction of the outlets
of the fourth ventricle led to both hydrocephalus
and an enlarged central canal which, in extreme
cases, would rupture and manifest as myelome-
ningocele (Gardner 1959; Gardner and Angel
1958). Williams proposed an alternative explana-
tion by which fluid could be forced from the
fourth ventricle into the central canal, implicating
mobile cerebellar tonsils as a variable plug that
would lead to pressure differentials between the
head and the spine (Williams 1969, 1972).

A hydrodynamic mechanism, forcing CSF
from the spinal subarachnoid space across the
cord parenchyma, was first proposed by Ball and
Dayan, who suggested that increases in CSF
pressure caused by coughing and sneezing would
force fluid into the cord (Ball and Dayan 1972).
Different pathways and dynamics of trans-
medullary CSF flow have subsequently been
proposed by Oldfield and colleagues (Heiss et al.
1999; Oldfield et al. 1994), Stoodley and col-
leagues (Bilston et al. 2003, 2006, 2010;
Brodbelt et al. 2003a, b; Stoodley et al. 1997,
1999, 2000), Carpenter and colleagues (2003),
Klekamp and colleagues (2001), and Elliott and
colleagues (2009).

Rather than increased flow into syrinx cavi-
ties, some authors have argued that the problem
is a blockage of fluid outflow. This was first
proposed by Aboulker, who postulated that
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blockage at the foramen magnum prevented
CSF from draining from the central canal into the
fourth ventricle (Aboulker 1979). Similarly,
Koyanagi and Houkin suggested that fluid
accumulates because of an impairment in extra-
cellular fluid absorption (Koyanagi and Houkin
2010), and Klekamp has suggested that blockage
of perivascular spaces or cord tethering could
affect outflow (Klekamp 2002).

Over the last two decades, some authors have
suggested sources of fluid other than CSF. Greitz
argued that an increase in intramedullary pulse
pressure results in expansion of the cord and that
the expanded space fills with extracellular fluid
(Greitz 2006). Chang and Nakagawa proposed
that syrinx fluid comes from the central canal
when there is a lowering of the adjacent sub-
arachnoid pressure (Chang and Nakagawa 2004).
Levine has suggested that pressure exerted by a
Chiari malformation causes an increase in the
spinal cord venous pressure, with vascular dam-
age allowing plasma filtrate to pass across the
vessel walls (Levine 2004).

Investigating detailed fluid physiology is often
impossible in patients and difficult in experimen-
tal animals. Over recent years, computational and
physical modelling techniques have been used to
investigate numerous theories regarding CSF
physiology in the subarachnoid and perivascular
spaces (Bertram et al. 2008; Bilston et al. 2003,
2006, 2010; Berkouk et al. 2003; Carpenter et al.
2003; Martin et al. 2005; Loth et al. 2001; Elliott
et al. 2009). Refinements of these techniques
may prove extremely useful in adding to our
understanding of syrinx pathophysiology.

Recent attention has turned to molecular and
cellular contributions to syrinx pathophysiology.
Disruption of the blood-spinal cord barrier as a
source of fluid has been proposed by several
investigators (Ravaglia et al. 2007; Hemley et al.
2009; Levine 2004). Alterations in aquaporin
expression have recently been proposed to either
increase fluid load or impair fluid outflow (Nesic
et al. 2006).

With improved diagnostic imaging, a greater
understanding of the pathological anatomy of
syringomyelia has developed. It is now known
that syrinx cavities associated with Chiari

malformation are expansions of the central
canal, whereas those associated with spinal cord
injury usually start outside the central canal
(Milhorat et al. 1995a, b). It has been demon-
strated that syrinx cavities are usually not in
communication with the fourth ventricle. New
dynamic imaging techniques may prove
extremely helpful in understanding syrinx patho-
physiology (Gottschalk et al. 2010).

6.3 Syrinx Fluid Composition

and Pressure

Two crucial factors that could be indicators of
syrinx fluid origins and physiology are its com-
position and pressure. For example, a biochemi-
cal composition similar to that of CSF would
provide evidence for an origin from CSF
although extracellular fluid would also remain a
possibility. It is generally assumed that the com-
position of syrinx fluid is identical to that of CSF
and that this implies that the origin of the fluid is
CSF from the subarachnoid space. In fact, there
is little direct evidence to support this concept,
with only a number of case reports comparing the
composition of syrinx fluid with CSF. Most stud-
ies have examined the protein content, and there
are minimal data on other biochemical parame-
ters. In a study of nine post-traumatic syrinx
patients, Rossier and colleagues reported a higher
syrinx protein content of 0.35-3.9 g/L (mean
1.15) when compared with cisternal CSF protein
of 0.1-0.44 g/L (mean 0.24) (Rossier et al. 1985).
Other authors have reported syrinx protein levels
ranging from 0.28 to 2.24 g/L. (mean 0.88) and a
cisternal CSF protein ranging from 0.14 to
0.28 g/L. (mean 0.18) (Barnett 1973; Laha et al.
1975; Nurick et al. 1970; Werner et al. 1969;
Freeman 1959). Similarly, the fluid in tumour
cases has been reported to have a higher protein
content than CSF (Lohle et al. 1994). In contrast,
Shannon and colleagues reported identical levels
of protein in syrinx fluid and CSF in 10 of 13
post-traumatic syrinx patients treated with a
syringotomy (Shannon et al. 1981). In 17 of 48
patients, Schlesinger and co-workers obtained
percutaneous aspirates of spinal fluid from
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the central canal and subarachnoid space
(Schlesinger et al. 1981). The syrinx protein
content was below 0.5 g/L, which was the same
or less than the simultaneous sample obtained
from the subarachnoid space.

For a syrinx cavity to enlarge, the pressure
within it must exceed the subarachnoid space
pressure. The degree of enlargement depends on
the pressure difference and the stiffness of the
spinal cord tissue. Any proposed mechanism for
syrinx expansion must therefore provide an
explanation for a higher pressure within the cyst
than in the subarachnoid space: simply invoking
increases in subarachnoid space pressure is not a
sufficient explanation. Of course, spinal pres-
sures are pulsatile, and it may be that the pulsa-
tions are more important than mean pressures or
that the timing of relationships among syrinx,
arterial, and CSF pulsations is important. A vital
step in investigating these issues would be to per-
form simultaneous syrinx and subarachnoid
space pressure measurements in awake, ambula-
tory patients. Pressures within syrinx cavities are
obviously difficult to measure directly under
these conditions. Pressure measurements taken
with patients anaesthetized, under positive pres-
sure ventilation and positioned prone, may have
no relationship to the pressure in awake, ambula-
tory patients. Studies using MRI and computa-
tional modelling techniques (Battal et al. 2011;
Shaffer et al. 2011) may provide some assess-
ment of CSF flow dynamics, but cannot directly
measure pressure, and cannot be used to compare
syrinx and subarachnoid space pressures.

In a pioneering study of pressures, Ellertsson
and Greitz performed percutaneous measure-
ments of syrinx and subarachnoid space pres-
sures in ten patients (Ellertsson and Greitz 1970).
They reported a higher pressure in the syrinx in
most patients, but the difference was not signifi-
cant. Perhaps the most detailed study of pressures
in awake patients is that of Heiss and colleagues,
who studied cervical and lumbar subarachnoid
pressures in patients with Chiari malformation
and syringomyelia, both while they were awake
and during surgery (Heiss et al. 1999). Compared
to controls, they found that cervical subarachnoid
mean pressure and pulse pressure were increased
and that compliance was reduced. After posterior

fossa decompression, the spinal subarachnoid
pressure and pulse pressure returned to normal.
They also measured syrinx pressure and sub-
arachnoid pressure during surgery and found the
two pressures to be identical (Heiss et al. 1999).
Application of a Valsalva manoeuvre during sur-
gery produced no significant difference between
cranial and spinal subarachnoid pressures. This is
in contrast to a report by Williams, who found
that Valsalva manoeuvres created transient dif-
ferences between spinal and cranial pressures
(Williams 1981).

It is apparent that only sparse information
exists regarding the crucial elements of syrinx
fluid composition and pressure. In our opinion, it
is unlikely that a complete understanding of
syrinx pathophysiology will unfold without more
detailed studies of these aspects in patients.

6.4 Hydrodynamic Mechanisms
Contemporary theories of syringomyelia patho-
genesis have largely focused on alterations of
CSF pressure, pulsations, and flow that drive
fluid into the spinal cord. These are referred to
here as ‘hydrodynamic mechanisms’ and are
divided into those that implicate a flow from the
fourth ventricle into the central canal and those
that involve fluid flowing across the cord paren-
chyma from the subarachnoid space, mechanisms
limiting outflow, and pressure effects on the cord
causing dissection of cord tissue by an existing
Syrinx.

6.4.1 Flow from the Fourth Ventricle

Gardner refined the original hypothesis of
Cleland, suggesting that obstruction of the fourth
ventricle outlets resulted in expansion of the cen-
tral canal as part of the same process leading to
hydrocephalus (Gardner and Angel 1958). In this
model, a ‘water-hammer’ effect is created, with
each arterial pulsation causing an increase in
intracranial pressure that is transmitted directly
into the central canal, expanding it to form a
syrinx (Fig. 6.1). Gardner argued that the
subarachnoid space normally forms when the
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Fig. 6.1 Proposed syrinx filling mechanisms involving
fluid flow from the fourth ventricle. Theory proposed by
Gardner et al. (1957). (a) During systole, CSF is forced
into the central canal. (b) During diastole the canal is
closed and fluid cannot return to the fourth ventricle.
Theory proposed by Williams (1970). (¢) During Valsalva
manoeuvres, CSF is forced from the spine into the cisterna

CSF pressure in the fourth ventricle ruptures
through the foramina of Magendie and Luschka.
He considered there to be a spectrum of resulting

magna. (d) After relaxing, the cerebellar tonsils act as a
valve, preventing fluid returning to the spinal subarach-
noid space. Fluid is therefore forced into the fourth ven-
tricle and then into the syrinx. There is now abundant
evidence that these theories do not explain the vast major-
ity of syrinxes

abnormalities, with hydrocephalus, Chiari mal-
formation, and syringomyelia at the less severe
end and open myelomeningocele at the more
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severe end (Gardner and Angel 1958). He also
suggested that syringomyelia in association with
other conditions such as spinal cord injury was
coincidental and that such cases also had an
underlying Chiari malformation.

Much of Gardner’s hypothesis appears to hold
for syringomyelia in association with Chiari II
malformation. In these cases, there is continuity
between the expanded central canal and the
fourth ventricle, and there is hydrocephalus
(Milhorat et al. 1995a, b). The hydrocephalus and
syringomyelia both resolve with ventricular
shunting.

For other types of syringomyelia, which form
the majority, there has been an accumulation of
strong evidence against Gardner’s hypothesis:
the subarachnoid space forms prior to the open-
ing of the fourth ventricle outlets during develop-
ment; there is usually no continuity between the
fourth ventricle and the syrinx; the outlets of the
fourth ventricle are not always obstructed in
cases of Chiari I malformation; and Chiari mal-
formation is not the only condition associated
with syringomyelia.

Williams developed an alternative explanation
for a force driving fluid from the fourth ventricle
into the central canal (Williams 1970, 1972). He
proposed that the outlets of the fourth ventricle
are not obstructed and that fluid enters the cranial
subarachnoid space when the spinal subarach-
noid pressure increases with coughing and sneez-
ing (Fig. 6.1). The cerebellar tonsils would then
act like a valve to prevent fluid flowing back into
the spinal subarachnoid space, resulting in a pres-
sure differential between the cranial and spinal
cavities. The only available pathway for fluid in
the cranial subarachnoid space to reach the spine
to restore pressure equilibrium would then be for
it to flow into the fourth ventricle and then to the
central canal, causing it to expand.

Evidence against this proposed mechanism
includes the fact that syrinx cavities are not usu-
ally in continuity with the fourth ventricle and
that syringomyelia occurs in association with
other posterior fossa abnormalities and tumours
that would not be expected to have the same valve
mechanism as was proposed for the cerebellar
tonsils in Chiari malformation.

The evidence against a direct flow of fluid
from the fourth ventricle into the central canal or
syrinx is compelling. Although posterior fossa
decompression remains the mainstay of treat-
ment for syringomyelia associated with Chiari
malformation, this does not appear to be due to
correction of the abnormalities proposed by
Gardner or Williams. Plugging of the opening of
the central canal is no longer recommended as
part of this procedure (Vanaclocha et al. 1997;
Ball and Dayan 1972).

6.4.2 Trans-parenchymal Flow

If the fluid in syrinx cavities is CSF and it has not
reached the cavity directly from the fourth ven-
tricle, it must flow across the cord tissue from the
subarachnoid space. There has been much specu-
lation about the possible route of such a fluid flow
and the forces driving it.

In contrast to the proposal by Williams, Ball
and Dayan suggested that a Chiari malformation
would act to prevent spinal CSF from entering
the cranial compartment during Valsalva manoeu-
vres (Fig. 6.2). They then speculated that the
resulting increase in spinal CSF pressure could
force CSF into perivascular spaces in the cord
and that this fluid could coalesce to form a syrinx
(Ball and Dayan 1972). Subarachnoid space
obstruction from other causes such as post-
traumatic arachnoiditis was said to produce a
similar mechanism for fluid entry into the cord
(Ball and Dayan 1972). The authors pointed to
the pathological finding of enlarged perivascular
spaces in syrinx cases as evidence for this
theory.

Oldfield and colleagues proposed a similar
mechanism, whereby the Chiari malformation
imparts a piston-like effect on the spinal sub-
arachnoid space, forcing fluid through either the
perivascular spaces or interstitial spaces (Fig. 6.2)
(Oldfield et al. 1994; Heiss et al. 1999). These
authors provided cine-MRI and intra-operative
ultrasound evidence of cerebellar tonsil move-
ment in support of their theory, but had no direct
evidence for fluid flow into the cord.

Support for a perivascular flow of fluid has
arisen from the experimental work of Stoodley



6 The Filling Mechanism

93

Fig. 6.2 Proposed trans-medullary filling mechanisms.
Theory proposed by Ball and Dayan (1972). (a)
The Chiari malformation acts to isolate the spinal sub-
arachnoid space and that Valsalva manoeuvres increase
the subarachnoid space pressure, forcing fluid into the
cord. Theory proposed by Oldfield et al. (1994). (b)

and colleagues, who used tracers of CSF bulk
flow to demonstrate perivascular flow from the
subarachnoid space to the central canal in normal
animals (Stoodley et al. 1996, 1997), and from
Klekamp et al., who showed oedema and
enlarged perivascular spaces in a model of arach-
noiditis (Klekamp et al. 2001). Further work
showed that perivascular flow of CSF from the
subarachnoid space occurs in models of canalic-
ular and extracanalicular syringomyelia (Fig. 6.3)
(Stoodley et al. 1999; Brodbelt et al. 2003b) and
that flow is dependent on arterial pulsations
(Stoodley et al. 1997).

A major problem with any proposed explana-
tion for syrinx formation from a trans-
parenchymal flow of CSF from the subarachnoid
space is the simple physical fact that increasing
pressure on the outside of the cord cannot create
an expanding cyst within the cord. For a cavity to
enlarge, the pressure within it must exceed the
surrounding pressure, and this cannot occur with

The cerebellar tonsils act as a ‘piston” with each systole to
increase spinal subarachnoid pressure and force fluid into
the cord. These theories cannot explain expansion of a
syrinx cavity, because the pressure in the cavity must
exceed subarachnoid pressure for it to do so

flow that is driven by an increase in pressure in
the subarachnoid space. Several investigators
have attempted to address this. Bilston and col-
leagues have examined the pulsatile properties of
fluid flow in perivascular spaces and the sub-
arachnoid space (Bilston et al. 2003, 2010).
Using computational modelling, they demon-
strated that the anatomical characteristics of the
perivascular space could act as a ‘leaky’ one-way
valve for pulsatile CSF flow. In addition, a timing
mismatch between the arterial wave and CSF
pressure wave arriving at the interface between
the subarachnoid space and the perivascular
space could act to increase flow (Fig. 6.4). They
indicate this occurs when the CSF peak pressure
occurs at a different time to the arterial pulse
peak pressure, resulting in lower resistance to
CSF inflow than outflow (Bilston et al. 2010). It
was suggested that Chiari malformation and
other obstructions in the subarachnoid space
could act to create the timing mismatch.
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Fig. 6.3 Perivascular spaces as a proposed pathway for
CSF flow in both canalicular and extracanalicular syrin-
gomyelia. Flow from the subarachnoid space enters the
perivascular spaces, which narrow as they penetrate
deeper into the cord. Possible mechanisms for such a flow
to create a higher mean syrinx pressure than mean sub-
arachnoid pressure include a partial valve effect of the
perivascular space and a mismatch in the timing of the
arterial and CSF pulse waves (Bilston et al. 2003, 2010)

Fig.6.4 A phase difference
in pulsations may explain a
valvelike effect of perivascu-
lar flow. Obstructions of the
subarachnoid space could be
responsible for slowing the
pulse transmission to create a
phase mismatch. If the CSF
systolic wave arrives at the
cord surface during arterial
diastole, the perivascular
space will be open, and flow
will be greater than if the
CSF pulse arrives during
arterial systole, when the
perivascular space will be
smaller (Bilston et al. 2010)

artery in diastole

An alternative explanation is that stenosis of
the subarachnoid space could lead to a focal
increase in pressure in the spinal cord with
Valsalva manoeuvres, the so-called ‘elastic jump’
(Carpenter et al. 2003). Although computational
modelling has shown this to be a theoretical
possibility, the magnitude of the effect appears to
be too small to be significant (Elliott et al. 2009).

6.4.3 Obstruction of Outflow

It appears likely that there is a continual flow of
fluid into the spinal cord and also into syrinx
cavities. Unless a syrinx is enlarging, the outflow
must equal the inflow. The physiology of fluid
outflow is not known, but one possible explana-
tion for syrinx formation and enlargement is the
obstruction of outflow. This concept was initiated
by Ellertsson and Greitz, who measured syrinx
and subarachnoid space pressures in patients,
showing higher pressure in syrinx cavities,
although this was not significant. They suggested
an impairment of outflow, although did not spec-
ulate as to the mechanism of this (Ellertsson and
Greitz 1970).

artery in systole
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Aboulker suggested that the pressure on the
spinal cord at the cervicomedullary junction pre-
vents CSF draining rostrally along the central
canal to the fourth ventricle (Aboulker 1979).
Although such a rostral flow has been demon-
strated in experimental animals, it is not known
whether this occurs in humans (Milhorat et al.
1991). Theoretically, fluid could also drain
through spinal cord parenchyma, and cord com-
pression might compress the extracellular space
or reduce permeability, thus restricting outflow.

Recently, Koyanagi and Houkin have sug-
gested that an increase in spinal venous pressure
might impair absorption of extracellular fluid,
resulting in accumulation of fluid in the cord and
syrinx formation (Koyanagi and Houkin 2010).

There is little clinical or experimental evi-
dence to support or refute these theories. The
physiology of fluid outflow from the spinal cord
and syrinx cavities is a largely unexplored
area that may be important in syringomyelia
physiology and is deserving of more research
attention.

6.4.4 Transmitted Pressure Effects
on Existing Cavities

Rather than fluid being forced into the cord by
pressure changes in the subarachnoid space or
physiological changes in perivascular flow, an
alternative view is that pressure exerted on the
cord surface causes rostral-caudal dissection of
an existing cavity, leading to enlargement of the
cavity. This concept began with the description
by Williams of a ‘suck and slosh’ mechanism for
expansion of post-traumatic syrinx cavities. He
suggested that increases in pressure in the sub-
arachnoid space cause pressure on a cavity, which
then dissects into the surrounding cord tissue,
enlarging the potential space for the cavity, which
then fills with extracellular fluid (Williams 1992).
This mechanism has also been supported by the
work of Oldfield and colleagues (Oldfield et al.
1994), who used intra-operative ultrasound to
show that the cord and syrinx became com-
pressed with each arterial pulsation and in syn-
chrony with the descent of the cerebellar tonsils
of a Chiari malformation. They suggested that
this compression would cause extension of the

syrinx cavity and that the fluid filling the cavity
came from the subarachnoid space.

These theories rely on the presence of an ini-
tial cavity that can subsequently be enlarged by
the putative dissection process. It is possible that
this may apply to post-traumatic syringomyelia,
where initial cavities form from haemorrhage
and ischaemia. However, there is no evidence for
a similar process in those cases associated with
Chiari malformation. In addition, this process
could at best explain the enlargement of a syrinx
but not an increase in pressure relative to the sub-
arachnoid space.

6.4.5 Summary of Hydrodynamic
Theories

The available evidence does not support a fourth
ventricular origin for syrinx fluid. There is good
evidence that at least some syrinx fluid originates
from the subarachnoid space and that the route of
this fluid flow is via the perivascular spaces.
Howeyver, theories that invoke increases in sub-
arachnoid space pressure as the driving force are
not sufficient to explain syrinx formation and
enlargement. It is possible that complex relation-
ships between CSF and arterial pulsations or the
anatomical characteristics of the perivascular
spaces explain the accumulation of fluid inside
the cord. Pulsations exerted on the surface of the
cord may contribute to cord tissue damage but
seem insufficient to explain the development of
high-pressure cavities. The possible role of per-
turbations in fluid outflow remains largely
unexplored.

6.5  Other Sources of Fluid

None of the hydrodynamic theories have
adequately explained syrinx formation and
enlargement. Alternative theories have been put
forward to suggest that syrinx fluid is not of
CSF origin and that hydrodynamic factors driv-
ing CSF flow are not responsible. These pro-
posed mechanisms have been used to explain
the development of cavities in association with
intramedullary tumours, or have suggested that
syrinx fluid is derived from interstitial fluid, or
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originates through abnormalities of the blood-
spinal cord barrier or even cellular fluid transport
mechanisms.

6.5.1 Tumours

Syringomyelia occurs in association with poste-
rior fossa tumours and with spinal extramedul-
lary and intramedullary tumours. In general, it is
reasonable to propose that the filling mechanism
in posterior fossa tumour cases may be similar to
the process that occurs with Chiari malformation
and may be hydrodynamic in origin. Spinal extra-
medullary tumours may act by causing partial
blockage of the subarachnoid space and could be
thought of as having a similar underlying aetiol-
ogy to cases associated with spinal arachnoiditis.

The particular tumour type that is likely to
have a unique pathophysiology is the intramedul-
lary tumour. Although expansion of the cord
could theoretically result in obstruction of the
subarachnoid space, it is our experience that
many tumours are small and the subarachnoid
space does not appear to be affected in the major-
ity of cases. Intramedullary tumours with particu-
larly high rates of syrinx development include
haemangioblastomas and ependymomas (Samii
and Klekamp 1994).

A possible explanation for syrinx develop-
ment in association with intramedullary tumours
is that the cystic cavity is part of the tumour itself
(Barnett 1973), but for some tumour types at
least, the syrinx wall is gliotic tissue (Lohle et al.
1994). There is limited information regarding the
composition of tumour-associated syrinx fluid,
but there is some evidence that it is high in pro-
tein (Lohle et al. 1994), suggesting that the fluid
comes directly from the tumour or its
vasculature.

It has been suggested that, in haemangioblas-
tomas, the vasculature is leaky and the interstitial
pressure is high, leading to extravasation of
plasma (Lonser et al. 2006). In support of this
hypothesis, Lonser et al. have reported a case
demonstrating progressive leakage of contrast
medium from a haemangioblastoma into the sur-
rounding cord tissue (Lonser et al. 2006).

Samii and Klekamp argue that the pathophysi-
ology is likely to include some abnormality of
CSF flow in addition to secretion of fluid and
protein by the tumour. They cite the predominant
rostral location of syrinx cavities relative to the
tumour and the higher rates of syrinx formation
in tumours in the cervical cord to support this
view (Samii and Klekamp 1994).

We are not aware of any experimental models
of tumour-associated syringomyelia, and the
clinical evidence is limited. However, it does
seem likely that specific tumour-related factors
are more important than CSF dynamics in this
type of syrinx.

6.5.2 Interstitial Fluid

Interstitial fluid has been proposed by numerous
authors as a source of syrinx fluid. One line of
reasoning is that tethering of the cord by arach-
noiditis results in tensile radial stress, which low-
ers the pressure in the cord and leads to inflow of
extracellular fluid (Bertram et al. 2008).

Josephson and colleagues provided experi-
mental evidence for a theory that pulse transmis-
sion through the cord, past a region of
subarachnoid block, would cause expansion of
the cord below the block (Josephson et al. 2001).
The proposal is that, with each arterial pulsation,
the pulse wave in the subarachnoid space is
blocked, but the wave in the cord continues, cre-
ating a higher pressure in the cord than in the sur-
rounding subarachnoid space, thus expanding the
cord. The expanded cord would then fill with
extracellular fluid. A similar explanation was pro-
posed and tested using an electrical circuit model
of CSF dynamics (Chang and Nakagawa 2003,
2004). In this model, the pressure was transmit-
ted down the central canal, forcing fluid out of
this channel, below the level of the subarachnoid
block where the surrounding subarachnoid pres-
sure was lower.

Greitz subsequently proposed a somewhat
different explanation (Greitz 2006). He sug-
gested that narrowing of the subarachnoid space
causes an increase in CSF velocity at the region
of narrowing. The increased fluid velocity has a
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Venturi effect, lowering the pressure in the
subarachnoid space and causing a suction effect
on the cord, expanding it during each systole.
According to Greitz, extracellular fluid would
accumulate in the expanded cord, forming a
syrinx (Greitz 2000).

Klekamp suggested that interstitial fluid could
be important in canalicular and extracanalicular
cavities, by exceeding the normal fluid capacity
of the extracellular space. This might occur due
to blockage of perivascular spaces, cord tether-
ing, changes in vascular flow, or obstruction of
CSF flow (Klekamp et al. 2002).

In common with the hydrodynamic theories,
many of the theories proposing an interstitial
fluid origin cannot explain a higher pressure in
the syrinx than the spinal cord tissue and sub-
arachnoid space. Instead, they imply passive fill-
ing of syrinx cavities, which does not fit with our
clinical observation that the pressure in many
syrinx cavities appears much higher than the
surrounding subarachnoid space.

Fig.6.5 Vascular and tissue
sources of fluid or impaired
absorption may result in a
syrinx pressure higher

than the subarachnoid space.
Left: the syrinx cavity is often
in the highly vascular grey
matter and surrounded by
vessels. Top and top-right: an
impaired blood-spinal cord
barrier allows fluid to cross
the vessel wall and add to the
syrinx volume. Bottom right:
abnormalities of aquaporin
expression may also allow
fluid to leak across vessels or
may impair absorption of
syrinx fluid into the
vasculature

6.5.3 Blood-Spinal Cord
Barrier Disruption

Several authors have suggested that fluid cross-
ing a deficient blood-spinal cord barrier may
contribute to syrinx fluid (Fig. 6.5). Clinical case
reports have supported a role for barrier disrup-
tion, by demonstrating contrast enhancement
around syrinx cavities on MR scans (Lonser
et al. 2006; Ravaglia et al. 2007).

Levine suggested that the changes in pressure
above and below a subarachnoid blockage would
be transmitted into the veins, with collapse of
vessels rostral to a block and dilation of vessels
caudal to the block, causing cord parenchymal
stress. This stress would lead to tissue destruction
and resultant damage to capillaries, and venules
would allow plasma filtrate to pass into the cord
(Levine 2004).

A particular case could be made for a role of
the blood-spinal cord barrier in post-traumatic
syringomyelia. It has been demonstrated that the
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barrier is disrupted following spinal cord injury
(Mautes et al. 2000), which contributes to spinal
cord oedema. In most spinal cord injuries, it is
assumed that the barrier is subsequently
reconstituted and the oedema subsides. It is pos-
sible that a prolonged disruption of the barrier
could allow continued fluid leakage and enlarge-
ment of an initial haemorrhagic or necrotic cavity.
Experimental evidence in a rat model of post-
traumatic syringomyelia supports this hypothesis
(Hemley et al. 2009).

6.5.4 Aquaporins

The recent discovery of a role of aquaporins in
fluid transport in the central nervous system may
have implications for syringomyelia pathogene-
sis. Aquaporin-4 is the most abundant type in the
brain and spinal cord and is expressed on astro-
cyte and ependymal membranes around the
blood-brain barrier and brain-CSF interfaces.
Studies of aquaporin-4 in spinal cord injury have
reported conflicting results, with some authors
finding an early downregulation and later upreg-
ulation (Nesic et al. 2006) and other investigators
finding an early upregulation (Saadoun et al.
2008). It is possible that changes in aquaporin
expression could either enhance the movement of
water into the central canal or alternatively pre-
vent water from moving from the central canal
into the parenchyma. These mechanisms may
contribute to the enlargement of the central canal
in Chiari-associated syringomyelia. A case of
syringomyelia in a patient with anti-aquaporin
antibodies has recently been reported, with the
authors suggesting that a reduction in aquaporin
expression may have resulted in permeability of
the blood-spinal cord barrier (Sakabe et al. 2010).

There are very few experimental studies of
aquaporins in syringomyelia. Sun and colleagues
found a downregulation of aquaporin-4 in the
early stages of syrinx formation in a rabbit cana-
licular model and suggested that this played a
role in oedema formation (Sun et al. 2007). Our
own work has demonstrated an increase in aqua-
porin expression around cavities in post-traumatic
syringomyelia (Hemley et al. 2013) but not

around cavities in canalicular syringomyelia
(Hemley et al. 2012). Regardless of whether
aquaporin disturbances play a role in syrinx ini-
tiation, our view is that they are likely to have an
important function in fluid transport in or out of
syrinx cavities.

6.6  Outstanding Questions
At the beginning of this chapter, we suggested
that close inspection of the pathophysiology
underlying syringomyelia reveals complexity.
Unfortunately, rather than elucidating the syrinx
filling mechanism, the plethora of theories
described above has added to this complexity.
Many of the theories provide divergent opinions
on basic concepts such as whether syrinx fluid is
CSF, interstitial fluid, or plasma; whether the cer-
ebellar tonsils in Chiari malformation allow fluid
to pass from the head to the spine or vice versa;
whether the subarachnoid space pressure is ele-
vated or reduced; and whether syrinx cavities
expand by fluid being forced in or by sucking
fluid in. We do not think that major advances will
be made in the understanding of syrinx filling
mechanisms until the following fundamental
questions are answered by careful clinical and
experimental studies:

e What is the chemical composition of syrinx
fluid in the various types? Is the fluid CSF,
interstitial fluid, plasma, or a mixture of these?

e What is the relationship between syrinx pres-
sure and subarachnoid space pressure?

* What is the relationship between syrinx and
subarachnoid space pulse pressures?

In addition to these fundamental questions,
much greater detail is required regarding fluid
inflow and outflow pathways, the role of the
blood-spinal cord barrier and aquaporins, and the
precise mechanism at play with each associated
condition.

Conclusions

Despite the myriad theories proposed
regarding syrinx pathogenesis, an objective
appraisal would suggest that very little is
certain regarding even the fundamental
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principles. The goal of a single unifying
theory remains unlikely to be fulfilled until
these are elucidated. It remains likely that
different syrinx subtypes have different filling
mechanisms and much work remains to be
done to clarify these.
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7.1 Introduction
A model is a representation of objects and pro-
cesses that, when analysed, may reveal their
properties and behaviour (Dym and Ivey 1980).
A familiar example in medical research is the
animal model. For an animal of sufficient like-
ness to human anatomy (objects), physiology and
pathological response (processes), the outcomes
of experiment may be extrapolated to human
medicine. The model may refer to the animal
itself, especially if purpose bred, or its combi-
nation with the treatment protocol to reproduce
the desired pathology. For example, animal
models of human posttraumatic syringomyelia
have been developed using injections of kaolin
and quisqualic acid in rats (Stoodley et al. 1999;
Brodbelt et al. 2003a). Likewise, physiological or
pathophysiological processes acting on normal or
abnormal anatomy may be expressed in terms of
force and mass balances, according to the laws of
mechanics, which are most naturally formulated
as mathematical equations. By careful manipu-
lation of these equations, using well-established
rules, one may construct a mathematical model—
a theoretical representation of a physical system.
Neurosurgeons regularly make judgments
involving the mechanical properties of the spinal
cord and brain, as part of routine diagnosis and
treatment. For example, when examining com-
puted tomography (CT) and static magnetic
resonance (MR) images of a Chiari malforma-
tion, clinicians will make some estimate of the
pressure acting upon and the deformation of the
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hindbrain. The opening pressure of the cerebro-
spinal fluid (CSF) is taken during lumbar punc-
ture using a column manometer. The protein
concentration of the CSF subsequently collected
gives an indication of viscosity. During a spinal
procedure, the surgeon may gently palpate the
exposed spinal cord, in order to determine the
degree of scar tissue build-up or the size and
location of syrinxes or tumours and may thereby
be making an estimate of compliance. Dynamic
MR imaging is used to identify CSF flow obstruc-
tions, which are areas of high resistance, and the
pulse-wave speed of the cerebrospinal fluid can
also be appreciated from this imaging modality.

The uncertain surgical prognosis for syringo-
myelia and the difficulties of carrying out experi-
mental work make mathematical modelling of
the mechanics of this condition very attractive
for research. Such models do, however, rely upon
accurate measurement of mechanical properties
of the cerebrospinal system, but these are diffi-
cult to obtain due to both the delicate nature of
neurological tissues and their inaccessibility in
situ. The risks to the patient of making such mea-
surements may also outweigh any benefit gained.
Further, the more realistically one attempts to
represent the cerebrospinal fluid system, the
more complex the mathematics become. For all
these reasons, mathematical models of syringo-
myelia have been slow to evolve. Nonetheless,
useful insights are now being made, with models
that are consistent with the pathology and adhere
to the laws of mechanics (Elliott et al. 2013).

7.2  Background

7.2.1 The Laws of Mechanics

In our everyday lives, we observe and experience
certain physical phenomena that occur in a pre-
dictable way. For example, if a car breaks down
and needs to be pushed, it requires a lot of effort
to get going, but this becomes easier once the car
is moving. While driving, applying the brakes in
an emergency will cause the passengers to be
thrown forwards against their seatbelts. The
harder a golf ball is struck, the more rapidly it

will gain speed. When standing on solid ground,

we feel our own weight through the soles of our

feet. These events all involve force, motion and
strength of materials—‘mechanics’ as termed by

Galileo (Fung 1993)—and may be described by

the laws of mechanics, a subset of the so-called

physical laws of nature. In 1687, Sir Isaac

Newton, the English mathematician, physicist

and astronomer,!  published his monograph

Philosophice Naturalis Principia Mathematica,

in which he stated three laws of motion:

1. Inthe absence of any external forces, an object
that is still will remain still, and an object that
is in motion will continue with constant speed
in a fixed direction. An object is thus said to
possess inertia (Latin ‘iners’: idle), a tendency
to resist any change in its state of rest or
motion. A measure of an object’s inertia is its
mass, i.e. how much ‘stuff’ the object is made
of, which is equal to its density times its vol-
ume. The above example of a car braking can
be explained by the inertia of the car and its
occupants, respectively.

2. Force is equal to mass multiplied by accelera-
tion, where the resulting acceleration is in the
same direction as the applied force. So, a golf
ball correctly driven down the fairway will
reach great speed, whereas it will move much
slower when gently putted on the green, even
ignoring the friction of the air and grass.

3. For every action, there is an equal and oppo-
site reaction. A person’s weight is the force
produced by their mass being subjected to the
acceleration of gravity towards the centre of
earth. Opposing this is a force exerted by the
earth of equal size but directed back into the
person’s feet.

When objects change shape as a result of
applied forces—a good example being flowing
liquids—we also need to consider the law of con-
servation of mass. This states that the total
amount of matter in an isolated system will
remain constant over time. Similarly, when tem-
perature changes become appreciable, the law of
conservation of energy? is called into play; e.g.

! Also natural philosopher, alchemist and theologian.
2 A generalisation of the laws of thermodynamics.
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freshly poured coffee warms the cup (and cools
the coffee) due to the transfer of thermal energy.

Conservation appears to be a principle that all
laws of nature follow. Newton’s laws of motion
may be reformulated in terms of momentum, i.e.
mass multiplied by velocity, which, it turns out,
is also conserved. When working with conserva-
tion laws, one is essentially keeping a running
tally of the various quantities to make sure the
budgets balance.

When considering the everyday functioning
of the human body, the above laws generally suf-
fice. When working on the very large scales of
the cosmos or the very small scales of atoms,
additional phenomena become important. These
are described by laws of gravitation (Newton,
Einstein) and quantum electrodynamics
(Feynman), respectively. Laws, however, are
simply generalisations of physical behaviour,
based on empirical observations. What is so spe-
cial about them, to earn the title ‘law’, is their
simplicity, universal nature and lasting truth,
despite being falsifiable® through the possibility
of contradictory observations. Newton once said
“I have told you how it moves, not why”
(Feynman 1965). Laws describe what happens,
but theories seek an explanation.

7.2.2 Fundamentals
of Biomechanics

Living creatures populate the physical world and
are thus subject to the same mechanical laws
as inanimate objects. Biomechanics is a rela-
tively modern term applied to a long-established
practice, the application of mechanics to biology.*
In fact, medicine and mechanics evolved sym-
biotically out of the joint efforts of physical and

3For its relevance as a demarcation criterion between sci-
ence and pseudoscience, a hotly debated topic, see, for
example, Popper (1998).

4At the cellular level is the emerging subdiscipline of
mechanobiology, which is attempting to uncover the
molecular mechanism by which cells sense and respond to
mechanical signals. For a recent overview of this topic,
specific to the nervous system, see Bilston and Stucky
(2011).

biological scientists, and it was once not uncom-

mon to be educated and active in both disciplines

(Fung 1993; Ethier and Simmons 2007). We con-

sider two notable examples:

1. Thomas Young (1773—-1829) was a London
physician with a doctorate in physics (Fung
1993). Amongst his numerous contributions
was his characterisation of the elastic nature
of solid materials, which followed his studies
of the human voice. When a force pushes on
an object, it will exert a pressure on its surface
(pressure equals force divided by area) that
will be transmitted as stress (o) and cause the
object to become compressed. Likewise, if the
force pulls on the surface, the stress causes the
object to stretch, producing a state of tension.
The ratio of the stress to the fractional change
in length, or strain (e), is termed Young’s
modulus of elasticity (E) and is a fundamental
property of the material, i.e.

E=cl¢. (7.1)

Hard vertebrae have a much larger Young’s
modulus than the soft dura mater, as a greater
stress (about 100 times) is required to produce
the same strain. The concept of elasticity is at
the foundation of solid mechanics.

2. The Frenchman Jean Louis Marie Poiseuille
(1797-1869) was an experimental physiolo-
gist with formal training in mathematics and
physics (Sutera and Skalak 1993). He was first
interested in ‘the force of the aortic heart’ and
so invented the U-tube mercury manometer to
measure arterial blood pressure in horses and
dogs. Continuing his study of haemodynam-
ics, Poiseuille next turned his attention to the
microcirculation. On observing frog mesen-
teric blood vessels, he noted that red cells
would stream in the centre of the vessels,
whereas white blood cells tended to stick to
the vessel walls. To understand the nature of
these flow patterns, he subsequently con-
ducted an extensive series of experiments in
small-diameter glass tubes. Fluid flows from
high to low pressure, and Poiseuille estab-
lished the relationship between the fall in driv-
ing pressure along the tube (Ap), the length
(L) and diameter (D) of the tube and the
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subsequent volumetric flow rate (Q). The fluid
property connecting these four quantities is
the viscosity (4), and their relation is known
as Poiseuille’s law:
0 =(D"/128uL)Ap. (7.2)
Thus, for a given pressure drop, there will be a
greater volumetric flow rate through vessels hav-
ing a larger diameter or a lower viscosity. Such
differences come into play when we compare the
calibres of subarachnoid and perivascular spaces
and the viscosities of CSF and blood. Mathematics
also gives us the converse relation, in that a
greater drop in pressure will result from a larger
flow rate.

7.2.3 Constructing a Mathematical
Model

What mathematics is and its utility are widely
misunderstood (Stewart 2011). Mathematics
(Greek ‘mathema’, to learn) is a branch of sci-
ence that deals with concepts of quantity, space,
structure and change. It is often referred to as the
‘language of nature’ for its ability to communi-
cate the 1ideas of physical phenomena.
Mathematics has symbols and a grammar for
arranging them, but over and above a traditional
language, it also includes a system of reasoning.
We can explain equations in words but seldom
the connection between them; herein lies the
power of mathematics (Feynman 1965).

The first step in constructing a mathematical
model is to decide upon the level of detail. It is
not feasible to include every physical feature that
influences the phenomenon being studied. Nor, in
fact, is this desirable as doing so would only
reproduce the complexity inside the ‘black box’
that we did not understand in the first place. The
aim, therefore, is to retain the features with the
greatest influence and omit the rest. Every math-
ematical model is thus a deliberate idealisation of
the phenomenon being studied. Choosing what to
include is a process of trial and error, guided by
the intuition of experience and the comparison of
predictions with empirical data (Barenblatt

2003). There is no one ‘correct” model of a given
system and what to include depends on the ques-
tion being asked. A useful starting point is to
eliminate quantities that are relatively ‘small’.
For example, the vertebrae are very hard and stiff
compared to the meninges and spinal cord, so
their shape is much less affected by typical
subarachnoid fluid pressures; in mathematical
notation, &, Will have a much smaller value
than &5 esue- Thus, it may be reasonable to omit
the elasticity of the vertebrae when, say, studying
the effects of cough-based pressure pulses in the
spinal canal. In contrast, if one were interested in
spinal trauma, then the much higher forces
involved would demand the bone be treated as an
elastic material. By convention, mathematicians
and engineers would tend to say “we assume the
vertebrae are rigid”, rather than “we omit the
elasticity of the vertebrae”; these statements
mean the same thing, and what is being assumed
is that omitting these features from the model so
will not significantly change the outcome of sub-
sequent calculations and predictions.

Once all of the simplifying assumptions have
been made, one can write down a set of equations
that govern the system. This is the essence of the
mathematical model. The next task is to solve the
equations, for which there are two choices: (1)
solve them by hand using pen and paper or (2)
solve them on a computer. The former is called
an analytical solution and yields great insight
into the underlying phenomenon by obtaining a
relation describing it explicitly, e.g. Eq. (7.2).
While this approach is preferable, it is usually
only possible for the very simplest equations, so
instead one often employs computer programs to
obtain a numerical solution. Computers are digi-
tal so they can only store information as a set of
discrete samples. As a result, solving an equation
on a computer may introduce error due to the
continuums of time and space being approxi-
mated as a finite number of values. The finer the
partitioning, the smaller the error will be but also
the more demanding it becomes to compute.
Thus, compromise must be made.

To demonstrate that a mathematical model
makes reliable predictions, it should be validated
against empirical data. For example, Eq. (7.2) was
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derived mathematically from the laws of mechan-
ics by Eduard Hagenbach (1860), and it matched
the relationship that Poiseuille obtained from his
glass-tube experiments (Sutera and Skalak 1993).
Unfortunately, it is often the case with problems
in biomechanics that a controlled experiment,
equivalent to that of Poiseuille, is not possible.
Instead, in these situations, one deconstructs the
model into sufficiently general components, such
as water flow through a pipe that can be validated
separately. Solutions that are obtained via com-
puter also need to be verified to ensure that no
mistakes were made in the software; simpler ver-
sions of the equations can be computed and com-
pared to well-known analytical solutions, such as
the speed of pressure waves in a fluid-filled elastic
tube (e.g. Cirovic and Kim 2012). Thus, valida-
tion ensures that the correct equations are being
solved, while verification ensures that the equa-
tions are being solved correctly.

7.2.4 Modelling Predictions

The real usefulness of a mathematical model lies
in its predictive capabilities. Once validated, a
mathematical model can be used to determine
what happens in hypothetical situations and, most
prominently, situations that are not amenable to
physical observation and measurement. For
example, in a model of posttraumatic syringomy-
elia, the efficacy of various shunt treatments have
been evaluated (Elliott et al. 2011). Crucially
though, one must ensure that predictions are con-
sistent with the assumptions upon which the
model is based (Dym and Ivey 1980). For biologi-
cal materials, the elasticity as defined in Eq. (7.1)
is only applicable for small strains. This means
that in a spinal canal model, one would likely
have to choose small enough input pressures to
ensure that this condition were not violated.

In clinical and animal studies, a sufficiently
large cohort is required to make representative
predictions. The empirical findings are analysed
in terms of their statistical distribution (mean,
standard deviation, confidence intervals, etc.) but
may not be predicted precisely. In contrast, math-
ematical models based on Newton’s laws of

mechanics are isolated from external influences,
so there is no random variation, making them
deterministic, rather than stochastic (Murthy
et al. 1990). It is this ability to remove confound-
ing factors that permits analysis with absolute
certainty. However, it is a certainty limited to the
model itself. The relevance of mathematical pre-
dictions to the biological system depends on the
degree to which the model is representative of the
biological system.

7.3  Mechanics of the Healthy
Cerebrospinal System
7.3.1 Solid and Fluid Components

The spinal cord and brain constitute a soft, elastic
solid that is housed within the rigid confines of
the vertebral canal and cranial cavity. The inter-
vening subarachnoid spaces, which also extend
as cavities (ventricles) into the brain, are filled
with cerebrospinal fluid (CSF), not unlike sea
water. As the cord and brain themselves are also
largely water by mass, they float within their
bony container but are hitched in place, loosely
by the arachnoid trabeculae and, in the case of the
cord, more substantially by the denticulate liga-
ments and filum terminale (see Chap. 3). These
elastic connections span the subarachnoid space
which is lined by the pia mater along the cord and
brain surface and by the arachnoid layer that is
adherent to the dura mater that lines the vertebrae
and skull (England and Wakeley 2006).

7.3.2 Elastic Properties of the Soft
Tissues

The elasticity of any material is determined by its
microstructure, and in the case of soft biological
tissues, this largely means the quantity and arrange-
ment of collagen and elastin fibres. The collagen
protein molecule has a triple-helix structure, and
when grouped into fibrils, and subsequently into
fibres, it becomes a much stiffer structure than
elastin fibres, which are rubbery, convoluted, thin
strands (Fung 1993). The spinal dura mostly
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consists of collagen fibres, densely arranged in lon-
gitudinal bundles but with a network of fine elastin
fibres threading in all directions (Tunturi 1977,
Maikos et al. 2008). In contrast, the spinal pia con-
sists of small bundles of collagenous fibres together
with individual collagen and elastin fibres that are
all loosely woven into a reticular pattern (Tunturi
1978). The spinal cord parenchyma itself has a
negligible amount of collagen and elastin so its
elasticity instead depends on the axonal fibres and
their myelin sheaths.

Estimates of the Young’s moduli for dura, pia
and the spinal cord vary widely in the literature,
but broadly speaking, the dura is about 100 times
stiffer than the pia (i.e. greater E), which in turn
is about 100 times stiffer than the soft cord tissue
(Elliott et al. 2013). These tissues, like all materi-
als, can only withstand a certain amount of strain
before they become permanently damaged; i.e.
they no longer recover their original shape when
the forces are removed and may, in fact, rupture.
The stress corresponding to this ‘mechanical fail-
ure’ is referred to as the yield strength. Collagen,
for example, has a Young’s modulus of
1-1.5 GPa,> but as it can only withstand a strain
of 10-20 %, its yield strength is much lower,
70-150 MPa (Meyers et al. 2008).° The pia’s
greater stiffness than the spinal cord to which it is
attached limits the strain that the cord endures,
thereby performing a mechanically protective
role (Bertram 2010; Ozawa et al. 2004).

7.3.3 Fluid Pathways

CSF is secreted from the choroid plexus and com-
mences a slow bulk flow from the ventricles, con-
tinuing through the subarachnoid space before
the fluid is reabsorbed back into the superior sag-
ittal sinus and venous system via the arachnoid
villi. The total volume of CSF (about 150 ml) is

SPascals (Pa) is the S.I. unit of measure with the prefixes
k, M and G denoting quantities of 10°, 10° and 10°, respec-
tively; pounds per square inch (psi) is the less-commonly
used imperial unit of measure.

%For E=1.5 GPa and a maximum strain of e=0.1 (10 %)
Eq. (7.2) can be expressed as 6=FE €, predicting a yield
stress of 150 MPa.

replaced about three times daily (Bradbury 1993).
I1l-defined amounts of CSF are also filtered from
blood plasma and absorbed into the lymphatic
system (Brodbelt and Stoodley 2007). In the
human cranial subarachnoid space, the arteries
and veins reside within pia-like tubular sheaths.
The arterial sheaths continue into the brain paren-
chyma, while the veins lose their sheaths at the
pia mater interface (Zhang et al. 1990). Although
not proven, it seems likely that the situation is the
same in the spinal canal. As the interstitial and
cerebrospinal fluids may pass through pores and
leaky gap junctions in the pia, the extracellular,
perivascular and subarachnoid spaces thus form
a single continuous fluid compartment (Rennels
et al. 1985; Stoodley et al. 1996; Johanson 2008;
Saadoun and Papadopoulos 2010). Superimposed
on the bulk CSF flow is a reciprocating flow of
more substantial magnitude—measurable with
MRI—that is due to the periodic volume changes
of the blood vessels with the cardiac and respira-
tory cycles.

7.3.4 Volume Compliance

The volume change of a distensible vessel is
related to pressure change through compliance.
However, there are two measures of compliance:
static and dynamic (Bertram 2010).

Static compliance is defined as the change in
vessel volume resulting from a given change in
the pressure acting across the vessel walls:

C=AV/AP. (7.3)

i.e. the slope of the volume versus pressure curve,
with which most clinicians are familiar. In the
main fluid compartment of the cerebrospinal sys-
tem, the CSF reservoir, it is well established that
static compliance is not constant but decreases
as the compartment becomes distended. The
cranial pressure-volume index (PVI)’ attempts
to describe this filling-volume-dependent quan-
tity with a single value (Marmarou et al. 1975).

7PVI is the notional volume (ml) which, when added to
the craniospinal volume, causes a tenfold rise in intracra-
nial pressure (mmH,0).
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Heiss et al. (1999) measured the static compli-
ance of the human craniospinal system as ranging
between 3 and 15 ml/mmHg. Marmarou et al.’s
(1975) measurements on cats suggest that the
spinal canal contributes about a third of the total.
Conceptualising the cerebrospinal system as col-
lection of compartments (CSF, blood, brain, spi-
nal cord) allows it to be expressed mathematically
as a hydraulic lumped-parameter model. The
compliance and flow resistance between adjacent
compartments are ‘lumped at’ (assigned to) their
interface; i.e. these properties are spatially aver-
aged over each compartment and so do not vary
within compartments. The solution consists of
the discrete compartment pressures as they vary
in time. This modelling technique has long been
popular in studying disorders of the intracranial
CSF system, such as hydrocephalus (e.g. Agarwal
et al. 1969; Ambarki et al. 2007), but including
intraspinal compartments to investigate syringo-
myelia has only been attempted in three studies
(Chang and Nakagawa 2003, 2004; Elliott et al.
2011). The reason for this disparity is that it is
easier to measure the inter-compartmental com-
pliances and resistances of the head than the spi-
nal canal. The cranial volume may be considered
constant due to the rigidity of the skull, the so-
called Monro-Kellie doctrine, which makes any
internal volume (hence pressure) changes well
defined. In the spinal canal, the dura mater is sur-
rounded by fluid (distensible veins) and fatty tis-
sue that are necessary for the mobility of the spine
so the total compartment volume is variable.
Dynamic compliance is a measure of how
time-varying changes in pressure and volume are
related, as in pulsation. It governs the speed of
pressure waves which feature prominently in the
spinal canal. A cough elevates the pressure in the
thorax that squeezes blood from the thoracic
veins into the adjacent epidural veins. Distension
of these veins transmits pressure to the spinal sub-
arachnoid space, leading to a travelling pressure
wave (Lockey et al. 1975). Williams (1976) was
the first to measure the speed of these waves using
pressure transducers connected to lumbar punc-
ture needles. A non-invasive technique, using
MRI, has recently been developed (Kalata et al.
2009). Wave speeds are typically around 4 m/s.

The propagation of pressure waves in elastic,
fluid-filled tubes is a well-studied problem of
classical mechanics (Lamb 1898; Womersley
1955). The spinal cord may be thought of as an
annular, elastic, solid cylinder, containing an
inner cylindrical central canal and sheathed in a
tube of pia mater, which in turn is surrounded by
an annular cylinder of fluid, the spinal subarach-
noid space that is contained by the outer tube of
dura mater. A number of mathematical models of
the spinal canal have been developed from vari-
ants of this system of coaxial tubes (Lockey et al.
1975; Loth et al. 2001; Berkouk et al. 2003;
Carpenter et al. 2003; Bertram et al. 2005, 2008;
Cirovic 2009; Elliott et al. 2009; Bertram 2009,
2010; Martin et al. 2012; Cirovic and Kim 2012;
Elliott 2012; Cheng et al. 2012), elucidating the
mechanics of a number of wave modalities.

The wave recorded by Williams (1976), nor-
mally described as the ‘CSF pulse wave’ or the
‘subarachnoid pressure wave’, is made up of a
moving section of cord constriction and an
adjacent segment of dura distension. Of the
known wave types, this one involves the largest
cord motion and so is most easily observed with
MRI. Another wave exists in which the cord dis-
tends, rather than constricts, but this vanishes as
the central canal is obliterated by adulthood
(Milhorat et al. 1994). The healthy spinal canal
supports at least two further waves, one similar to
the previous but also involving lengthwise cord
compression and a final wave, almost exclusively
involving stretching of the dura (Cirovic 2009;
Bertram 2009; Cirovic and Kim 2012). A cough
will initiate a pressure pulse in the thoracolumbar
region which will set up each of the above wave
types in pairs, one wave travelling in the rostral
direction and the other in the caudal direction
(analogous to the way surface waves radiate from
a stone dropped into a pond). These waves will
successively reflect at the craniocervical junction
and the lumbar cistern, respectively, and vice
versa. This may amplify the fluid pressure, and
tissue stresses in regions where opposite-moving
wave components superimpose. Individual waves
will not persist indefinitely though. The motion of
fluid and solid spinal components involves kinetic
energy (Greek kinétikos, ‘to move’) that will be
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lost to internal friction. This friction is termed vis-
cosity® in fluids and viscoelasticity in solids and is
responsible for attenuating waves as they travel.
Getting the speed of the CSF pulse wave in a
mathematical model to match that measured in
the human body has become a useful way of vali-
dating the model as it ensures that the dynamic
compliance is anatomically realistic.

Although pressure waves are induced by
abrupt percussive events, they do not induce a
significant amount of CSF motion in the spinal
subarachnoid space. The alterations in the shape
of the cord and dura occur too quickly for the
fluid to keep up so the tissue only has a ‘massag-
ing’ effect, gently stirring the fluid into motion
(Bertram 2009). The reciprocating motion of
CSF, well known to the clinician, is due to the
lower-frequency pulsations of the cardiac cycle
(Bertram 2010). The interdependence of pressure
drop and flow rate means that the pressure drop
along the spinal subarachnoid space changes
from positive to negative, and vice versa, twice
per cardiac cycle.

7.4  Mechanics of Syringomyelia

7.4.1 Syrinxes

Mechanically, syrinxes provide the cord with
additional localised compliance through displace-
ment of the contained fluid when the syrinx is
squeezed into a different shape. Williams (1980)
hypothesised that a CSF pulse wave would com-
press the syrinx at one end, causing the fluid to
‘slosh’ to the other end, akin to squeezing a water
balloon, with the syrinx subsequently extending
by tissue dissection. In a computer-based mathe-
matical model, Bertram (2009) demonstrated that
a CSF pulse wave travelling rostrocaudally
induces axial motion of the syrinx fluid relative to
the syrinx walls, leading to fluid pressure at the
caudal end of the syrinx exceeding spinal sub-
arachnoid space pressure at the same level, and a

8For example, honey has more viscosity, or is said to be
more viscous (‘thicker’), than water, and so loses kinetic
energy more rapidly as it flows.

distending (tensile) stress at the caudal tip of the
syrinx wall. The pulse wave slowed down as it
passed the syrinx, agreeing with Cirovic’s (2009)
analytical prediction, but not enough to induce
the substantial sloshing motions of syrinx fluid
proposed by Williams. Consequently, the incurred
stress had relatively little potential for tearing the
cord tissue and concomitant lengthening of the
syrinx. It was acknowledged, though, that a
higher-resolution model of the spinal cord is
needed to better capture the large stress gradients
at the ends of the syrinx.

An additional complication arises with the
presence of a syrinx—partial wave reflection and
refraction. When a pressure wave reaches a syr-
inx border, some of the wave continues ahead,
and the remainder doubles back due to the
change in cross-sectional constitution. Given
that there are many types of wave, all moving at
different speeds, and that overlapping waves
sum together (either reinforcing or cancelling
each other), the resulting state of fluid pressure/
velocity and tissue stress/displacement easily
becomes complicated (e.g. see figure 10 in
Bertram 2009). This, unfortunately, does not
lend the wave mechanics to intuitive theorising,
and some wave-based theories, while being
admirable attempts to explain the pathophysiol-
ogy of syrinx filling, are conceptually unphysical
(e.g. Greitz 2006).

7.4.2 Syrinxes with Associated
CSF Obstruction

Stenosis occurs at the craniocervical junction in
the presence of a herniated hindbrain. It also
occurs elsewhere along the spinal subarachnoid
space due to, most commonly, scar tissue build-
up following spinal trauma. These pathologies
obstruct the CSF circulation and act as amplifica-
tion sites for pressure and stress through the wave
reflections that they produce. Their frequent jux-
taposition with syrinxes has motivated several
groups to pursue a mathematical line of enquiry
(Berkouk et al. 2003; Carpenter et al. 2003;
Bertram et al. 2005; Elliott et al. 2009; Bertram
2010; Cirovic and Kim 2012; Elliott 2012).



7 Mathematical Modelling

m

Carpenter and colleagues developed a patho-
genesis hypothesis based on the theory of shock-
waves (Berkouk et al. 2003; Carpenter et al.
2003). They demonstrated in a mathematical
model of coaxial tubes that a pulse wave will
become steeper as it propagates, much like a
beach wave does on reaching shallow water. If
the concomitant elevation in pressure difference
between the spinal subarachnoid space and the
cord/syrinx reaches the maximal value, then a so-
called shock-like elastic jump occurs, which is
mathematically similar to the beach wave break-
ing. When this pressure wave reaches a complete
stenosis, the incident and reflected components
superimpose, creating an abnormally large tissue
stress/syrinx pressure that could potentially dam-
age the cord/expand a syrinx. Although the pre-
dictions make a fundamental contribution to the
mathematical modelling community, subsequent
analysis reveals that the proposed mechanism is
unlikely to play a role in the human body; the
gross dimensions of the spinal canal and its con-
tents only confer marginal shock-like stress/pres-
sure changes (Elliott et al. 2009). When additional
features are included in the coaxial tube repre-
sentation of the spinal system, such as fluid vis-
cosity and the ability to capture a spectrum of
frequencies, shock-like phenomena become even
less likely. The pressure waves tend to spread out
and attenuate rather than steepen and amplify
(Bertram et al. 2005).

Numerous medical (Williams 1980, 1986;
Oldfield et al. 1994; Fischbein et al. 1999;
Brodbelt et al. 2003b) and engineering (Carpenter
et al. 2003; Martin et al. 2005; Bertram 2010)
investigators have hypothesised various scenar-
ios in which wave-induced fluid exchange across
the pia mater could play a role in syrinx forma-
tion. In an analytical model with a permeable pia
mater, Elliott (2012) showed that pressure waves
will attenuate as they travel due to fluid crossing
the pia mater, thereby alleviating the tissue stress
therein. Furthermore, dilated perivascular spaces,
spinal subarachnoid obstructions, and a stiffer
and thicker pia mater—all associated with syrin-
gomyelia—will increase transpial flux and retard
wave travel. An associated mechanism for syrinx
formation remains to be investigated.

A rather different situation arises during the
cardiac cycle, unaided by pressure waves, when a
partial CSF obstruction occurs at the same level
as a syrinx. The obstruction itself acts as a flow
resistor causing a localised drop in pressure. This
was demonstrated in both simplified (Bilston
et al. 2006) and anatomically accurate (Cheng
et al. 2012) computer models of a rigid-walled
spinal subarachnoid space with simulated sub-
arachnoid scar tissue. When one adds in tissue
compliance, the partial obstruction is able to
move in response to the reciprocating flow
through the spinal subarachnoid space, driven by
the cardiac cycle. The net effect is a resonant
oscillation® in pressure gradient about the obstruc-
tion, which lowers in frequency and attenuates
more rapidly as the obstruction increases in sever-
ity. This has been demonstrated in both mathe-
matical modelling (Bertram 2010) and
engineering experiments (Martin and Loth 2009;
Martin et al. 2010). The mechanical features of
the trans-stenosis pressure gradient (including its
time-varying nature and non-negligible viscous
forces) meant that a Venturi effect,'® postulated
elsewhere as being important (Greitz 2006), was
in fact small (Bertram 2010) if not nonexistent
(Martin and Loth 2009; Martin et al. 2010). More
dramatically, the addition of a syrinx at the same
level as the stenosis created a one-way valve. The
pressure drop across the stenosis caused the syr-
inx to be compressed at one end and distended at
the other, thereby narrowing the already
obstructed spinal subarachnoid pathway. As the
flow resistance past the obstruction was higher
during (simulated) diastole than systole the result
was a one-way valve, dissociating the CSF

° A natural frequency of the cerebrospinal system, coin-
ciding with the cardiac excitation frequency. One familiar
example is a playground swing. Pushing a person in a
swing at its resonant frequency will make the swing go
higher, while pushing the swing at a faster or slower
tempo will result in smaller arcs.

"The reduction in pressure and increase in velocity that
occurs, due to mass conservation alone, when a fluid flows
through a narrowed section of pipe (and vice versa).
Named after Giovanni Battista Venturi (1746-1822), an
Italian physicist, this is an application of Bernoulli’s equa-
tion; for details see (Tritton 1988; Houghton and Carpenter
2003).
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pressure caudal to the stenosis from that rostral to
it (Bertram 2010). This longitudinal pressure dis-
sociation had two important ramifications. Firstly,
the pressure in the spinal subarachnoid space cau-
dal to the stenosis was higher than that in the
underlying syrinx when averaged over the cardiac
cycle (also predicted by Chang and Nakagawa
2004). This presents a pressure gradient favour-
ing CSF flow into the syrinx, potentially through
the perivascular spaces of penetrating arteries; i.e.
a filling mechanism. Secondly, the distending
stress at the caudal end of the syrinx was much
higher with the one-way valve in operation, in
fact high enough (relative to the input pressure
amplitude) to raise the possibility of cord tissue
rupture and syrinx expansion (Bertram 2010).

While the existing models can predict stresses
and strains near a fissure, it is the spinal cord’s
microstructure that determines the critical condi-
tions for rupture and this has not yet been mod-
elled. The study of fracture mechanics provides
the relevant mathematical techniques, a disci-
pline born out of the demand for reliable ships
and aeroplanes in World War II (Anderson 2005).
The empirical data needed to complete such a
model (e.g. the material property ‘fracture tough-
ness’) have not, however, been obtained. A rat
model of posttraumatic syringomyelia showed
that there is a proliferation of cells following syr-
inx formation that are involved in glial scar for-
mation (Tu et al. 2010, 2011; Fehlings and Austin
2011). This suggested a mechanism to limit syr-
inx enlargement, which is consistent with the
principles of fracture mechanics.

7.4.3 Cord Tethering

In addition to obstructing CSF flow, subarachnoid
scar tissue may tether the cord, constraining its
movement. Bertram et al. (2008) mathematically
predicted that CSF pulse wave transmission past a
tethered section of cord could lead to a distending
stress in the underlying tissue. The computed
stress values were not large enough to conclude a
damaging effect but the simulated tethering did
not include flow obstruction and their simultane-
ous effect remains to be investigated.

7.4.4 Perivascular Pumping

It is a commonly held view that syrinx fluid
originates from CSF. This is based on their hav-
ing a similar chemical composition (Table 17.1)
and physical properties (Kiernan 1998;
Bloomfield et al. 1998) and is reinforced by the
histological studies that establish the perivascu-
lar spaces around penetrating arteries as form-
ing a hydraulic connection between the syrinx
cavity and the spinal subarachnoid space
(Brodbelt and Stoodley 2007). On this premise,
a computer model of fluid flow through a peri-
vascular space has been developed (Bilston
et al. 2010). The inner surface was cyclically
distended to simulate the cardiac pulsation of
the enclosed artery and the superficial end of the
perivascular space was given a pressure signal,
computed from flow-rate measurements in the
human spinal subarachnoid space (Bilston et al.
2006). The relative timing of these two cardiac-
based pulsations was varied. Provided the two
pulses were not in synchrony, a net amount of
fluid would be pumped into or out of the cord,
with maximal inflow occurring when the pulses
were out of phase. It was postulated that inter-
ruptions to the local blood supply, such as might
be created by scar tissue, could lead to these
phase differences (Bilston et al. 2010). Martin
et al. (2012) demonstrated that, in fact, there
may be a natural variation between the timing
of the vascular and CSF pulses in the spinal
canal. In a computer model that included the
entire cardiovascular tree represented as a col-
lection of elastic tubes interacting with a like
representation of the spinal subarachnoid space,
the vascular-to-CSF pulse delay was found to
vary a great deal along the length of the spinal
canal depending on craniospinal compliance
and vascular anatomy.

Elliott et al. (2011) examined how effective
the phasic-pumping mechanism would be when
perivascular spaces are incorporated into a
lumped-parameter model of the whole cerebro-
spinal system. The model had compartments rep-
resenting (1) the spinal cord, (2) the spinal
subarachnoid space, (3) the venous bed of the
spinal cord, (4) the venous bed of the spinal


http://dx.doi.org/10.1007/978-3-642-13706-8_17#tab1

7 Mathematical Modelling

113

subarachnoid space and epidural space and (5) a
vascular pressure source. Fluid was permitted to
exchange between the spinal subarachnoid space
and the spinal cord (interstitium). Their pia mater
interface was compliant, and similar compliances
allowed for collapse of the cord’s venous bed and
displacement of fluid in the epidural space. The
phasic pumping of CSF into the cord was pre-
dicted. However, the pressure gradient driving
fluid into the cord also constricts the cord, so the
two effects are in competition. Thus, for the
phasic-pumping mechanism to operate, the spi-
nal cord must have volume compliance due to
displacement of blood from the cord venous bed,
which is unlikely to be substantial.

7.5 Pathophysiology Yet

to Be Modelled

Some aspects of spinal pathophysiology are less
amenable to mathematical modelling than others,
leaving their mechanics relatively uncharted. We
highlight two notable examples.

Greitz proposed a syringogenesis mechanism
in which the syrinx fluid is derived from blood
plasma, rather than CSF, and that it involves a
disruption to the blood-spinal cord barrier (e.g.
Greitz 2006). While some mechanical features of
the proposed event cascade may require further
thought, the spinal arteries certainly provide a
favourable pressure gradient for flow into a syr-
inx. In a recent paper on normal pressure hydro-
cephalus, Tully and Ventikos (2011) adapted a
method from geomechanics for modelling the
effects of porosity: the brain parenchyma was
treated as an elastic solid matrix, permeated by
low-porosity pores (interstitial spaces) and high-
porosity fissures (blood vessels) with fluid trans-
port permitted between them (the blood-brain
barrier). Such an approach may also prove useful
for the spinal cord and would permit investiga-
tion of the proposal of oedema as a ‘pre-syrinx
state’ (Fischbein et al. 2000). Before attempting
this, however, a better understanding is required
of the mechanical interaction between the elastic
cord tissue and fluid-filled interstitial pores.
Harris and Hardwidge’s (2010) computer model

of a porous spinal cord and Elliott’s (2012) ana-
lytical model of wave-induced fluid transport
across the pia mater provide a mathematical
starting point.

The herniated hindbrain features prominently
in Chiari-based syringomyelia. Williams (1974)
built a physical model of the cerebrospinal sys-
tem that simulated the hindbrain-plugging of the
craniocervical junction following a cough. This
has not yet been attempted mathematically but
others have modelled the simpler problem, when
the hindbrain is ‘frozen’ in position (Roldan et al.
2009). The dynamic range of CSF velocities at
the craniocervical junction makes obtaining
accurate validation data an additional challenge
(Santini et al. 2009; Odéen et al. 2011; Battal
etal. 2011).

Conclusions

In our everyday lives, we observe and experi-

ence certain physical phenomena that occur in

a predictable way. These events may be

described by the laws of mechanics which can

be used to construct a mathematical model—a
theoretical representation of a physical
system.

The cerebrospinal system consists of solid
and fluid components that interact through
their volume compliance. From this single
concept, we can gain an appreciation of how:
1. Abrupt pressure impulses, such as from a

cough, lead to wave propagation in the spi-

nal canal.

2. Slower pulsation, due to the cardiac cycle,
accelerates the fluid in the spinal subarach-
noid space back and forth.

An isolated syrinx increases the cord’s
compliance but does not appear to lead to
adverse pressures or stresses. When coupled
with an overlying stenosis, however, a one-
way valve may be set up in the spinal sub-
arachnoid space that presents favourable
circumstances for CSF flow into the syrinx
and syrinx elongation by stress-induced tissue
rupture. Another one-way valve, in the peri-
vascular spaces, also promotes CSF influx but
is limited by the collapsibility of the cord’s
Venous reservoir.
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It is hoped that this chapter gives the cli-
nician greater accessibility to mathemati-
cal modelling concepts which will facilitate
closer collaborations with mathematicians and
engineers.
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8.1 Underlying Pathologies
Syringomyelia, defined as a tubular or cystic
expansion within the spinal cord, containing
fluid indistinguishable from cerebrospinal fluid,
is generally thought to occur in situations of par-
tial obstruction of the subarachnoid cerebrospinal
fluid (CSF) pathways. The most common form
of syringomyelia occurs in the presence of cer-
ebellar tonsillar ectopia, generally referred to as
a Chiari malformation. The genetic and develop-
mental origins of hindbrain hernias are discussed
in Chaps. 4 and 5. Chiari malformation may also
be seen in association with other conditions,
including achondroplasia (Ryken and Menezes
1994), hypophosphataemic rickets (Caldemeyer
et al. 1995) and Paget’s disease (Elisevich et al.
1987; Schmidek 1977).

The other major category of syringomyelia is
primary spinal syringomyelia, which includes a
group of conditions in which the underlying par-
tial obstruction of the subarachnoid channels is
entirely confined to the spinal canal. The most
common aetiologies of primary spinal syringo-
myelia are trauma, inflammatory scarring of the
leptomeninges and mass effect, such as may be
produced by certain tumours or even by inter-
vertebral discs. Syringomyelia caused by a mass
compressing the subarachnoid space may be seen
with both extradural and intradural tumours. It is
important, however, to distinguish between true
tumour cysts, which generally contain protein-
aceous fluid, and syringomyelic cavities caused
by narrowing of the subarachnoid channels by
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tumour. Some tumours, typically haemangioblas-
tomas, may have both a true tumour cyst and an
associated syringomyelia cavity. Inflammation of
the meninges may result from bacterial or fun-
gal infection or from subarachnoid haemorrhage,
such as may occur after aneurysmal rupture.
It may also be caused by chemical substances,
formerly introduced into the CSF pathways for
diagnostic purposes (Tabor and Batzdorf 1996).
Post-inflammatory scarring of the leptomeninges
is usually far more extensive and covers a much
wider area of the spinal cord than does the cica-
trix caused by spinal cord injury, a fact which has
broad implications for treatment of this type of
syringomyelia. Trauma tends to produce a more
localised or focal obstruction of the subarachnoid
channels, which may be more amenable to surgi-
cal treatment (Holly et al. 2000). Arachnoid webs
and cysts, believed to be developmental in ori-
gin, can act in similar fashion, and the resulting
obstruction to spinal CSF flow may also be asso-
ciated with syringomyelia (Holly and Batzdorf
2006).

Distinctions between various forms of pri-
mary spinal syringomyelia may overlap to some
degree. For instance, it is in the nature of spinal
trauma that it may cause displacement fractures
of the vertebral bones, angulation of the spine or
disc protrusions (Holly et al. 2000), as well as
haemorrhage into the meninges. All of these,
individually or in combination, may lead to the
development of syringomyelia as a result of nar-
rowing of the subarachnoid CSF pathways. With
both post-traumatic syringomyelia and post-
inflammatory syringomyelia, it may sometimes
be difficult to distinguish between the effects of
the underlying pathology, i.e. cord injury and
meningitis, and the effects of the syrinx itself.

Persistence of the central canal, be this focal
or more extensive, is usually not considered to
be clinically significant. Some of these patients
present when imaging studies have been per-
formed for other reasons, most frequently after
motor vehicle accidents but also in patients
who have pain of unknown origin. The central
canal undergoes involution most rapidly dur-
ing the first 10 years of life (Yasui et al. 1999),
but modern imaging techniques have allowed us
to recognise persistence of the central canal in

adults. The shape of the persistent central canal
is characteristic, tapering into a thin “line” both
caudally and rostrally. Axial images show the
residual canal to be perfectly round and located
centrally within the cord (Holly and Batzdorf
2002). Persistence of the central canal, focal or
even more extensive, is often not considered to
be clinically significant, even though some of
these patients present with various symptoms
of uncertain origin. The term idiopathic syrin-
gomyelia is still used by many, but in general,
modern imaging techniques have allowed us to
recognise a potential pathogenic mechanism in
most of these cases.

The mechanism of syrinx formation as a con-
sequence of these various pathologies has been
studied by Heiss et al. (2012) and is dealt with in
Chap. 6.

Clinical Features
of Chiari Malformations

8.2

Headaches brought on by coughing or straining,
the classical “tussive headache”, is recognised in
many patients with Chiari malformation
(Milhorat et al. 1999; Mueller and Oré 2004). It
is believed to result from the sudden increase in
intracranial CSF volume, caused by intracranial
and spinal epidural venous engorgement, in a
situation where herniated cerebellar tonsils pre-
vent the normal displacement of CSF out of the
cranial cavity. Williams (1991) observed that
headaches develop a split second after the cough,
rather than at the instant of the Valsalva manoeu-
vre, presumably because of impeded CSF flow at
the level of the foramen magnum.

Other manifestations of Chiari malformation
may also be helpful in establishing the diagnosis
(Milhorat et al. 1999). Involvement of the brain-
stem by compression, as well as downward trac-
tion of the lower cranial nerves, may sometimes
give rise to symptoms suggestive of a pharyngeal
or throat disorder. Thus, patients may complain of
hoarseness, dysphagia or coughing with swallow-
ing and even difficulty moving food about their
mouth due to unilateral tongue atrophy. Such
patients are often first seen and treated by ear, nose
and throat specialists. Tinnitus is also recognised
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quite frequently in patients with Chiari malforma-
tion and, when associated with balance problems
such as may also be seen with Chiari malforma-
tion, may lead to a quest for an otological source
of the patient’s symptoms (Kumar et al. 2002;
Sperling et al. 2001). Visual disturbances encoun-
tered in Chiari malformation relate to impaired
ocular movements, due to involvement of brain-
stem vestibuloocular connections. Patients may
complain of oscillopsia, and horizontal, rotatory
or downbeat nystagmus may be evident on exami-
nation. Cerebellar ataxia and associated gait dis-
turbances may sometimes mimic extrapyramidal
disorders. Of various other symptoms that have
been associated with Chiari malformation, syn-
cope is one of the more serious (Weig et al. 1991).

8.3  Differential Diagnosis

of Chiari Headaches

The key features of Chiari-related headaches
are, then, their relationship to any Valsalva-like
manoeuvre, their brief duration — often lasting
only seconds — and their posterior, suboccipi-
tal location. Thus, headaches that are diffuse or
primarily temporal, periorbital or located at the
vertex, as well as headaches described as lasting
all day, are all unlikely to be related to a Chiari
malformation. Headaches that originate in the
neck muscles may extend into the suboccipital
area, by virtue of muscle and ligamentous inser-
tions. They are longer in duration than hindbrain-
related headaches and are often relieved by neck
support or by optimization of the individual’s
office or other work station. Testing the range
of neck motion or identifying an area of tender-
ness by palpation may be helpful. These features
also help to distinguish headaches reported by
patients with fibromyalgia, a condition some-
times presenting with symptoms that mimic those
of Chiari malformation (Watson et al. 2011).
The distinction is important so that fibromyalgia
patients do not undergo inappropriate posterior
fossa surgery.

Classical migraine headaches are often pre-
ceded by a visual aura of scintillating lights in
a portion of the visual field of each eye. They
may be accompanied by nausea. There may be

a family history of migraine, and certain food
items such as chocolate or wine may precipitate
episodes.

Neoplasms or other mass lesions in the
posterior fossa may generate headaches very
similar to those associated with Chiari malfor-
mation and may also produce descent of one or
both cerebellar tonsils. Such tumours may also
cause upper cervical nerve root irritation (Kerr
1961). Posterior fossa mass lesions generally,
however, produce headaches of more prolonged
duration, sometimes associated with vomit-
ing. Funduscopic examination may demonstrate
swollen optic nerve discs or true papilloedema.

The diagnosis of pressure dissociation head-
aches is sometimes less obvious, particularly
when other forms of headache coexist. Headaches
of longer duration or more diffuse in character
may sometimes be seen in Chiari patients and
may be related to the mechanism of upper cervi-
cal nerve root irritation suggested by Kerr (1961).

Idiopathic intracranial hypertension (ITH), also
referred to as benign intracranial hypertension or
pseudotumour cerebri, is sometimes particularly
difficult to distinguish from Chiari headaches.
The mechanism of increased intracranial vol-
ume and pressure in this condition may be due
to chronic engorgement of the intracranial veins,
as suggested by Rekate (2010), and the increased
mass effect may sometimes result in descent of
the cerebellar tonsils below the foramen mag-
num. Headaches due to occult CSF leaks in the
spinal canal may also result in downward dis-
placement of the cerebellar tonsils, mimicking
Chiari malformation. This situation may also be
encountered in some patients with lumboperito-
neal shunts (Hoffman and Tucker 1976; Welch
et al. 1981).

Features Caused
by the Syrinx Itself

8.4

It is recognised that syringomyelia does not
develop in every patient with Chiari malforma-
tion. The figure varies between different reported
series, but perhaps up to 60 % of patients with
Chiari malformation also have syringomyelia.
While many of these patients present with symp-
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toms related to the hindbrain hernia, the manifes-
tations of syringomyelia may be the dominant
presenting complaint. Fortunately, the availabil-
ity of magnetic resonance imaging has led to
much earlier diagnosis of syringomyelia, so that
advanced stages of disease are now rarely seen.
The classical description of the neurological
presentation of syringomyelia was provided by
Gowers (1886), the so-called dissociated sen-
sory pattern, with loss of pain and temperature
sensation while vibratory and proprioceptive
sensation is preserved. When the sensory loss is
predominantly in the shoulder area, it has been
referred to as being “cape-like” in distribution.
Due to lack of pain perception, patients may
develop injuries of the hands or other involved
areas, including chronic skin ulcerations. Hand
involvement is often asymmetrical, particularly
when the syrinx cavity itself is eccentric, as are
many cavities. Typically, damage due to the
expanded syrinx cavity also results in anterior
horn cell destruction at the affected cord levels.
This is also often associated with compression
and sometimes destruction of long tracts,
including the corticospinal tract. Spasticity of
the lower extremities may also result from
involvement of the corticospinal tracts. Bladder
and bowel control could also be affected.
Anterior horn cell destruction will affect not
only the motor cells innervating the limb mus-
cles, resulting in muscle atrophy, but also cells
innervating the axial musculature (Batzdorf
et al. 2007). Anterior horn cell destruction in the
cervical region may result in hand muscle atro-
phy. The simultaneous involvement of flexor
and extensor muscles results in a typically
deformed hand, often referred to as a “claw
hand” deformity. Horner’s syndrome may also
be encountered with cervical or upper thoracic
cavities. Involvement of axial musculature may
cause weakness of spine support. The anatomi-
cal level or levels of cord involvement will, of
course, determine the level of neurological defi-
cit. Syringomyelia should also be considered in
the differential diagnosis in any young person
with scoliosis, since appropriate treatment of
the underlying syringomyelia often results in
reversal of the deformity (Muhonen et al. 1992).

In post-traumatic syringomyelia, it is often
difficult to distinguish deficits resulting from the
syrinx cavity from those due to the cord injury
itself. It must be noted, however, that there gen-
erally is a time interval between the spinal injury
and development of post-traumatic syringomy-
elia and, in the pre-MR era, it was not uncommon
for the diagnosis of post-traumatic syringomy-
elia to be made years after the original spinal
injury (Barnett and Jousse 1973; LaHaye and
Batzdorf 1988). It should also be recognised that
post-traumatic syringomyelia may develop even
when the spine injury did not cause major injury
to the spinal cord (Barnett 1973). Presumably
local bleeding may lead to leptomeningeal scar
formation and, in time, to the development of
syringomyelia.

In patients with Chiari-related syringomyelia,
particularly when associated with syringobulbia
(Jonesco-Sisesti 1986), it may be difficult to dis-
tinguish the effects of tonsillar and brainstem
descent from those of the intramedullary cavita-
tion. Post-inflammatory syringomyelia may pose
similar problems when the inflammatory process,
i.e. meningitis, has produced injury to the under-
lying cord parenchyma.

Pain, sometimes poorly localised, is com-
monly encountered in patients with syringomy-
elia. Pain may be due to dural distension but is
more likely to be neuropathic, originating in the
cord itself, with release of substance P and other
cytokines (Milhorat et al. 1996) (see Chap. 16).
Upper extremity involvement is more frequent
due to the location of the syrinx cavity.

Figure 8.1 summarises how symptoms arising
from a syrinx or a hindbrain hernia may produce,
alone or in combination, a variety of clinical
profiles.

8.5 Differential Diagnosis of

Syringomyelia Myelopathy

There are, of course, many different causes of
myelopathy, several of which are more common
than syringomyelia, but syringomyelia should
always be considered in the differential diagnosis
of any case of spinal cord disease (Honan and
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Fig.8.1 Origin of symptoms. This flowchart illustrates how both the syrinx and its underlying pathology combine to
produce a variety of neurological symptoms (Courtesy of Graham Flint)

Williams 1993). The hallmarks of myelopathy
associated with syringomyelia include muscle
weakness and atrophy at the level of maximal
syrinx formation, very often localised to the
hands and forearms, in association with long tract
signs involving mostly the lower extremities.
Pain seen with syringomyelia tends to be diffuse
and neuropathic in character. Cervical spondy-
lotic myelopathy is by far the more common
cause of myelopathy and is often associated with
pain and motor findings in nerve root distribu-
tion. Long tract signs may be more prominent
than with syringomyelia, and upper extremity
reflexes, often absent in syringomyelia, are often
preserved and sometimes hyperactive in cervical
spondylotic myelopathy. The latter condition
results from acquired narrowing of the cervical
spinal canal, due to osteophyte formation, and is
therefore more likely to be seen in an older

patient group than is syringomyelia. Radicular
pain is more acute, may be positionally related
and may respond to cervical traction.

Other forms of myelopathy, including those
due to so-called neurodegenerative disorders,
including motor neuron disease and various viral
disorders (e.g. HIV and tropical spastic parapa-
resis), also must be considered. Magnetic reso-
nance imaging is, of course, now fundamental to
establishing a correct diagnosis.

8.6 Incidental Findings

The increasing use of magnetic resonance imag-
ing (MRI) studies, in people who have suffered
relatively minor injuries and accidents, has led
to an increase in the number of patients who
have been diagnosed with “small syringomyelia
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cavities”, which are actually moderately
distended or simply persisting central canals, of
the type commonly referred to as hydromyelic
cavities (Holly and Batzdorf 2002). Sometimes
one encounters patients with more sizeable, rel-
atively distended cavities which may not be in
any way symptomatic and which may not gen-
erate any physical signs. It has been suggested
that such cavities may represent a form of “com-
pensated hydromyelia”, in a manner analogous
to the so-called compensated hydrocephalus.
On occasion, however, a traumatic origin of
such a cavity may be missed, when a history of
an injury many years previously is overlooked.

8.7  Natural History

and Progression

Symptoms of Chiari malformation and syringo-
myelia often first develop in adult patients in their
20s or 30s, yet we are dealing with bony and other
anatomical features which were, presumably,
fully developed at puberty. One possible explana-
tion is that the exertional manoeuvres, which are
part of daily living, cause very gradual incremental
descent of the tonsils. It is also recognised that
trauma, such as a sudden jarring of the head, or
prolonged bout of severe coughing may bring
about a sudden onset of symptoms in a previously
asymptomatic patient. Presumably this is also the
result of an increase in tonsillar descent. With
syringomyelia similarly, symptoms normally tend
to progress gradually, but there are descriptions of
sudden symptom development, such as in spinal
injury patients following prolonged severe cough-
ing spells (Barnett and Jousse 1973; Foster 1991).
Sudden death is extremely rare in patients with
Chiari malformation (Friede and Roessmann
1976; Williams 1981), and in most patients the
disease progresses either slowly or intermittently.
Emergency surgical intervention is rarely, if ever,
indicated in these disorders.

When syringomyelia or a Chiari malforma-
tion is diagnosed as an incidental finding, there
is a potential opportunity for the natural history
of the condition to be followed, to determine the
rate of progression of the disease in such cases.

Unfortunately few such studies have been carried
out. The natural history of syringomyelia is
discussed further in Chap. 2.

8.8  Non-specific Symptoms

Reviews of cohorts of patients with Chiari mal-
formation, with or without syringomyelia, have
provided extensive lists of presenting symp-
toms, some of which are non-specific (Mueller
and Oré 2004). Wide availability of such lists
on the Internet, for patients to view, has made it
increasingly difficult for clinicians to obtain an
uncontaminated history from many patients. As
with many other chronic disorders, symptoms
of anxiety, memory impairment, depression and
sleep problems are encountered not uncom-
monly in patients with syringomyelia and Chiari
malformation. The clinician must weigh all
such symptoms with respect to their specificity
and particularly as regards the likelihood of the
specific symptom being helped by any surgical
intervention.
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9.1 Introduction
Anatomical MRI! of the brain and spine clearly
identifies syringomyelia and associated condi-
tions such as the Chiari I malformation, Chiari O
malformation (Fig. 9.1) and intracranial masses
that cause cerebellar tonsillar herniation, basilar
invagination or a spinal tumour. The radiographic
threshold for diagnosis of Chiari I malformation
is tonsillar ectopia below the foramen magnum of
5 mm or more in adults (Barkovich et al. 1986) or
6 mm or more in children of age 10 years or
younger (Mikulis et al. 1992). This threshold is
often discrepant with clinical symptoms of Chiari
I malformation, as 0.9 % of normal adults under-
going MRI studies of the brain in one study had
tonsillar ectopia of at least 5 mm (Vernooij et al.
2007). Symptomatic Chiari I malformation is
more reliably seen with greater ectopia, usually
over 12 mm (Elster and Chen 1992). On the other
hand, cervical or cervicothoracic syringomyelia
identical to that seen with Chiari I malformation
can occur with less than 5 mm of tonsillar ectopia
(Milhorat et al. 1999), a condition referred to as
“Chiari type 0 malformation” (Tubbs et al. 2001).
CSF pathway narrowing across the subarach-
noid space at the level of foramen magnum,
shortened posterior fossa bones, decreased poste-
rior fossa height and caudal brainstem displace-
ment can be noticed in both Chiari type 0 and 1
malformations (Bogdanov et al. 2004; Tubbs

' The use of this term, in this chapter, refers to static MR
images.
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et al. 2001), suggesting a similar pathophysiolog-
ical mechanism for both types of malformations,
in which posterior fossa underdevelopment and
caudal hindbrain displacement impair CSF
dynamics and lead to syringomyelia develop-
ment. Although phase-contrast cine MRI
(Figs. 9.2 and 9.3) has helped clarify the patho-
physiology of syringomyelia, anatomical MRI
alone usually provides sufficient information to
diagnose and make appropriate treatment deci-
sions about syringomyelia (Enzmann and Pelc
1991; Heiss et al. 1999; Oldfield et al. 1994).
Primary spinal syringomyelia is suspected
when anatomical MRI scanning detects syrin-
gomyelia in the absence of pathology at the

craniocervical junction, particularly if there is
a history of antecedent trauma or meningitis
(Batzdorf 2005). Anatomical MRI can evalu-
ate for a spinal deformity or an extramedullary
tumour associated with this type of syringomyelia
(Byun et al. 2010; Holly et al. 2000), but obstruc-
tions in the spinal subarachnoid space, caused by
focal arachnoiditis or arachnoid cysts, may not
be detected by anatomical MRI, and additional
testing with myelography, CT myelography
and phase-contrast cine MRI may be required
(Fig. 9.4). Sometimes, syringomyelia is not asso-
ciated with any imaging abnormality and may be
declared idiopathic (Lee et al. 2002; Nakamura
et al. 2009). This topic is dealt with in Chap. 12.

Fig. 9.1 Chiari 0 malformation and congenital atlanto-
occipital fusion. Tl-weighted midsagittal MRI in a
62-year-old woman with headache, dizziness and back
pain (a) demonstrates that the cerebellar tonsils extend
4 mm inferior to the foramen magnum and that the odon-
toid is retroflexed 7 mm. A syrinx is seen (long white
arrows, a, b). Fusion of the lateral mass of C1 and the
occipital condyle is seen (short white arrow, ¢). MRI 3
months after suboccipital craniectomy, C1 laminectomy
and duraplasty shows that a CSF space was created dorsal
to the cerebellar tonsils (black arrowheads, d) and that the

syrinx has resolved (long white arrow, d, e). Axial CT cuts
(h—q) through the craniocervical junction demonstrate the
foramen magnum (black arrowhead, h), vestigial right
side of the arch of C1 (black arrow, j-1) and congenital
atlanto-occipital fusion on the right side (o). Reconstructed
3-dimensional CT (f) confirms spina bifida occulta of the
dorsal arch of C1 (black arrow). MR angiogram demon-
strates a dominant left vertebral artery (LVA, g) and a nor-
mal left internal carotid artery (LICA) and RICA (right
internal carotid artery)
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Fig. 9.2 Drawing of the craniocervical junction annotated
to explain detection of CSF motion using phase-contrast cine
MRI. In (a), protons in the water molecules of CSF align with
the static magnetic field of the MRI machine (/). A radio-
frequency pulse is delivered, which resonates with the protons
(2). Two opposing magnetic field gradients, positive (3) and
negative (4), are delivered. The inferior motion of the proton

9.2  Plain Films

Plain radiographs are no longer routinely used
to evaluate syringomyelia but may still detect
an associated scoliosis and may identify skel-
etal deformity from spinal trauma that may be
associated with post-traumatic syringomyelia

+179

Time interval between lobes of bipolar gradient
Amplitude of gradient x time it is on

results in a greater positive than negative magnetic field being
applied to the proton, resulting in a change in the phase of
the radio-frequency signals that are released as the protons
relax and realign with the static magnetic field. In (b), the
phase change results in black (superior flow) and white (infe-
rior flow) areas on the phase-contrast cine-MRI images. The
intensity of phase changes is directly proportional to velocity

(Rossier et al. 1985). Although plain films may
also discover basilar invagination, they do not
show the resulting effects on adjacent neural ele-
ments. Flexion-extension plain films of the cer-
vical spine are still performed if instability or
hypermobility of the craniovertebral junction or
cervical spine is suspected.
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Fig. 9.3 Lack of syrinx fluid motion in a patient with
stable cervical syrinx. A 41-year-old woman with moder-
ate neck pain and no neurological deficit. T1-weighted
and T2-weighted MRI (a, b) on presentation demonstrate
mild central protrusion of the C5-6 intervertebral disc
(arrow, b). Phase-contrast cine MRI during systole (¢) or

diastole (d) shows reduced CSF flow in the anterior sub-
arachnoid space adjacent to the C5-6 disc protrusion
(arrowheads) and absence of syrinx fluid motion. On re-
evaluation 1 year later, neck pain persisted, but she
remained free of neurological deficit. T2-weighted MRI
at that time (e) demonstrates stable syrinx and disc size

Fig. 9.4 A 63-year-old man with complaints of lower
body numbness and tingling. Midsagittal T1-weighted (a)
and T2-weighted MRI (b) demonstrates a thoracic syrinx
(thin black arrows) and the dorsal subarachnoid space
(thick black arrow). Axial T2-weighted MRI demon-
strates expansion of the thoracic spinal cord by the syrinx
(f) and signal changes in the dorsal subarachnoid space
(g). A myelogram (c) demonstrates a block to the superior
flow of contrast (thick white arrow) that proved incom-
plete on the CT-myelographic images (d, h, i). Note flat-

tening of the dorsal surface of the spinal cord (i).
Intraoperative ultrasonography in the lateral and axial
planes (e, j, k) performed after laminectomy shows the
dorsal dura (white arrowheads), an intricate web of mem-
branes within the dorsal subarachnoid space typical of
focal arachnoiditis (white arrows), and the multiple com-
partments of the syrinx (thin, black arrows). Lysis of
adhesions and duraplasty resulted in stabilisation of
symptoms and syrinx resolution (not shown)
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9.3 Computerised

Tomography (CT)

Computerised tomography is used when bony
malformation, fracture or deformity is suspected
in association with syringomyelia (Fig. 9.1).
Contiguous two-dimensional CT images can be
reformatted into a 3-dimensional volume, which
can be examined in any plane to give a better
understanding of the integrity of the bony ele-
ments of the spine and craniocervical junction.
Such reconstructions can be used in complex
cases to decide whether spinal instability is pres-
ent or might be induced by a proposed surgical
procedure. They can be used to plan the place-
ment of instrumentation for fusion of unstable
craniospinal or spinal segments.

9.4 Myelography

Myelography is performed by injecting a contrast
medium into the spinal subarachnoid space and fol-
lowing its movement through the spinal canal, using
fluoroscopy and capturing radiograms of the silhou-
ette created around the spinal cord and nerve roots
(Fig. 9.4). Water-soluble contrast media are pres-
ently used exclusively, and the use of both air- and
oil-based contrast media in myelography has long
been abandoned. This is because air produced infe-
rior contrast and higher rate of headache and oil-
based myelography can evoke spinal arachnoiditis.
The development of myelography in the pre-CT,
pre-MR era nevertheless makes for interesting read-
ing and is the subject of Chap. 21.

Contrast medium is typically injected via lum-
bar puncture and advanced superiorly in the spi-
nal subarachnoid space by tilting the fluoroscopy
table. Because water-soluble contrast medium is
a liquid solution that is denser than CSF, declin-
ing the myelography table to lower the head in
relation to the lumbar spine results in the contrast
moving superiorly in the subarachnoid space,
outlining the conus medullaris, followed by the
thoracic spinal cord, cervical spinal cord and cer-
vicomedullary junction. A lesion completely
obstructing the subarachnoid space prevents con-
trast from moving superiorly, thereby demarcat-
ing the inferior margin of the lesion. Lesions

associated with syringomyelia, however, usually,
allow some contrast to pass, and the X-ray table
can then be inclined, to run the contrast inferiorly
once again, in order to outline the superior mar-
gin of the lesion. In cases in which CT myelogra-
phy via lumbar puncture cannot define the
superior margin of a spinal lesion, contrast can be
injected additionally via cervical (C1-2) punc-
ture and passed inferiorly to this level.

When myelography is followed immediately
by a spinal CT scan, in the region of the partial
or complete obstruction, images obtained pro-
vide greater spatial resolution and more conclu-
sive identification of tonsillar ectopia associated
with Chiari I malformation than provided by
myelography (Grigorian and Lisianskii 1988;
Yamada et al. 1981) (Fig. 9.4h, 1). Thin-cut axial
CT-myelographic images can then be recon-
structed and viewed in any plane.

Myelography and CT myelography are still
used in the diagnostic evaluation of patients with
primary spinal syringomyelia in whom
obstructive lesions cannot be identified using
anatomical MRI or phase-contrast cine MRI
(Fig. 9.4). In such cases, myelography often
localises surgically remediable syringomyelia
caused by a lesion, which partially or completely
obstructs the subarachnoid space. Careful obser-
vation of dye movement during myelography is
essential to localise a partial blockage of CSF
flow by focal arachnoiditis, as CT-myelographic
images in such cases may appear normal if dye
passes the partial block and opacifies the sub-
arachnoid space above a partial blockage (Mauer
et al. 2008) (Fig. 9.4). CT myelography is often
helpful in outlining arachnoid webs, pouches and
cysts associated with syringomyelia and in dem-
onstrating distortion of the spinal cord by these
processes (Mallucci et al. 1997).

9.5 Magnetic Resonance
Imaging (MRI)
9.5.1 The Physics of MRI

The human body is mostly made up of the elements
hydrogen, carbon and oxygen, including 60 % as
water and variable amounts of fat (lipids). The nucleus
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of each hydrogen atom is a proton, which is positively
charged, has the quantum property of spin and has a
magnetic moment. Placing protons in the static mag-
netic field of the MRI unit aligns the protons so they
precess, or “‘wobble”, about the main axis of the mag-
netic field. The precession frequency is directly pro-
portional to the strength of the magnetic field according
to the gyromagnetic ratio.? In magnetic resonance
imaging, radio-frequency (RF) pulses, delivered at this
specific precession frequency (the Larmor frequency),
are absorbed by protons. After the RF pulse stops, the
protons relax to their resting alignment by emitting the
absorbed RF energy. The emitted RF signal varies
according to the local tissue environment and various
other physical parameters (e.g. T1 weighted, T2
weighted, diffusivity and proton density).

Three orthogonal magnetic field gradients
(magnetic fields that change in intensity linearly
over the body), known as the slice-select, phase-
encoding and frequency-encoding gradients, are
used to localise the received RF signal in space.
These gradients alter the strength of the mag-
netic field over the body, and consequently, the
Larmor frequency will vary across these regions.
The bandwidth of RF delivered to the protons,
in the imaged structure, must therefore be suf-
ficient to span these frequencies. After apply-
ing the RF pulse, the relaxation of protons in the
varying magnetic fields results in the emission of
different frequencies of released RF energy from
the imaged structure. These are used to encode
the RF signal in three planes (X, Y and Z). The
released RF signal is received by an antenna
(coil), converted from analogue to digital form
and then changed mathematically, using Fourier
transformation, from an intensity-and-time func-
tion to an intensity-and-frequency function.
A powerful computer analyses the digital signal
and calculates intensity values for each spatial
location in the imaging volume. It then creates
and displays grey-scale images that represent the

2The gyromagnetic ratio is equal to the precession fre-
quency (measured in increments of 1,000 cycles/second,
abbreviated as “MHz”) divided by the magnetic field
strength (Tesla, abbreviated as “T”). The gyromagnetic
ratio for the proton of a hydrogen atom is 42.58 MHz/T, so
in a I T MRI magnet, the precession (Larmor) frequency
is 42.58 MHz; in a 3 T MRI magnet, the precession
(Larmor) frequency is three times that or 127.74 MHz.

magnetic resonance characteristics of normal and
abnormal anatomical structures within the imag-
ing volume (Hashemi et al. 2010).

Phase-contrast cine MRI of cerebrospinal
fluid velocity is often referred to as a CSF flow
study. This phase-contrast MRI technique deliv-
ers an RF pulse followed by sequential positive
and negative magnetic gradients. These produce
a net positive or negative phase change in the RF
emission from moving protons but no net phase
change from stationary protons (Fig. 9.2). The
sign of the phase change (positive or negative)
indicates the direction of fluid (proton) move-
ment. The magnitude of the phase change indi-
cates the velocity of moving fluid (Fig. 9.2b).
Between 16 and 32 images are produced, dis-
playing CSF velocity throughout the cardiac
cycle, with each image being labelled with its
temporal relation (ms) to the R wave of the elec-
trocardiogram. When this set of images is viewed
as a cine loop, the CSF oscillation, which repeats
every cardiac cycle, is visualised, with CSF mov-
ing inferiorly during systole and superiorly dur-
ing diastole (Enzmann and Pelc 1991) (Fig. 9.3c,
d). Phase-contrast cine MRI can be used to iden-
tify regions of reduced CSF movement at the
level of the foramen magnum or within the spine
which may be associated with syrinx formation
(Heiss et al. 1999; Oldfield et al. 1994).

9.5.2 Anatomical MRI

T1-weighted images are anatomically accurate
and clearly identify fluid within a syrinx cavity
and CSF pathways (Fig. 9.3a). Measurements of
the width of the CSF channels are more accurate
using Tl-weighted, as compared with
T2-weighted, imaging (Fig. 9.3b). Although
uncommon, communications between the fourth
ventricle and syrinx and between the subarach-
noid space and syrinx may be detected with
T1-weighted imaging (Beuls et al. 1996;
Bogdanov et al. 2000, 2006). Postoperative
T1-weighted MRI can also reveal the location of
a shunt tip within a syrinx (Schwartz et al. 1999a).

The presence of an intramedullary tumour
associated with a syrinx is detected by giving
intravenous gadolinium contrast, which escapes



9 Diagnostic Investigations

131

Table 9.1 Abnormal accumulations of water in CNS
tissues

Increased pressure within a CSF space: e.g.
transependymal movement of CSF from the lateral
ventricles to the brain, caused by hydrocephalus

Opening of the blood-brain barrier or blood-spinal
cord barrier: caused by an intra-axial brain tumor or
intramedullary spinal tumor (vasogenic oedema)

Increased venous pressure: caused by an arteriovenous
fistula or malformation

Cytotoxic ooedema: fluid can accumulate within the
intracellular space of the CNS when ischemia results in
swelling of neural cells

from permeable tumour capillaries and produces
high signal within the lesion.

T2-weighted imaging is more sensitive to the
presence of excessive fluid within CNS tissues
than is T1-weighted imaging. Fluid can form and
expand both the extracellular and the intracellular
spaces of the CNS (Table 9.1). T2-weighted imag-
ing may detect, in particular, a “pre-syringomyelia”
state, which is spinal cord oedema from a chronic
condition. If left untreated, this may eventually
result in syrinx formation (Fischbein et al. 1999;
Jinkins et al. 1998; Levy et al. 2000).

Fast imaging employing steady state acquisition
(FIESTA)* MRI produces high contrast between
CSF and structures contained within the subarach-
noid space, such as nerve roots. It uses short acqui-
sition times to reduce motion artefacts (Chavez
et al. 2005). It is particularly useful in studying
syringomyelia, outlining arachnoid webs and cysts
lying within the subarachnoid space.

Diffusion-weighted MRI (DWI) identifies dif-
fusion of water molecules, which is less restricted
within the extracellular than the intracellular
space. This technique and its related sequences,
diffusion tensor imaging (DTI) and fractional
anisotropy (FA), have been used primarily as
research tools in syringomyelia, to evaluate the
integrity of white matter tracts (Roser et al.
2010a; Ries et al. 2000) and to identify injury in
the spinal cord earlier than is possible with
T1-weighted and T2-weighted images (Schwartz
et al. 1999b). DWI of the spinal cord has lower
resolution than brain DWI because of the smaller

*An equivalent sequence is constructive interference
steady state — CISS.

size of the spinal cord and the artefacts created by
CSF flow and cardiac and respiratory motion
around the spinal cord (Clark et al. 2000). In a
patient with multiple sclerosis, a large cervical
syrinx and a stable neurological deficit, DTI con-
firmed preservation of the white matter tracts
around the syrinx (Agosta et al. 2004). In a study
comparing 28 patients, with cervical syringomy-
elia and sensory dysfunction, to 19 normal volun-
teers, the patients had lower fractional anisotropy,
which correlated with loss of pain and tempera-
ture sensation in their hands and prolongation of
their spinothalamic conduction time on electro-
physiological studies (Hatem et al. 2009).

Other MRI studies are mostly of research inter-
est. These include volume imaging, using extremely
thin (1 mm thickness) MRI slices, to improve ana-
tomical detail and appreciation of communications
between the fourth ventricle and syrinx and between
the subarachnoid space and syrinx.

9.5.3 MRI Flow Studies

Phase-contrast cine MRI measures CSF motion
that arises from the brain pulsations that occur
during the cardiac cycle (Fig. 9.5). Brain expan-
sion during cardiac systole results in CSF being
driven caudally, from the intracranial subarach-
noid cisterns into the more compliant spinal sub-
arachnoid compartment. Relaxation of the brain
then results in the cephalad movement of CSF,
back across the foramen magnum, during dias-
tole. Syrinx fluid also moves during the cardiac
cycle, in response to spinal CSF pressure waves
and spinal cord motion.

Cine imaging can measure both CSF and syr-
inx fluid velocities in a defined region of interest.
In patients with hindbrain-related syringomyelia,
preoperative cine phase-contrast MRI demon-
strates a reduction in CSF flow at the level of
foramen magnum, in both Chiari 0 and Chiari
I malformations. This improves after poste-
rior fossa decompressive procedures (Iskandar
et al. 1998) (Fig. 9.5). Progressive neurologi-
cal symptoms are more likely when cine MRI
demonstrates movement of syrinx fluid. Stable
or absent symptoms are associated with lack of
fluid flow within the syrinx (Tobimatsu et al.



132

J. Heiss

Fig.9.5 Phase-contrast cine MRI. A 29-year-old woman
with weakness, sensory loss and pain in both upper
extremities. Before surgery, Tl-weighted midsagittal
MRI (a) shows the cerebellar tonsils (black arrow) to be
located 11 mm below the foramen magnum, and a dis-
tended syrinx (white arrow) is present. Phase-contrast
cine MRI in the midsagittal plane demonstrates flow in
the syrinx (white arrow) in systole (b) and diastole (c).

Phase-contrast cine MRI in the axial plane confirms syr-
inx fluid motion (d, e, arrowheads). Three months after
surgery, the cerebellar tonsils have ascended several mil-
limetres (f, black arrow), and the syrinx has become much
smaller (f, white arrow). Syrinx fluid velocity is decreased
compared to before surgery (white arrow, g, h; arrow-
heads, i, j)
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1991) (Fig. 9.3). Cine imaging can also be help-
ful in diagnosing spinal CSF flow obstructions
in patients with primary spinal syringomyelia
(Mauer et al. 2008) (Fig. 9.4).

9.6  MRIProtocols to Investigate

Chiari and Syringomyelia

Radiographic evaluation of syringomyelia should
include T1-weighted and T2-weighted MRI stud-
ies of the brain and entire spine, performed with
and without contrast. Brain MRI will detect the
presence of unsuspected hydrocephalus, which
may contribute to the pathogenesis of some cases
of syringomyelia (Krayenbuhl and Benini 1971),
a posterior fossa mass producing tonsillar hernia-
tion, Chiari I malformation (Fig. 9.5) and basilar
invagination. Lumbar spine MRI evaluates for cord
tethering by the filum terminale, although the
conus medullaris is usually in normal position in
patients with Chiari I malformation (Milhorat et al.
2009; Royo-Salvador 1997). Tethering of the cervi-
cal or thoracic spinal cord has been associated with
syringomyelia (Kitahara et al. 1995), and untether-
ing of the spinal cord has been reported to result in
syrinx resolution in these patients (Cusick and
Bernardi 1995; Erkan et al. 1999; Levy 1999;
Milhorat et al. 2009; Ragnarsson et al. 1986; Royo-
Salvador 1997; Takahashi et al. 1999).

On Tl-weighted and T2-weighted MRI,
syringomyelia appears as a well-circumscribed
intramedullary fluid-filled mass. In cases in which
the cerebellar tonsils are in a normal position and
the syrinx is located within the cervical or cervico-
thoracic spinal cord, as in Chiari 0 malformation
(Fig. 9.6) (Iskandar et al. 1998), FIESTA images
should be obtained and examined closely for evi-
dence of membranes occluding the foramen of
Magendie or the subarachnoid space at the fora-
men magnum. Anatomical images should also be
evaluated for narrowing of CSF pathways at the
foramen magnum and reduced posterior fossa vol-
ume (Bogdanov et al. 2004). Phase-contrast cine
MRI of the cervical spine in the sagittal plane may
be performed, to confirm any narrowing of CSF
pathways at the foramen magnum seen on ana-
tomical MRI studies. Axial plane images are able

to measure CSF flow as well as velocity but have
little clinical value because the length of their view
of the subarachnoid space is restricted to the thick-
ness of the axial sections.

On T1-weighted MRI, following intravenous
administration of gadolinium contrast medium,
enhancement within the spinal cord indicates the
presence of an associated intramedullary tumour.

Certain findings on the spinal MRI predict
more rapid neurological progression in patients
with syringomyelia, particularly distension of the
spinal cord by a syrinx of large diameter (over
5 mm) and the presence of associated spinal cord
oedema (Levy 2000). On the other hand, a narrow
syrinx that does not distend the spinal cord may no
longer be associated with an active pathophysio-
logical process and is less likely to cause neuro-
logical progression. Some patients, with
long-standing symptoms of syringomyelia, will
have a small-diameter syrinx and an atrophic spi-
nal cord. In such cases, a previously distended syr-
inx has probably collapsed after a Chiari I
malformation has spontaneously disimpacted at
the foramen magnum or the syrinx has created a
fistula to the spinal subarachnoid space (Santoro
et al. 1993; Williams 1994). Prominence of the
central canal of the spinal cord that does not dis-
tend the spinal cord is a normal anatomical variant,
does not produce neurological deficit and does not
require treatment (Holly and Batzdorf 2002).

In primary spinal syringomyelia of unknown
aetiology, axial imaging of the spine using
T2-weighted and FIESTA sequences may reveal
previously undetected arachnoid cysts and arach-
noid adhesions. If not, myelography and CT
myelography may be required for diagnosis
(Batzdorf 2005) (Fig. 9.4). Prior to injection of
contrast medium, the intrathecal pressure should
be measured and CSF obtained and sent to the
clinical laboratory for analysis, including cell
count and differential, protein, glucose, culture
and sensitivity, cytology and a demyelination
profile (Ravaglia et al. 2007; Waziri et al. 2007).
These tests evaluate for inflammatory disease of
the meninges (chronic meningitis) or spinal cord
(inflammatory myelitis), which may themselves
result in the development of syringomyelia.
Pseudotumour cerebri (idiopathic or “benign”
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Fig. 9.6 Chiari 0 malformation causing headache.
T2-weighted magnetic resonance imaging in a 35-year-
old woman with occipital headache. Note Chiari 0 mal-
formation with 3.0 mm of tonsillar ectopia before surgery
(a). The CSF pathways at the foramen magnum are

intracranial hypertension) could also be demon-
strated, by the finding of elevated CSF pressure
(Bret et al. 1986; Sullivan et al. 1988). A physio-
logical block in CSF pressure transmission at the
foramen magnum, or within the spinal canal, can
be shown by Queckenstedt’s jugular vein com-
pression test (Heiss et al. 1999, 2012; Tachibana
etal. 1992).

In rare cases, syringomyelia may not be asso-
ciated with an imaging abnormality, and its cause
is truly idiopathic (Lee et al. 2002; Nakamura
et al. 2009). It has been reported that idiopathic

obliterated. Tonsillar ectopia resolved on MRI performed
1 year after craniocervical decompression and duraplasty
(b), ascending 4 mm above its preoperative position. An
associated small syrinx located in the C2 segment before
surgery (arrowhead, a, c) resolved after surgery (d)

syringomyelia, with a small diameter that extends
fewer than 3 vertebral levels, appears to have a
good prognosis, with little chance of clinical or
MRI progression if managed conservatively. In
idiopathic syringomyelia without neurological
deficit, MRI scans may be repeated in 1 year to
verify that the syrinx size has not increased over
time (Fig. 9.3). Idiopathic syringomyelia with a
larger diameter and which extends beyond 4 ver-
tebral levels generally will be accompanied by
neurological progression and might be better
treated surgically (Nakamura et al. 2009; Roser
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et al. 2010b). In such cases, intraoperative ultra-
sonographic imaging is performed (see below)
after bone removal and exposure of the dura over
the syrinx, to assess for previously undetected
subarachnoid adhesions. If present, lysis of adhe-
sions and duraplasty is performed (Fig. 9.4). If
adhesions are not present, a syringo-subarachnoid
shunt is inserted, with subsequent laboratory
analysis of syrinx fluid, including cell count and
differential, protein, glucose, culture and sensi-
tivity and cytology.

To evaluate the radiographic outcome of pre-
vious surgical procedures for syringomyelia,
MRI scanning can be repeated at 3—12 months
after the surgical procedure. A prospective study
of 29 patients with syringomyelia and Chiari type
1 malformation showed that, after successful cra-
niocervical decompression surgery for Chiari I
and syringomyelia, the cerebellar tonsils lose
their conical shape, the CSF pathways expand at
the foramen magnum, the syrinx becomes shorter
and the cavity decreases to less than half of its
pre-surgical diameter, in 86 % of patients by 6
months and in all patients by 2 years after surgery
(Wetjen et al. 2008) (Figs. 9.1, 9.5 and 9.6). In
another prospective study of 44 patients with
Chiari I malformation, syringomyelia and scolio-
sis, 17 patients had complete syrinx resolution by
6 months after surgery; reduction in syrinx diam-
eter and extent continued throughout the follow-
up period of 6 years (Wu et al. 2011).

Patients with progressive weakness and/or
sensory loss and persistent syrinx distension
despite surgery should undergo targeted anatomi-
cal MRI, cine MRI and, if appropriate, myelogra-
phy and CT myelography, to evaluate for a block
in the CSF pathways that persisted or recurred
after surgery. Failure of posterior fossa decom-
pressive procedures to resolve syringomyelia
associated with the Chiari I malformation has
been reported to vary between 10 and 40 %
(Matsumoto and Symon 1989). A prospective
study examining the pathophysiology of persist-
ing syringomyelia was performed in 16 patients
whose syringomyelia did not resolve after cra-
niocervical decompression (Heiss et al. 2010).
Before re-exploration was undertaken, causes
such as prominent retroflexion of the dens, basi-

lar invagination and hypermobility of the cranio-
cervical junction were excluded (Aronson et al.
1991; Fenoy et al. 2008). Patients with persistent
syringomyelia had significantly reduced width of
the ventral and dorsal subarachnoid spaces at the
level of foramen magnum, active pulsation of the
cerebellar tonsils, mean tonsillar herniation of
12 mm, abnormally high CSF velocity across the
foramen magnum, markedly reduced CSF flow
across the dorsal subarachnoid space at the cra-
niovertebral junction and reduced CSF compli-
ance. Successful re-exploration surgery occurred
in almost all patients, with significantly improved
pressure transmission across the foramen mag-
num, reduced syrinx size and halted neurological
progression. These findings support the use of
anatomical MRI studies to measure the CSF
pathway size at the foramen magnum in patients,
whose syringes do not resolve after craniocervi-
cal decompression.

Imaging after a surgical procedure for primary
spinal syringomyelia should establish if the pro-
cedure has opened the CSF pathways, reduced
deformity and reduced the length and diameter of
the syrinx (Byun et al. 2010; Holly et al. 2000).
After successful laminectomy and duraplasty for
primary spinal syringomyelia, the subarachnoid
space expands dorsal to the spinal cord, and the
syrinx diameter decreases dramatically (Batzdorf
2005; Heiss et al. 2012). If subarachnoid scarring
extends over more than 3 spinal levels, opening
of the subarachnoid space may be impossible. In
these cases, shunting of syrinx fluid to the pleural
or peritoneal space may be performed, and its
effectiveness in reducing syrinx size can be
assessed by anatomical MRI after surgery (Heiss
et al. 2012; Hida et al. 1994).

9.7  Ultrasonography

Ultrasound uses a probe to deliver high-frequency
pulses of sound waves into tissue and to receive
sound waves that reflect off various anatomical
structures. The ultrasound machine creates
2-dimensional images, based on the distance
between the probe and underlying structures and
the variable properties of these tissues to reflect
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and transmit sound waves. Ultrasonography
clearly delineates interfaces between solid tissue
and fluid, such as between the spinal cord and a
syrinx cavity or between the cerebellar tonsils
and the surrounding CSF (Wilberger et al. 1987).

Ultrasonography has been employed in an
intraoperative setting in Chiari I malformation-
associated syringomyelia, to monitor the pulsa-
tion of the cerebellar tonsils, brainstem and syrinx
cavity. It has also been used in primary spinal
syringomyelia, to identify the syrinx cavity and
any associated subarachnoid septa or cysts that
require dissection (Heiss et al. 1999, 2012;
Oldfield et al. 1994) (Fig. 9.4e, j, k). Intraoperative
ultrasonography provides real-time imaging that
can be completed in a few minutes. It may also
demonstrate several discrete syrinx cavities even
though a single cavity was seen on preoperative
MRI (Fig. 9.4). It can guide placement of a shunt
within a syrinx and can evaluate for decompres-
sion of a syrinx after shunt placement (O’Toole
et al. 2007). Some neurosurgeons advocate the
use of intraoperative ultrasonography to measure
the CSF space dorsal to the tonsils, after perform-
ing a suboccipital craniectomy. They use this to
guide their decision to either (1) leave the dura
alone, (2) excise or score the outer layer of dura or
(3) open the dura and perform a duraplasty (Isu
et al. 1993; Navarro et al. 2004; Yeh et al. 2006).
Some investigators use colour Doppler ultraso-
nography before opening the dura, to decide if
intra-arachnoidal dissection is necessary and,
again after duraplasty, to assess if intradural inter-
vention has resulted in increased CSF flow across
the foramen magnum during the cardiac and
respiratory cycles (Milhorat and Bolognese
2003). The use of 3D ultrasound has been reported
to have some advantages over 2D ultrasound,
including better registration of intraoperative
ultrasonic images with MRI performed before
surgery (Bonsanto et al. 2005).

9.8 Neurophysiological Studies

Somatosensory, motor and brainstem evoked
potentials evaluate for abnormalities in the speed
and amplitude of neural conduction through the

somatosensory, motor and auditory pathways.
These studies are not routinely used in evaluation
of syringomyelia but may be useful in some cir-
cumstances, particularly as an aid to differential
diagnosis. Detection of neurophysiological abnor-
malities may explain clinical symptoms of numb-
ness and weakness that do not correspond with the
size or location of the syrinx (Emery et al. 1998).

Median nerve sensory evoked potentials (SEP)
are a sensitive indicator of cord pathology and can
be used to screen for abnormal function of the
somatosensory pathway in atypical cases of syrin-
gomyelia (Wagneretal. 1995). Upper limb somato-
sensory evoked potentials are frequently abnormal
in patients with Chiari I malformation and syrin-
gomyelia, as is central somatosensory conduction
time,* latency and amplitude (Anderson et al.
1986). Prolonged central motor conduction time
measured after magnetic stimulation of the motor
cortex has also been reported in post-traumatic
syringomyelia prior to surgery. Central motor con-
duction time became much shorter after effective
syringopleural shunting, which reduced the syrinx
diameter (Robinson and Little 1990). Conditions
affecting the peripheral nervous system, such as
peripheral neuropathy and cervical radiculopathy,
do not affect central conduction time (Anderson
et al. 1986).

Posterior tibial somatosensory evoked poten-
tials, motor evoked potentials and trigeminal sen-
sory evoked potentials can also identify subclinical
neurophysiological dysfunction in syringomyelia
(Hort-Legrand and Emery 1999). Trigeminal sen-
sory evoked potentials, for example, are frequently
abnormal in patients with high cervical syringomy-
elia (Emery et al. 1998). Motor evoked potential
abnormalities have been found in syringomyelia
patients even in the absence of motor symptoms.
Pain sensory evoked potentials (pain SEPs) using
carbon dioxide laser stimulation of the skin and
electrical SEPs have been used to quantify disso-
ciative sensory loss in syringomyelia (Kakigi et al.
1991). The pain SEPs provided an objective mea-

4Central conduction time measures the time required for
electrical signals to be transmitted through that segment
of the somatosensory or motor pathway which lies with
the central nervous system.
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surement that correlated well with clinical findings
and allowed evaluation of individual spinal cord
segments. Pain SEPs improved after surgery that
relieved compression (Kakigi et al. 1991), with
improvement in SEPs usually preceding clinical
improvement. Posterior tibial SSEP has been used
along with neurological examination in surveil-
lance of patients with stable syringomyelia
(Morioka et al. 1992).

An improvement in brainstem auditory evoked
potentials in Chiari I malformation in an intraop-
erative setting, after bone removal but before
opening the dura, has been reported (Anderson
et al. 2003; Zamel et al. 2009). Intraoperative
SSEP has been used to monitor for dysfunction
and possible harm to the dorsal columns during
surgery (Wagner et al. 1995).

Conclusion

Anatomical MRI is a noninvasive method of
diagnosing syringomyelia and discovering
associated conditions, at the foramen magnum
or within the spine, that create the milieu for
syrinx formation. Progressive neurological
dysfunction is most frequently seen with cavi-
ties of sufficient size to distend the spinal cord,
whereas a normal neurological exam is expected
with syringes of smaller diameter that do not
distend the spinal cord (Bogdanov and
Mendelevich 2002). Anatomical MRI scans can
be used to follow syrinx size over time, both in
patients with smaller-diameter syringes and
normal neurological examinations and in
patients who have undergone surgical treat-
ment. Other imaging studies such as phase-con-
trast cine MRI, plain spinal films, myelography
and CT myelography can be used to evaluate
symptomatic patients if anatomical MRI is
unable to detect an associated craniocervical or
spinal lesion. Intraoperative ultrasonography
provides real-time imaging of the subarachnoid
space and can identify obstructive lesions,
before opening the dura. Some neurosurgeons
use the findings of intraoperative ultrasonogra-
phy to tailor their surgical procedures for Chiari
I malformation and syringomyelia. Evoked
potentials may be used to provide an objective
measure of dysfunction of the spinal cord and

brainstem and to monitor electrophysiological
changes that occur during surgery.

References

Agosta F, Rovaris M, Benedetti B et al (2004) Diffusion
tensor MRI of the cervical cord in a patient with syrin-
gomyelia and multiple sclerosis. J Neurol Neurosurg
Psychiatry 75:1647

Anderson NE, Frith RW, Synek VM (1986) Somato-
sensory evoked potentials in syringomyelia. J Neurol
Neurosurg Psychiatry 49:1407-1410

Anderson RC, Emerson RG, Dowling KC et al (2003)
Improvement in brainstem auditory evoked potentials
after suboccipital decompression in patients with chi-
ari I malformations. J Neurosurg 98:459-464

Aronson DD, Kahn RH, Canady A et al (1991) Instability
of the cervical spine after decompression in patients
who have Arnold-Chiari malformation. J Bone Joint
Surg Am 73:898-906

Barkovich AJ, Wippold FJ, Sherman JL et al (1986)
Significance of cerebellar tonsillar position on MR.
AJNR Am J Neuroradiol 7:795-799

Batzdorf U (2005) Primary spinal syringomyelia. Invited
submission from the joint section meeting on disor-
ders of the spine and peripheral nerves, March 2005.
J Neurosurg Spine 3:429-435

Beuls EA, Vandersteen MA, Vanormelingen LM et al
(1996) Deformation of the cervicomedullary junction
and spinal cord in a surgically treated adult Chiari I
hindbrain hernia associated with syringomyelia:
a magnetic resonance microscopic and neuropatho-
logical study. Case report. J Neurosurg 85:701-708

Bogdanov EI, Mendelevich EG (2002) Syrinx size and
duration of symptoms predict the pace of progressive
myelopathy: retrospective analysis of 103 unoperated
cases with craniocervical junction malformations and
syringomyelia. Clin Neurol Neurosurg 104:90-97

Bogdanov EI, Ibatullin MM, Mendelevich EG (2000)
Spontaneous drainage in syringomyelia: magnetic
resonance imaging findings. Neuroradiology 42:
676678

Bogdanov EI, Heiss JD, Mendelevich EG et al (2004)
Clinical and neuroimaging features of “idiopathic”
syringomyelia. Neurology 62:791-794

Bogdanov EI, Heiss JD, Mendelevich EG (2006) The
post-syrinx syndrome: stable central myelopathy and
collapsed or absent syrinx. J Neurol 253:707-713

Bonsanto MM, Metzner R, Aschoff A et al (2005) 3D
ultrasound navigation in syrinx surgery — a feasibility
study. Acta Neurochir (Wien) 147:533-540; discus-
sion 540-541

Bret P, Huppert J, Massini B et al (1986) Lumbo-peritoneal
shunt in non-hydrocephalic patients. A review of 41
cases. Acta Neurochir (Wien) 80:90-92

Byun MS, Shin JJ, Hwang YS et al (2010) Decompressive
surgery in a patient with posttraumatic syringomyelia.
J Korean Neurosurg Soc 47:228-231



138

J. Heiss

Chavez GD, De Salles AA, Solberg TD et al (2005)
Three-dimensional fast imaging employing steady-
state acquisition magnetic resonance imaging for
stereotactic radiosurgery of trigeminal neuralgia.
Neurosurgery 56:E628

Clark CA, Werring DJ, Miller DH (2000) Diffusion imag-
ing of the spinal cord in vivo: estimation of the princi-
pal diffusivities and application to multiple sclerosis.
Magn Reson Med 43:133-138

Cusick JF, Bernardi R (1995) Syringomyelia after removal
of benign spinal extramedullary neoplasms. Spine
(Phila Pa 1976) 20:1289-1293; discussion 1293-1294

Elster AD, Chen MY (1992) Chiari I malformations: clini-
cal and radiologic reappraisal. Radiology 183:347-353

Emery E, Hort-Legrand C, Hurth M et al (1998)
Correlations between clinical deficits, motor and sen-
sory evoked potentials and radiologic aspects of MRI
in  malformative  syringomyelia. 27  Cases.
Neurophysiol Clin 28:56-72

Enzmann DR, Pelc NJ (1991) Normal flow patterns of
intracranial and spinal cerebrospinal fluid defined
with phase-contrast cine MR imaging. Radiology 178:
467-474

Erkan K, Unal F, Kiris T (1999) Terminal syringomyelia
in association with the tethered cord syndrome.
Neurosurgery 45:1351-1359; discussion 1359-1360

Fenoy AJ, Menezes AH, Fenoy KA (2008) Craniocervical
junction fusions in patients with hindbrain herniation
and syringohydromyelia. J Neurosurg Spine 9:1-9

Fischbein NJ, Dillon WP, Cobbs C et al (1999) The “pre-
syrinx” state: a reversible myelopathic condition that
may precede syringomyelia. AJNR Am J Neuroradiol
20:7-20

Grigorian IuA, Lisianskii EI (1988) X-ray diagnosis of
syringomyelia. Zh Vopr Neirokhir Im N N Burdenko
1:31-3

Hashemi RH, Bradley WGJ, Lisanti CJ (2010) MRI: the
basics, 3rd edn. Lippincott Williams & Wilkins,
Philadelphia

Hatem SM, Attal N, Ducreux D et al (2009) Assessment
of spinal somatosensory systems with diffusion tensor
imaging in syringomyelia. J Neurol Neurosurg
Psychiatry 80:1350-1356

Heiss JD, Patronas N, DeVroom HL et al (1999)
Elucidating the pathophysiology of syringomyelia.
J Neurosurg 91:553-562

Heiss JD, Suffredini G, Smith R et al (2010)
Pathophysiology of persistent syringomyelia after
decompressive craniocervical surgery. Clinical article.
J Neurosurg Spine 13:729-742

Heiss JD, Snyder K, Peterson MM et al (2012)
Pathophysiology of primary spinal syringomyelia.
J Neurosurg Spine 17(5):367-380. doi:10.3171/2012.
8.SPINE11105

Hida K, Iwasaki Y, Imamura H et al (1994) Posttraumatic
syringomyelia: its characteristic magnetic reso-
nance imaging findings and surgical management.
Neurosurgery 35:886-891; discussion 891

Holly LT, Batzdorf U (2002) Slitlike syrinx cavities:
a persistent central canal. ] Neurosurg 97:161-165

Holly LT, Johnson JP, Masciopinto JE et al (2000)
Treatment of posttraumatic syringomyelia with extra-
dural decompressive surgery. Neurosurg Focus 8:E8

Hort-Legrand C, Emery E (1999) Evoked motor and
sensory potentials in syringomyelia. Neurochirurgie
45(Suppl 1):95-104

Iskandar BJ, Hedlund GL, Grabb PA et al (1998) The
resolution of syringohydromyelia without hindbrain
herniation after posterior fossa decompression.
J Neurosurg 89:212-216

Isu T, Sasaki H, Takamura H et al (1993) Foramen mag-
num decompression with removal of the outer layer of
the dura as treatment for syringomyelia occurring with
Chiari I malformation. Neurosurgery 33:844-849;
discussion 849-850

Jinkins JR, Reddy S, Leite CC et al (1998) MR of paren-
chymal spinal cord signal change as a sign of active
advancement in clinically progressive posttraumatic
syringomyelia. AJNR Am J Neuroradiol 19:
177-182

Kakigi R, Shibasaki H, Kuroda Y et al (1991) Pain-related
somatosensory evoked potentials in syringomyelia.
Brain 114(Pt 4):1871-1889

Kitahara Y, Iida H, Tachibana S (1995) Effect of spinal
cord stretching due to head flexion on intramedullary
pressure. Neurol Med Chir (Tokyo) 35:285-288

Krayenbuhl H, Benini A (1971) A new surgical approach
in the treatment of hydromyelia and syringomyelia.
The embryological basis and the first results. J R Coll
Surg Edinb 16:147-161

Lee JH, Chung CK, Kim HJ (2002) Decompression of the
spinal subarachnoid space as a solution for syringo-
myelia without Chiari malformation. Spinal Cord 40:
501-506

Levy LM (1999) MR imaging of cerebrospinal fluid flow
and spinal cord motion in neurologic disorders of the
spine. Magn Reson Imaging Clin N Am 7:573-587

Levy LM (2000) Toward an understanding of syringomy-
elia: MR imaging of CSF flow and neuraxis motion.
AJNR Am J Neuroradiol 21:45-46

Levy EI, Heiss JD, Kent MS et al (2000) Spinal cord
swelling preceding syrinx development. Case report.
J Neurosurg 92:93-97

Mallucci CL, Stacey RJ, Miles JB et al (1997) Idiopathic
syringomyelia and the importance of occult arachnoid
webs, pouches and cysts. Br J Neurosurg 11:
306-309

Matsumoto T, Symon L (1989) Surgical management of
syringomyelia—current results. Surg Neurol 32:
258-265

Mauer UM, Freude G, Danz B et al (2008) Cardiac-
gated phase-contrast magnetic resonance imaging
of cerebrospinal fluid flow in the diagnosis of idio-
pathic syringomyelia. Neurosurgery 63:1139-1144;
discussion 1144

Mikulis DJ, Diaz O, Egglin TK et al (1992) Variance of
the position of the cerebellar tonsils with age: prelimi-
nary report. Radiology 183:725-728

Milhorat TH, Bolognese PA (2003) Tailored opera-
tive technique for Chiari type I malformation using


http://dx.doi.org/10.3171/2012.8.SPINE11105
http://dx.doi.org/10.3171/2012.8.SPINE11105

9 Diagnostic Investigations

139

intraoperative  color  Doppler  ultrasonography.
Neurosurgery 53:899-905; discussion 905-906

Milhorat TH, Chou MW, Trinidad EM et al (1999) Chiari
I malformation redefined: clinical and radiographic
findings for 364 symptomatic patients. Neurosurgery
44:1005-1017

Milhorat TH, Bolognese PA, Nishikawa M et al (2009)
Association of Chiari malformation type I and tethered
cord syndrome: preliminary results of sectioning filum
terminale. Surg Neurol 72:20-35

Morioka T, Kurita-Tashima S, Fujii K et al (1992)
Somatosensory and spinal evoked potentials in
patients with cervical syringomyelia. Neurosurgery
30:218-222

Nakamura M, Ishii K, Watanabe K et al (2009) Clinical
significance and prognosis of idiopathic syringomy-
elia. J Spinal Disord Tech 22:372-375

Navarro R, Olavarria G, Seshadri R et al (2004) Surgical
results of posterior fossa decompression for patients
with Chiari I malformation. Childs Nerv Syst 20:
349-356

O’Toole JE, Eichholz KM, Fessler RG (2007) Minimally
invasive insertion of syringosubarachnoid shunt for
posttraumatic syringomyelia: technical case report.
Neurosurgery 61:E331-E332; discussion E332

Oldfield EH, Muraszko K, Shawker TH et al (1994)
Pathophysiology of syringomyelia associated with
Chiari I malformation of the cerebellar tonsils.
Implications for diagnosis and treatment. J Neurosurg
80:3-15

Ragnarsson TS, Durward QJ, Nordgren RE (1986)
Spinal cord tethering after traumatic paraplegia
with late neurological deterioration. J Neurosurg
64:397-401

Ravaglia S, Bogdanov EI, Pichiecchio A et al (2007)
Pathogenetic role of myelitis for syringomyelia. Clin
Neurol Neurosurg 109:541-546

Ries M, Jones RA, Dousset V et al (2000) Diffusion ten-
sor MRI of the spinal cord. Magn Reson Med 44:
884-892

Robinson LR, Little JW (1990) Motor-evoked potentials
reflect spinal cord function in post-traumatic syringo-
myelia. Am J Phys Med Rehabil 69:307-310

Roser F, Ebner FH, Maier G et al (2010a) Fractional
anisotropy levels derived from diffusion tensor imag-
ing in cervical syringomyelia. Neurosurgery 67:
901-905

Roser F, Ebner FH, Sixt C et al (2010b) Defining the line
between hydromyelia and syringomyelia. A differen-
tiation is possible based on electrophysiological and
magnetic resonance imaging studies. Acta Neurochir
(Wien) 152:213-219; discussion 219

Rossier AB, Foo D, Shillito J et al (1985) Posttraumatic
cervical syringomyelia. Incidence, clinical presenta-
tion, electrophysiological studies, syrinx protein and
results of conservative and operative treatment. Brain
108(Pt 2):439-461

Royo-Salvador MB (1997) A new surgical treatment for
syringomyelia, scoliosis, Arnold-Chiari malforma-
tion, kinking of the brainstem, odontoid recess, idio-

pathic basilar impression and platybasia. Rev Neurol
25:523-530

Santoro A, Delfini R, Innocenzi G et al (1993) Spontaneous
drainage of syringomyelia. Report of two cases.
J Neurosurg 79:132-134

Schwartz ED, Falcone SF, Quencer RM et al (1999a)
Posttraumatic syringomyelia: pathogenesis, imag-
ing, and treatment. AJR Am J Roentgenol 173:
487-492

Schwartz ED, Yezierski RP, Pattany PM et al (1999b)
Diffusion-weighted MR imaging in a rat model of
syringomyelia after excitotoxic spinal cord injury.
AJNR Am J Neuroradiol 20:1422-1428

Sullivan LP, Stears JC, Ringel SP (1988) Resolution of
syringomyelia and Chiari I malformation by ventricu-
loatrial shunting in a patient with pseudotumor cerebri
and a lumboperitoneal shunt. Neurosurgery
22:744-747

Tachibana S, Iida H, Yada K (1992) Significance of posi-
tive Queckenstedt test in patients with syringomyelia
associated with  Arnold-Chiari  malformations.
J Neurosurg 76:67-71

Takahashi Y, Tajima Y, Ueno S et al (1999) Syringobulbia
caused by delayed postoperative tethering of the cer-
vical spinal cord — delayed complication of foramen
magnum decompression for Chiari malformation.
Acta Neurochir (Wien) 141:969-972; discussion
972-973

Tobimatsu Y, Nihei R, Kimura T et al (1991) A quantita-
tive analysis of cerebrospinal fluid flow in posttrau-
matic syringomyelia. Nihon Seikeigeka Gakkai Zasshi
65:505-516

Tubbs RS, Elton S, Grabb P et al (2001) Analysis of the pos-
terior fossa in children with the Chiari 0 malformation.
Neurosurgery 48:1050-1054; discussion 1054—1055

Vernooij MW, Ikram MA, Tanghe HL et al (2007)
Incidental findings on brain MRI in the general popu-
lation. N Engl J Med 357:1821-1828

Wagner W, Perneczky A, Maurer JC et al (1995)
Intraoperative monitoring of median nerve somatosen-
sory evoked potentials in cervical syringomyelia: anal-
ysis of 28 cases. Minim Invasive Neurosurg 38:27-31

Waziri A, Vonsattel JP, Kaiser MG et al (2007) Expansile,
enhancing cervical cord lesion with an associated syr-
inx secondary to demyelination. Case report and
review of the literature. J Neurosurg Spine 6:52-56

Wetjen NM, Heiss JD, Oldfield EH (2008) Time course of
syringomyelia resolution following decompression of
Chiari malformation Type 1. J Neurosurg Pediatr 1:
118-123

Wilberger JE Jr, Maroon JC, Prostko ER et al (1987)
Magnetic resonance imaging and intraoperative neu-
rosonography in syringomyelia. Neurosurgery 20:
599-605

Williams B (1994) Spontaneous drainage in syringomy-
elia. J Neurosurg 80:949-950

Wu T, Zhu Z, Jiang J et al (2011) Syrinx resolution after
posterior fossa decompression in patients with scolio-
sis secondary to Chiari malformation type I. Eur Spine
J21(6):1143-1150. doi:10.1007/s00586-011-2064-3


http://dx.doi.org/10.1007/s00586-011-2064-3

140 J. Heiss

Yamada H, Kageyama N, Kato T et al (1981) The diagno- children with Chiari malformation type 1. J Neurosurg
sis of syringomyelia (author’s transl). No Shinkei 105:26-32
Geka 9:573-582 Zamel K, Galloway G, Kosnik EJ et al (2009)
Yeh DD, Koch B, Crone KR (2006) Intraoperative ultra- Intraoperative neurophysiologic monitoring in 80
sonography used to determine the extent of surgery patients with Chiari I malformation: role of duraplasty.

necessary during posterior fossa decompression in J Clin Neurophysiol 26:70-75



Hindbrain-Related Syringomyelia

Jorg Klekamp

Contents

10.1 Anatomical Abnormalities ...................... 141
10.1.1  Chiari I Malformation 141
10.1.2  Basilar Invagination ...........ccccceeeveevnnennne. 142
10.1.3  Chiari II Malformation...........cccceeeueneennee. 144
10.1.4 Foramen Magnum Arachnoiditis................ 144
10.2 Neuroradiology.............ccceeerveevuiecreneennene 144
10.3 Clinical Presentation................................ 146
104  Management.............c.ocoeeveninenenieniennne 147
10.4.1 Chiari I Malformation...........cccceeveeveneennee. 147
10.4.2  Basilar Invagination ...........ccccccevevenenennns 150
10.4.3  Chiari I Malformation..........c..ccccecevveruennee 151
10.4.4 Foramen Magnum Arachnoiditis................ 151
10.5 Surgical Results and Complications....... 153
10.5.1 Chiari I Malformation...........c.cceceeervenuenene 153
10.5.2 Basilar Invagination ............ccceeceeveinnnenene 158
10.5.3 Chiari II Malformation...........cccceeeueneennne. 158
10.5.4 Foramen Magnum Arachnoiditis................ 159
10.6 Recurrences ............c.ccocceeneninicnenienennnn. 159
10.6.1 Assessment. 159
10.6.2  Revision SUrgery.......c.ceceeeeerereneneneenne 160
References..........c..occoevieiiiiiiniinininincnccceee 162
J. Klekamp

Department of Neurosurgery,
Christliches Krankenhaus Quakenbriick,
Quakenbriick, Germany

e-mail: j.klekamp @ckq-gmbh.de

G. Flint, C. Rusbridge (eds.), Syringomyelia,

10

10.1 Anatomical Abnormalities
About one in every two patients with syringomy-
elia demonstrates pathology at the craniocervical
junction. Any pathology in this region, which
compromises the passage of cerebrospinal fluid
(CSF), may lead to syringomyelia. The most com-
mon is the Chiari I malformation. Less common
entities are basilar invagination, Chiari II malfor-
mation and foramen magnum arachnoiditis.

Hans Chiari described four varieties of mal-
formations in his monograph (Chiari 1896). The
most common is the type I, which is characterised
by herniation of cerebellar tonsils into the spinal
canal. In type II, the brainstem, the cerebellar ton-
sils and part of the vermis are displaced into the
spinal canal. In type III, the features of type II are
combined with an occipital meningoencephalo-
coele. Type IV is characterised by hypoplasia of
the vermis. Chiari considered these abnormalities
to be causally related to hydrocephalus. Modern
imaging techniques and experimental studies,
however, disclose a different aetiology.

10.1.1 Chiari | Malformation

It has been shown, in the majority of patients,
that Chiari I malformation is a disorder related
to a small posterior fossa volume, forcing the
tonsils into the spinal canal (Stovner et al.
1993; Badie et al. 1995; Trigylidas et al. 2008;
Nyland and Krogness 1978; Nishikawa et al.
1997; Boyles et al. 2006; Milhorat et al. 1999)
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Fig. 10.1 (a) Preoperative T2-weighted MRI of a patient
with Chiari I malformation. The image demonstrates a
small posterior fossa, a slight caudal displacement of the

(Fig. 10.1). Marin-Padilla could demonstrate
this effect in hamsters more than 30 years ago
(Marin-Padilla and Marin-Padilla 1981). There
may be a genetic disposition in some patients
(Boyles et al. 2006; Milhorat et al. 1999; Tubbs
et al. 2011). Not all Chiari I malformations
are caused by a small posterior fossa, and they
may develop after lumboperitoneal shunting
(Payner et al. 1994; Chumas et al. 1993), birth
trauma (Aghakhani et al. 1999; Hida et al. 1994;
Williams 1977), arachnoid pathologies at the
craniocervical junction (Aghakhani et al. 1999),
posterior fossa arachnoid cysts (Galarza et al.
2010) or solid tumours in the posterior fossa
(Klekamp et al. 1995).

Apart from a small posterior fossa volume,
additional bony anomalies are common in Chiari
I malformation and may involve the articulations
at the craniocervical junction. Assimilations of
the atlas to the occiput, basilar invaginations or
Klippel-Feil syndromes may also be encountered
(Kagawa et al. 2006; Tubbs et al. 2011; Smith
et al. 2010). It is important to recognise that the
compression of neural structures and CSF flow

tentorial insertion (arrow) and a syringomyelia at C2—C3.
(b) The postoperative scan shows the decompression at the
foramen magnum (arrow) with resolution of the syrinx

obstruction are localised at the foramen magnum
in all variants of Chiari I malformation although
these may not be the only mechanisms responsi-
ble for the patients’ symptoms. Instabilities of the
craniocervical junction or upper cervical spine
are important features to recognise in a signifi-
cant proportion of Chiari I patients.

10.1.2 Basilar Invagination

Basilar invagination is defined as a protrusion
of the odontoid peg into the foramen magnum
(Fig. 10.2). A line between the posterior rim
of the foramen and the hard palate constitutes
Chamberlain’s line. If the odontoid crosses this
line for more than 2.5 mm, this is considered
pathological. Basilar invagination may be asso-
ciated with osteogenesis imperfecta, Hajdu-
Cheney syndrome, Paget’s disease (Menezes
2008b), Marfan’s syndrome (Hobbs et al. 1997),
Down’s syndrome (Menezes 2008a) or rheu-
matoid arthritis (Krauss et al. 2010). The con-
genital form is caused by bony anomalies of the
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Fig. 10.2 (a) The preoperative T2-weighted MRI shows
a Chiari I malformation associated with a profound basilar
invagination and compression of the brainstem (arrow).
The odontoid extends far above Chamberlain’s line (white
horizontal line). (b) The postoperative MRI demonstrates

clivus, occipital bone, atlas and upper cervical
vertebrae. The result of this altered anatomy is a
gradual upward shifting of the upper cervical ver-
tebrae towards the foramen magnum. The C1/2

the result of a combined decompression with transoral
resection of the dens (arrow) and posterior decompression
(arrowhead) and fusion. (¢) The postoperative lateral
radiograph demonstrates the position of all implants and a
good sagittal profile of the cervical spine

intervertebral joints appear to play a major role
for this effect as distraction of these joints may
reverse the ventral compression by the odontoid
peg (Jian et al. 2010; Goel 2004).
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Fig. 10.3 (a) Preoperative Tl-weighted MRI of a
14-year-old boy with a Chiari II malformation, demon-
strating the enlarged foramen magnum with cerebellar
tonsillar herniation to C3 (arrow). The tentorium inserts

10.1.3 Chiari Il Malformation

In Chiari II malformation, the compression and
cerebrospinal fluid flow obstruction occur in the
upper spinal canal and not at the level of the fora-
men magnum. In contrast with Chiari I, the fora-
men magnum is enlarged in Chiari II, and the
tonsils, the vermis and the brainstem are all her-
niated into the cervical canal (Fig. 10.3). Almost
all patients with this malformation will also have
a spinal myelomeningocoele. The pathophysiol-
ogy of this malformation has been elegantly
described by McLone and Knepper. Due to the
spinal myelomeningocoele, CSF drains in utero
into the amniotic fluid, resulting in a low intracra-
nial pressure, which then inhibits the formation
of a normally sized posterior fossa. The growth
of the brain finally leads to herniation of cerebel-
lar tonsils, vermis and brainstem into the spinal
canal (McLone and Knepper 1989). As in the
majority of Chiari I patients, the size of the skull
forces the brain to grow towards the spinal canal
in Chiari II. The major difference is the timing: in
Chiari [, this effect takes place after birth, whereas
in Chiari II the major pathological changes occur
before birth with much graver consequences.

close to the posterior margin of the foramen magnum
(arrowhead). (b) The postoperative image demonstrates
the decompression of the upper cervical spine and dis-
closes a kyphotic angulation at C3/4 (arrow)

Support for this hypothesis comes from results of
intrauterine operations on myelomeningoceles
before the 26th week of gestation. If the spinal
dysraphism could be closed successfully, then no
Chiari II malformation developed (Danzer et al.
2011; Tulipan et al. 1999).

10.1.4 Foramen Magnum
Arachnoiditis

Foramen magnum arachnoiditis is the only
pathology at the craniocervical junction associ-
ated with syringomyelia without there being
additional compression of brainstem or spinal
cord (Fig. 10.4). Arachnoiditis at this level may
be related to a previous episode of meningitis or
trauma or other causes of haemorrhage (Klekamp
et al. 2002; Appleby et al. 1969).

10.2 Neuroradiology

The diagnosis of Chiari I malformation should
be straightforward these days, given the wide
accessibility of magnetic resonance imaging
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Fig. 10.4 (a) Preoperative T1-weighted MRI indicates
foramen magnum arachnoiditis related to birth injury in
a 29-year-old man with progressive tetraparesis. There
is not a cerebellar tonsillar herniation, but there is an

(MRI) in western countries. To what extent
tonsillar herniation may sometimes be seen as
physiological and how neuroradiological crite-
ria should be defined are, however, still a matter
of controversy. A tonsillar herniation of more
than 5 mm is widely considered pathological in
adults (Aboulezz et al. 1985), but in young chil-
dren, cerebellar growth causes a physiological
herniation of the cerebellar tonsils. Conversely,
in old age, atrophy of the brain may lead to
tonsillar ascent (Mikulis et al. 1992). Tonsillar
descent of less than 5 mm does not exclude the
diagnosis of a Chiari I malformation (Milhorat
et al. 1999), and in doubtful cases cardiac-gated
cine MRI is very helpful to demonstrate a CSF
flow obstruction and a clinically relevant her-
niation (Haughton et al. 2003; Panigrahi et al.
2004; Ellenbogen et al. 2000; Tubbs et al.
2007; Milhorat et al. 1999; Hofkes et al. 2007).
Likewise  neurophysiological examinations
(Henriques Filho and Pratesi 2006) and neuro-
otological evaluations (Kumar et al. 2002) have
been proposed, as means of providing evidence
of compression of the medulla oblongata or
spinal cord.

-

arachnoid pouch close to the foramen magnum (*) and
a significant syrinx (arrow). (b) The postoperative MRI
shows a collapse of the arachnoid pouch and the syrinx

In patients with Chiari I malformation, the
radiological examination should include more
than simply defining how far the tonsils are
descended into the spinal canal. It is also impor-
tant to consider the bony anatomy of the cranio-
cervical junction. For example, is there evidence
of anterior compression by the odontoid peg, i.e.
basilar invagination (Fig. 10.2)? Is the atlas
assimilated to the occiput? Are cervical segments
fused, i.e. Klippel-Feil syndrome? If these anom-
alies are present, then instability of the craniocer-
vical junction must be ruled out with flexion and
extension studies, using either conventional radi-
ography or CT imaging. The latter has the advan-
tage of being able to visualise each of the different
joints, in multiple planes and in both flexion and
extension. In addition, sagittal and coronal recon-
structions are particularly useful.

For all craniocervical pathologies, ventricu-
lar sizes should be evaluated. In Chiari I mal-
formation, overt hydrocephalus is rare, but some
degree of ventricular enlargement is not uncom-
mon and was observed in 9 % of the author’s
series. With Chiari II malformation, on the
other hand, hydrocephalus is almost ubiquitous.
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In fact, it is uncommon for the neurosurgeon to
encounter such a patient who has not already
been managed with a ventricular shunt. If a
Chiari II patient is evaluated because of new
neurological symptoms, the first priority must be
to assess the function of a previously implanted
ventricular shunt. This requires a comparison of
recent and old CT or MRI images, to look for
changes of ventricular size that may indicate
under- or over-drainage.

One important aspect for surgical planning in
Chiari patients is the position of the tentorium,
in relation to foramen magnum and the external
occipital protuberance. Normally, the tentorium
will insert at the level of this protuberance, and
this indicates the position of the large intradural
sinuses, such as the transverse sinus and the con-
fluence of sinuses. In Chiari I patients, this ten-
torial insertion may be shifted by a centimetre or
more towards the foramen magnum. When plan-
ning an occipital craniectomy, this must be taken
into account and is even more important with
regard to the dural incision. In Chiari II malfor-
mation, the foramen magnum is widened, and
the tentorium usually inserts at the level of or
very close to the foramen magnum (Fig. 10.3).
For this reason, the suboccipital dura should not
be incised in patients with a Chiari II
malformation.

In patients with primary foramen magnum
arachnoiditis, bony anomalies will not be appar-
ent. The diagnosis is made by MRI and, in the
absence of tonsillar herniation and brainstem or
cervical cord compression, will require a cine
MRI to demonstrate a CSF flow obstruction in
the foramen magnum area. Such obstruction
often involves the fourth ventricle exit foramina
as well, and ventriculomegaly is common, being
observed in half of the author’s series of foramen
magnum arachnoiditis. Another common feature
of primary foramen magnum arachnoiditis is the
formation of arachnoid cysts or pouches in the
posterior fossa (Fig. 10.4).

Finally, the presence or absence of an associ-
ated syringomyelia or syringobulbia should be
demonstrated as well as the entire extension of
the cavity, to rule out additional abnormalities
such as a tethered cord.

10.3 Clinical Presentation

With all craniocervical pathologies, clinical
symptoms may evolve from different pathophysi-
ological components. These may include hydro-
cephalus, compression of the brainstem and
spinal cord, craniocervical instability, distur-
bances of brainstem or spinal cord blood flow,
tethering mechanisms related to chronic arach-
noiditis and CSF flow obstruction leading to
syringomyelia. Clinical and radiological exami-
nations therefore need to be analysed carefully, to
identify the appropriate targets for treatment.

Considering all Chiari patients, it is interest-
ing to note that the presentation is very much
dependent on the age of the patient. In early
childhood below age 2 years, signs of brainstem
compression predominate, with apnoeic spells,
cyanosis attacks and swallowing problems,
whereas in later childhood scoliosis becomes the
most common presenting sign. What are regarded
as the more typical clinical features of a Chiari I
malformation — occipital headaches, gait ataxia,
sensory disturbances and motor weakness — are
uncommon in children and are observed predom-
inantly in adults (Rauzzino and Oakes 1995;
Menezes et al. 2005) (Table 10.1). This age-
related clinical profile can be explained by the
postnatal growth of the cerebellum. At birth,
most parts of the brain have reached about a third
of their adult volume, but the cerebellum is the
smallest part of the central nervous system, with
just 15 % of its adult volume at this time; presum-
ably, this serves to protect the brainstem during
delivery. The adult volume of the cerebellum is
reached late in the second year of life, indicating
that the cerebellar volume increases by a factor of
seven in that period (Klekamp et al. 1989).
Therefore, if a Chiari malformation does become
symptomatic before 2 years of age, dramatic pre-
sentations with respiratory problems are likely to
be observed, something unknown in adult
patients. Once the cerebellum is fully grown, the
clinical course tends to be less dramatic and is
characterised by slow progression.

As with every rule, however, there are excep-
tions. Minor traumas may cause acute symptoms
in formerly asymptomatic patients with Chiari I
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Table 10.1 Preoperative neurological symptoms (author’s series)
Occipital Neuropathic Motor Sphincter Swallowing
Group pain (%) pain (%) Hyperaesthesia (%) Gait (%) power (%) function (%) difficulties (%)
Chiaril 79 50 71 62 40 16 20
Chiari IT 25 19 64 100 67 92 22
FMA 74 39 83 78 83 48 15

The percentages given in this table represent the total number of patients presenting with a particular symptom

FMA foramen magnum arachnoiditis

malformation (Yarbrough et al. 2011; Murano
and Rella 2006). In extremely rare cases, even
sudden deaths have been reported (Wolf et al.
1998; Stephany et al. 2008; Agrawal 2008;
Yoshikawa 2003). This raises questions as to
whether asymptomatic children with Chiari I
malformations should be allowed to participate
in sport activities and whether prophylactic
surgery for such patients is warranted. Chiari
decompressions certainly cannot be consid-
ered to be no-risk procedures and are associ-
ated with a mortality of about 1 %. Given the
fact that severe neurological deficits after minor
trauma are extremely rare — no such instance was
reported by a single patient in the author’s series
of more than 600 patients — it appears reasonable
to leave decisions regarding timing of surgery
and which sport activities can be pursued to the
patients and their parents, without pressing them
one way or the other.

In the author’s series, patients with Chiari I
presented with an average age of 43+16 years,
while those with Chiari II tended to be younger,
at 17+13 years. Compared to patients with a
Chiari I malformation, patients with foramen
magnum arachnoiditis presented at a similar age
(37+10 years) but with more severe neurologi-
cal deficits (Table 10.1). Interestingly, this
appeared not to hold for swallowing dysfunc-
tions, which were more common with Chiari
malformations, despite the significant scarring at
the medulla oblongata level, which was present
in all patients with foramen magnum arachnoidi-
tis. The length of history was significantly lon-
ger for patients with arachnoiditis compared to
Chiari patients (101 £96 months, compared to
71+ 106 months for Chiari I and 26 +39 months
for Chiari II).

10.4 Management
10.4.1 Chiari | Malformation

For all Chiari I patients, treatment of symptom-
atic hydrocephalus should be prioritised.
Endoscopic third ventriculostomy is now pre-
ferred to traditional ventriculoperitoneal shunt-
ing as the first option for CSF diversion whenever
patients present with clinical signs of raised
intracranial pressure (Massimi et al. 2011).

Management options for arachnoid cysts
include resection or fenestration (Fig. 10.5).
Insertion of cyst shunts is not considered by the
author due to their high failure rate. Treatment
for Chiari I malformations due to solid masses
requires tumour resection with foramen magnum
duraplasty (Fig. 10.6).

For Chiari I hindbrain hernias, there is general
agreement that surgical treatment should be
reserved for symptomatic patients. In children,
however, it may be unclear which complaints are
linked to the malformation. It can also be a chal-
lenge to differentiate between physiological and
pathological tonsillar descent, as revealed by
MRI. In the absence of neurological symptoms or
progressive scoliosis, the author does not recom-
mend decompression for children with a Chiari I
malformation, unless they demonstrate the typi-
cal occipital headache provoked by Valsalva-like
manoeuvres, such as sneezing or coughing.

With all patients, it should be borne in mind
that not every headache is due to tonsillar hernia-
tion, even when such an abnormality is present.
Nor does the presence of syringomyelia consti-
tute an indication for surgery in its own right, in
children or adults alike. When neurological
symptoms are present, however, surgery should
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Fig. 10.5 (a) Preoperative T2-weighted MRI of a
patient with syringomyelia (arrow) and a cerebellar
tonsillar herniation (arrowhead) secondary to a large
retrocerebellar arachnoid cyst (*). (b) The postoperative

be recommended. As a general rule, progression
of neurological symptoms occurs more rapidly
than does enlargement of an underlying syrinx.
The author has not observed enlargement of a
syrinx in an asymptomatic patient with a Chiari I
malformation.

Even though foramen magnum decompres-
sion is widely accepted as the treatment of choice
for Chiari I malformation, there is no general
agreement on how this operation should be per-
formed (Schijman and Steinbok 2004; Haroun
et al. 2000). Gardner’s original operation con-
sisted of a wide craniectomy of the posterior
fossa and opening of the 4th ventricle in order to
plug the obex with a piece of muscle. The dura
was left open. He reported 5 mortalities after 74
such procedures (Gardner 1965). Similar mortal-
ity rates, as well as significant morbidity caused
by manipulations at the obex (Williams 1978),
led other surgeons to modify this operation.
Guided by modern imaging techniques such as
MRI in the 1980s and modern CT scanners, the
anatomy of patients with Chiari I malformation

scan demonstrates a decrease in syrinx size (arrow) and
a decompression at the foramen magnum (arrowhead).
Despite large fenestration of the arachnoid cyst, the
vermis has not changed its shape (*)

could be studied in much more detail than was
previously possible. This led to less invasive pro-
cedures, such as leaving the arachnoid intact after
dural opening (Logue and Edwards 1981), incis-
ing only the outer dural layer (Gambardella et al.
1998) or even restricting the operation to a purely
bony decompression (James and Brant 2002).
It should, of course, be the intention of every neu-
rosurgeon to restrict any operation to its essential
requirements in order to limit surgical morbidity,
complications and discomfort for the patient but,
at the same time, to do so without compromising
the beneficial effects of the procedure.

The following account of a surgical technique
describes the author’s preferred method, as do
subsequent accounts of operative techniques in
this chapter. It should be noted, however, that
there are many variations, and it is true to say that
the only manoeuvre that all methods have in com-
mon is removal of bone from the occipital squama.

Surgery is performed in prone position. The
decompression is limited to a foramen magnum
decompression of 3—4 cm, together with removal
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Fig. 10.6 (a) This preoperative T2-weighted MRI seems
to demonstrate a typical Chiari I malformation (arrow).
(b) The axial T2-weighted image indicates a lesion
underneath the tentorium on the left side (*). (¢) This

of the posterior arch of the atlas. The atlanto-
occipital membrane is coagulated and dissected
off the dura, which is then incised in a Y-shape,

turned out to be a large meningioma in T1 after contrast
(*). (d) The postoperative T1-weighted scan with gado-
linium shows a complete tumour removal and a decom-
pressed foramen magnum (arrow)

under the microscope, and held open by sutures.
Care should be taken to leave the arachnoid intact
in order not to pull on and tear underlying bridging
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veins or small blood vessels supplying the spinal
cord, brainstem or cerebellum. Leaving the arach-
noid intact at this stage also avoids contamination
of the subarachnoid cisterns with blood. Venous
sinuses may be encountered upon opening the
dura, in the midline or at the foramen magnum,
and these will require suturing. The arachnoid
should be examined for evidence of scar forma-
tion or adhesions to the cerebellum, brainstem or
spinal cord. The arachnoid is then incised, start-
ing below the cerebellar tonsils and continuing to
an extent that allows these structures to be spread
apart for inspection of the foramen of Magendie.
For this purpose, the cerebellar tonsils are coag-
ulated at their tips and medially. Resection of
tonsils is advised against as this may risk injury
to important blood vessels such as the posterior
inferior cerebellar artery (PICA). If Magendie is
patent and no arachnoid adhesions are detectable
elsewhere, then no further intradural dissections
need be performed. If the foramen is obstructed,
then it should be opened by sharp dissection. In
patients with severe arachnoid scarring, dissec-
tion will need to create at least a communication
between the cranial and the spinal subarachnoid
channels. In such instances, it may not always be
possible to open Magendie without risking injury
to important structures, such as the PICA. The
dissection should not, in these circumstances, be
carried out laterally, to avoid injury to perforating
vessels of brainstem or spinal cord. A duraplasty
is then inserted using alloplastic material. To
avoid formation of adhesions between nervous
tissue and the duraplasty or suture line, the graft
is lifted off the cord by tenting sutures, which are
fixed to muscle attachments laterally. Finally, the
wound is closed, paying particular attention to
the muscular layer in order to avoid CSF fistulas.
Postoperatively, all patients should be supervised
on the intensive care unit for at least 24 h before
returning to the normal ward.

10.4.2 Basilar Invagination
In patients with additional basilar invagination,

a combination of ventral and dorsal compres-
sion may be associated with instability of the

craniocervical junction. These pathophysiologi-
cal components may not, however, be relevant
in all affected patients. Of a group of 53 patients
with basilar invagination in the author’s series,
35 were managed surgically. In 16 patients, there
was neither a ventral compression by the odontoid
nor craniocervical instability. These patients were
managed with foramen magnum decompression
for their Chiari malformation as the only proce-
dure. In another 10 of the 35 patients, who dem-
onstrated no clinical signs of ventral compression
by the odontoid such as caudal cranial nerve defi-
cits but either radiological evidence of craniocer-
vical instability or assimilation of the atlas to the
occiput, foramen magnum decompression was
combined with craniocervical stabilisation. In
the remaining 9 patients, ventral compression of
the medulla oblongata had caused caudal cranial
nerve dysfunctions. These patients underwent
transoral resection of the odontoid, followed
by posterior decompression and craniocervical
fusion (Fig. 10.2) (Klekamp and Samii 2001).

Whenever the position of the odontoid leads to
brainstem compression, the key elements of sur-
gical treatment are distraction of the C1/2 inter-
vertebral joints and C1/2 fusion. This distraction
may reverse the ventral compression to a degree
that no additional transoral resection of the odon-
toid is required. In the author’s series, the deci-
sion for a transoral decompression was based on
clinical signs of caudal cranial nerve deficits in
the presence of compression of the medulla by
the odontoid. Whether a transoral resection of the
odontoid is obsolete (Goel and Shah 2009) or still
required for patients with substantial and irreduc-
ible ventral compression (Smith et al. 2010)
remains a controversial issue.

For craniocervical stabilisations, the implants
need to be adjusted carefully to the abnormal
anatomy. Precise planning is required to allow
their safe fixation at the occipital bone as well
as the allocation of the bone graft despite of
the craniectomy required for foramen magnum
decompression. All implants need to be covered
completely by the muscular layer during closure,
without too much strain being placed on soft tis-
sues; otherwise, local discomfort or even CSF
fistulas may result.
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10.4.3 Chiari ll Malformation

If clinical signs of hydrocephalus are present
in Chiari II patients, treatment of the increased
intracranial pressure has always the first prior-
ity. Endoscopic third ventriculostomy is again
an optional alternative to ventriculoperitoneal
shunts (Elgamal et al. 2011). In the literature,
it has been stated in two large series that if the
hydrocephalus has been managed successfully,
then only a small minority of Chiari II patients
require a decompression (Talamonti and Zella
2011; Rauzzino and Oakes 1995).

If one considers the pathophysiological con-
siderations put forward by McLone (McLone and
Knepper 1989) and the positive results obtained
following intrauterine operations on foetuses
(Danzer et al. 2011; Tulipan et al. 1999), Chiari
II malformations are potentially preventable or
reversible, if the decompression is carried out
early enough in symptomatic patients with a
sufficiently treated hydrocephalus. A number of
studies have reported a benefit if decompression
for Chiari II is performed as soon as neurologi-
cal symptoms begin (Rauzzino and Oakes 1995;
Teo et al. 1997; Pollack et al. 1992, 1996). Yet,
there appears to be very little scientific evidence
to support routine use of this approach for symp-
tomatic infants (Tubbs and Oakes 2004). This
may reflect the fact that, once severe brainstem
dysfunctions are present, a decompression may
not reverse established neurological deficits
(Kirsch et al. 1968).

In the author’s series, 42 patients presented
with a Chiari IT malformation. Surgical manage-
ment was only recommended in 13 of these
patients, when there was no evidence for ventric-
ular shunt malfunction but a clear history of pro-
gressive brainstem or cervical cord dysfunction
(Charney et al. 1987; Kirsch et al. 1968). Six
were under 2 years of age, presenting with signs
of central dysregulation. Three patients presented
between 5 and 14 years of age (Fig. 10.3) and the
remainder in adulthood, with progressive upper
extremity dysfunction.

When operating for Chiari II malformation,
the decompression must be undertaken at the spi-
nal levels corresponding to the tonsillar descent,

rather than at the foramen magnum, which is
enlarged in this entity. Patients are operated in
prone position. The exposure extends from the
foramen magnum to the lowest lamina cover-
ing the herniated tonsils. After laminectomy
of these segments, the atlanto-occipital mem-
brane should be coagulated and dissected off the
dura. The dural incision then starts at the level
of the foramen magnum and extends over all
levels involved. Then the arachnoid is opened.
Dissection should be limited strictly to the mid-
line in order to avoid injury to perforating ves-
sels or caudal cranial nerves. It should be borne
in mind that the brainstem is displaced caudally
in these patients, taking with it important struc-
tures such as the PICA or caudal cranial nerves.
As outlined for Chiari I operations, it is also desir-
able to open the foramen of Magendie in Chiari
II patients, although this should be undertaken
only if it can be performed safely. Coagulation
of tonsils, which is a safe technique in Chiari I to
gain access to Magendie, is not recommended in
Chiari II as these are very often tightly adhered to
the underlying brainstem and any such manoeu-
vre carries considerable risks. Arachnoid dissec-
tion should concentrate on creating a passage
between the intracranial and spinal subarachnoid
channels. Once that is achieved, a duraplasty
should be inserted. As described for Chiari I sur-
gery (above), the duraplasty is lifted off the cord
by tenting sutures.

Laminectomies in this patient group carry a
significant risk of producing postoperative kypho-
sis or swan-neck deformities (Lam et al. 2009)
(Fig. 10.3). They should therefore be combined
with posterior fusion, which can be achieved ele-
gantly with lateral mass screws (Fig. 10.7).

10.4.4 Foramen Magnhum
Arachnoiditis

In the author’s series, ventriculomegaly was more
common in foramen magnum arachnoiditis com-
pared to Chiari I malformations (52 % vs. 8.6 %).
This implies that if a borderline tonsillar hernia-
tion is associated with ventricular dilatation, then
arachnoiditis at the foramen magnum may well
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Fig. 10.7 (a) Preoperative T2-weighted MRI of an adult
patient with Chiari II malformation presenting with pro-
gressive weakness of both hands. The image shows the
tonsillar descent to C3 (arrow) with osteochondrosis
and stenosis of the cervical spine at that level. (b) After

be present. Depending on the extent and severity
of the arachnoiditis, surgical management may
require CSF diversion, in addition to foramen
magnum decompression.

When foramen magnum arachnoiditis is not
diagnosed preoperatively, its presence, extent and
severity must be determined after dural opening.
Dural opening has to respect the arachnoid layer
in such cases in order to avoid surgical morbidity
related to vascular injuries in particular.
Thereafter, the aim of surgery is to create a free
CSF passage between the intracranial and spinal
subarachnoid spaces. It is not advisable to dissect
all arachnoid scarring off the spinal cord, medulla
oblongata and cerebellar tonsils. On the contrary,
such attempts are risky and simply lead to new
adhesions and scar tissue formation. In foramen
magnum arachnoiditis, the foramen of Magendie

bony decompression and duraplasty from C1 down to C5
(arrows), the enlarged subarachnoid space and decrease
of the syrinx are apparent. To prevent a kyphotic defor-
mity, a stabilisation was added with lateral mass screws.
Postoperatively, she regained function in her hands

is always obstructed. A decision must therefore
be made, intraoperatively, as to whether or not it
can be opened safely. If important structures such
as the PICAs are embedded in arachnoid scar tis-
sue, then the risk may be too high. Some authors
recommend placement of small catheters to pro-
vide an outflow for the 4th ventricle (Abe et al.
1995). However, even with ultrasound guidance,
this remains a very risky manoeuvre, and the
author has encountered patients with severe neu-
rological deficits as a consequence of malposi-
tioned catheters in this region. A safer strategy is
to leave the foramen Magendie closed and place
a supraventricular shunt. Indeed, because of such
concerns, some surgeons have previously recom-
mended limiting the management of foramen
magnum arachnoiditis to ventricular shunting
(Appleby et al. 1969).
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10.5 Surgical Results
and Complications

10.5.1 Chiari | Malformation

Two published analyses of foramen magnum
decompressions gave extensive overviews on com-
plications encountered during and immediately
after surgery as well as delayed postoperative prob-
lems but did not provide any data (Menezes 1991;
Mazzola and Fried 2003). When it comes to quan-
tifying such complications, analysis of the litera-
ture shows enormous variations in reported figures.
Not all studies seem to use the same standards
when complications are analysed; how else can one
explain figures of 2.4 % (Tubbs et al. 2011) and
37 % (Zerah 1999), both from series of more than
100 children, undergoing the same decompression
procedure, carried out in respected institutions?

Tables 10.2 and 10.3 provide a literature over-
view, comparing complication rates, syrinx
reduction rates and the frequency of surgical revi-
sions, for different surgical decompression tech-
niques for Chiari I. These include decompressions
involving only bone removal, those with incision
of the outer dural layer, those opening the dura
completely and those where additional arachnoid
dissection was performed.

The most common complication in the
author’s series was a CSF fistula, occurring in
6 % of cases overall but more often after revi-
sion surgeries than first operations (9 and 5.5 %,
respectively). Use of autologous material for
duraplasty was not associated with a lower rate
for CSF fistulas compared to artificial materi-
als although this is in contrast with the findings
of other studies (Vanaclocha and Saiz-Sapena
1997). In order to limit the risk of a fistula, it
is important to close the duraplasty with a tight
running suture as well as ensure a good closure
of the muscular layer, which appears to be the
most effective barrier to CSF leakage. For that
reason, the author does not use monopolar elec-
trocautery for soft tissue dissection as this may
cause significant damage to the muscular layers
in particular. Leaving the arachnoid intact does
not exclude fistulas because small lacerations
and tears in this thin membrane are very common
after dural opening. Nor does the additional use
of tissue sealants appear to lower rates for fistulas
(Parker et al. 2011).

Aseptic meningitis does seem to be related to
the type of material used for duraplasty and was
seen exclusively when lyophilised dura, fascia
lata or galea had been used. To avoid any postop-
erative problems related to duraplasties, Bernard

Table 10.2 Literature review of the results of decompressions for Chiari I malformations, without dural opening

Follow-up
Authors Group N  period
Bony decompression only
James and Brant (2002) C 4 Not reported
Hayhurst et al. (2008) A, C 16 43 months?
McGirt et al. (2008b) C 116 25 months
Mutchnik et al. (2010) A,C 56 Notreported
Yilmaz et al. (2011) A 24 Not reported

Bony decompression with outer dural decompression

Gambardella et al. (1998) A 8 Not reported
Munshi et al. (2000) A 11 Not reported
Navarro et al. (2004) C 71 28 months®
Limonadi and Selden C 12 15.7 months
(2004)

Caldarelli et al. (2007) C 30 55 months
Chauvet et al. (2009) A 11 18 months

Abbreviations: N number of patients, A adults, C children
2Pooled data for different subgroups

Peri- and postoperative Syrinx size  Recurrences/

complications reduced deaths

None Not reported None

27 %* 87 %* 25 %/mone

1 % Not reported 7.8 %/none

None Not reported 12.5 %/none

8.3 % 91.1 % 9.5 %/not reported

Not reported 88 % 12.5 %/mone

10 % 50 % 18.2 %/mone

5.6 % 65.7 %* 10.8 %/none

Not reported No syrinx Not reported
cases

Not reported 50 % 6.7 %/none

9.1 % 80 % None
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Table 10.3 Literature review of the results of decompressions for Chiari I malformations, with dural opening

Peri- and
Follow-up postoperative Syrinx size

Authors Group N period complications reduced Recurrences/deaths
Bony decompression with arachnoid left intact and dura left open
Di Lorenzo et al. (1995) A 20 29 months Not reported 100 % 15 %/mone
Zerah (1999) C 79 Not reported 37 %* 69 %* 1.6 %*/mone
Bony decompression with arachnoid left intact and duraplasty
Guyotat et al. (1998) A, C 42 39 months Not reported 58 % 50 %/4.7 %
Zerah (1999) C 79 Not reported 37 %* 69 %* 1.6 %*mone
Munshi et al. (2000) A, C 34 Not reported 42 % 100 % None/none
Limonadi and Selden C 12 14.8 months 8.3 % 100 % Not reported
(2004)
Navarro et al. (2004) C 24 28 months* 42.1 % 65.7 %* 4.2 %/mone
Galarza et al. (2007) C 20 21 months* 8.3 %* 64* Not reported
McGirt et al. (2008b) C 140 29 months 3% Not reported 7.1 %/None
Wetjen et al. (2008) A 29 36 months Not reported 100 % Not reported
Hoffman and A, C 40 11.4 months  CSF related 2.5 % Not reported 5 %/None
Souweidane (2008)
Attenello et al. (2008) C 49 41 months 10 %* 55 %* 10.2 %?*/none
Sindou et al. (2002); A 44 48 months 20.5 % 60 % Not reported/none
Sindou and Gimbert
(2009)
Attenello et al. (2009) C 27 Not reported 4 % 80 % None

Gore-Tex
Attenello et al. (2009) C 40 Not reported 10 % 52 % None

Galea
Mutchnik et al. (2010) A, C 64 Not reported 4.6 % Not reported 3.1 %/none
Spena et al. (2010) A 36 40 months 8.1 % 80.5 % 5.5 %/none
Yilmaz et al. (2011) A 58 Not reported  12.1 % 84.2 % Not reported
Valentini et al. 2011) C 80 Not reported 6.3 % 91.5 % 6.3 %/mone
Mottolese et al. (2011) C 82 Not reported 18 % Not reported Not reported
Bony decompression with arachnoid opened and duraplasty
Fischer (1995) C 19 Not reported  26.3 % 93 % Not reported
Vanaclocha and A 26 27 months 42.3 % No syrinx Not reported
Saiz-Sapena (1997) cases
Guyotat et al. (1998) A, C 8 28 months None 100 % None
Aghakhani et al. (1999) A 214 79 months 24 % 95 % 12.4 %/0.7 %
Zerah (1999) C 105 Not reported 37 %* 69 %* 1.6 %*mone
Tubbs et al. (2003) C 130 50 months 2.3 % Not reported 6.9 %/none
Navarro et al. (2004) C 14 28 months? 50 % 65.7 %* 28.6 %/none
Guo et al. (2007) A, C 115 36 months CSF 82-88 % Not reported

9.82-18.75 %

Galarza et al. (2007) C 40 21 months? 8.3 %* 64.3* Not reported
Zhang et al. (2008) A, C 234 Not reported  15.8 %* 66.5 % Not reported/1.3 %*
Kumar et al. (2008) A, C 87 34 months 17.2 % Not reported 10.3 %/none
Aghakhani et al. (2009) A 157 88 months 9.5 % 75.64 % 3.8 %/0.63 %
Zhang et al. (2011) A, C 132 27 months 28 % 81.8 % Not reported
Author’s series” A, C 203 52 months 19.2 % 87.9 % 5.9 %/1 %

Abbreviations: N number of patients, A adults, C children
Pooled data for different subgroups
"Data for first decompressions with arachnoid opening and alloplastic material for duraplasty
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Williams recommended against duraplasty. He
favoured to suture the dura into the muscle and to
close all soft tissues with tight sutures (Williams
1994). However, it has been claimed that omis-
sion of a duraplasty after arachnoid opening and
dissection may predispose to severe arachnoiditis
and recurrent CSF flow obstruction (Munshi
et al. 2000).

Hydrocephalus is an important postoperative
complication (Tubbs et al. 2003). In the author’s
series of 371 decompressions, it occurred after
3 % of decompressions within 30 days of surgery.
An additional 2 of the 371 patients developed
hydrocephalus months after the operation. An
analysis of complications after posterior fossa
surgery in general determined a rate of 4.6 % for
postoperative hydrocephalus after 500 operations
(Dubey et al. 2009). Most authors relate this
problem to formation of subdural hygromas in
the posterior fossa (Filis et al. 2009; Suzuki et al.
2011; Bahl et al. 2011; Marshman et al. 2005;
Elton et al. 2002), but not all patients with post-
operative hydrocephalus in the author’s series
demonstrated such collections. Whether or not
postoperative ventriculomegaly needs surgical
treatment should be based on the clinical course
of the patient. The problem may resolve sponta-
neously (Marshman et al. 2005) or may require
an intervention. Treatment options are either a
ventriculoperitoneal shunt or a third ventriculos-
tomy (Kandasamy et al. 2008).

Swallowing dysfunctions after craniovertebral
decompression are related to surgical manipula-
tions at or close to the obex and were observed
early in 2.5 % of cases in the author’s series, but
this complication was not observed following
application of the microsurgical dissection tech-
nique outlined above, which leaves the area of the
obex and the fourth ventricular floor untouched.

The author’s overall complication rate of
22 % is in line with those of several other studies
(Zhang et al. 2011; Aghakhani et al. 1999; Guo
et al. 2007; Fischer 1995; Kumar et al. 2008;
Navarro et al. 2004; Zerah 1999; Aghakhani et al.
2009; Parker et al. 2011; Mottolese et al. 2011).
This is a considerably higher complication rate
than after bony decompression alone or follow-
ing a decompression with incision of the outer

dura alone (McGirt et al. 2008b; Mutchnick et al.
2010; Navarro et al. 2004; Yilmaz et al. 2011;
Chauvet et al. 2009; Limonadi and Selden 2004)
(Table 10.2). As to whether leaving the arachnoid
intact lowers the complication rate, the author’s
experience suggests that this is not the case.
Furthermore, the same range of complication
rates are reported in studies involving duraplas-
ties, with or without arachnoid dissection (Guo
et al. 2007; Tubbs et al. 2003, 2011; Zerah 1999;
Zhang et al. 2008, 2011; Aghakhani et al. 1999;
Sindou et al. 2002; McGirt et al. 2008b; Munshi
et al. 2000; Sindou and Gimbert 2009). Yet other
publications report considerably lower compli-
cation rates than the author’s experience but,
once again, independent of whether or not the
arachnoid was opened (Mutchnick et al. 2010;
McGirt et al. 2008b; Attenello et al. 2009; Spena
et al. 2010; Yilmaz et al. 2011; Valentini et al.
2011; Tubbs et al. 2003; Aghakhani et al. 2009)
(Table 10.3).

Decrease in syrinx size was observed in 81 %
of 281 craniovertebral decompressions in the
author’s series. No change occurred in 15 and
3.7 % demonstrated a further expansion. The
number of postoperative syrinx reductions was
significantly greater after primary decompres-
sions, as compared to secondary operations (85
and 72 %, respectively).

In the first postoperative year, improvements
can be anticipated for all symptoms. The most
profound effect will be seen with occipital pain,
which almost always improves after surgery. In
the author’s series, there were no differences in
short-term results between adults and children.
Patients undergoing a revision usually had more
severe preoperative motor deficits and gait dis-
turbances, and these deficits improved only mar-
ginally with a secondary decompression. For all
foramen magnum decompressions combined, 3
out of 4 of patients in the author’s series consid-
ered their condition to have improved 3 months
after surgery, while 1 in 5 reported no change,
and 1 in 20 experienced a worsening of symp-
toms (Table 10.4).

Long-term results in the author’s series were
analysed with Kaplan-Meier statistics, to deter-
mine the rates at which patients experienced
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Table 10.4 Postoperative results after 3 months for Chiari malformations and foramen magnum arachnoiditis (author’s

series)

Chiari I first  Chiari I revision ~ Basilar Chiari I all ~ Chiari I Foramen magnum
Type surgery (%) surgery (%) invagination (%)  surgery (%) (%) arachnoiditis (%)
Improved 76.3 65.1 85 73.6 56 45
Unchanged 19.7 233 15 21.0 38 36
Worse 4.0 11.6 - 5.5 6 18

Table 10.5 Neurological recurrence rates for Chiari I
malformations: Kaplan-Meier statistics

Syears 10 years

Group (%) (%) P-value
First surgery 13.1 19.1 0.007
Revision surgery 34 34

Adults 144 15.6 0.66
Children 11.8 -

Arachnoid opened 13.5 14.7 0.023
Arachnoid not opened ~ 34.1 -

Artificial graft 10 11.5 0.022
Autologous graft 31.8 31.8
Syringomyelia 13.8 15.2 0.61

No syringomyelia 15.5 15.5

All 14.3 154

Optimal first surgery 7 8.7
neurological deterioration, compared with

those maintaining a stable neurological status
(Table 10.5). Overall, recurrences amounted to
14 % within 5 years and 15 % within 10 years.
No significant differences were seen between
adults and children or between patients with and
without syringomyelia. Recurrence rates were,
however, significantly lower for primary com-
pared to revision operations. It is also interesting
to note that recurrence rates were significantly
higher after decompressions with duraplasties
using autologous material, as compared with
those using alloplastic materials.

When comparing results in the literature for
different types of foramen magnum decompres-
sion, there is a lower frequency of complications
in all types of procedures that leave the inner layer
of the dura intact. This, however, is counterbal-
anced by a lower frequency of syrinx collapses
and a higher frequency of patients experiencing a
recurrence of symptoms and/or requiring revision
surgery — if these data are reported (Tables 10.2
and 10.3). The two largest series where decom-

pression was restricted to a bony removal did
not provide such numbers (McGirt et al. 2008b;
Mutchnick et al. 2010). The largest series report-
ing on decompression with incisions of the outer
dural layer reported rates for syrinx decrease of
between 50 and 66 % (Caldarelli et al. 2007,
Munshi et al. 2000; Navarro et al. 2004).

When it comes to opening the dura fully,
series recommending a duraplasty but leaving
the arachnoid intact once again often do not pro-
vide data for syrinx reductions (Mottolese et al.
2011; McGirt et al. 2008b; Mutchnick et al.
2010; Hoffman and Souweidane 2008). Studies
do report syrinx reduction rates in the range of
50-60 % (Guyotat et al. 1997; Sindou et al. 2002;
Attenello et al. 2009), although some smaller
series observed a syrinx reduction in all their
patients (Limonadi and Selden 2004; Wetjen et al.
2008; Munshi et al. 2000). Higher rates for post-
operative improvements and syrinx reductions
were found in 34 patients receiving duraplas-
ties, as compared to 11 who underwent incisions
of the outer dura (Munshi et al. 2000). A study
comparing decompressions involving tonsillar
coagulation and duraplasties, with decompres-
sions confined to incision of the outer dura alone,
found better results in the former group after a
mean follow-up of 21 months, both in terms of
clinical improvements and syrinx reductions
(Galarza et al. 2007). This overview suggests but
does not prove that postoperative syrinx reduc-
tion rates are lower after decompressions that do
not open the arachnoid (Tables 10.2 and 10.3).

Looking on rates for postoperative revisions
and recurrences, a study comparing results for 56
patients undergoing a pure bony decompression
with 64 patients receiving duraplasty but with-
out arachnoid opening concluded that the revi-
sion rate was higher in the former group (12.5
compared to 3.1 %), although the paper did not
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state the follow-up time (Mutchnick et al. 2010).
A similar study on 82 patients reported a higher
rate of revision after decompressions without
duraplasty, compared to those with duraplasty
— 9.5 and 3.6 %, respectively (Yilmaz et al.
2011). A meta-analysis from the literature of 582
patients came to the same conclusion (Durham
and Fjeld-Olenec 2008). A study of results in
children, however, concluded that decompression
with incision of the outer dura gave comparable
results to more invasive forms of decompression
and avoided higher complication rates (Navarro
et al. 2004). A report comparing results for 16
bony decompressions with 80 decompressions
involving arachnoid dissection noted a lower
recurrence rate after dura and arachnoid opening
— 7.5 compared to 25 % after bony decompres-
sions only (Hayhurst et al. 2008).

Some investigators have tried to tailor sur-
gical steps for individual patients according to
intraoperative ultrasound findings. A study to
evaluate the effect of bony decompressions in
children noted tonsillar pulsations and a suf-
ficient subarachnoid space in 116 operations,
so the dura was not opened. A duraplasty was
performed without opening the arachnoid in a
further 140 instances. Following this policy and
at an average follow-up of 27 months, 15 % of
children had a mild or moderate recurrence of
symptoms, and another 7 % had severe symp-
tom recurrence, requiring a revision surgery.
Kaplan-Meier analyses showed a recurrence rate
for headache of more than 40 % and a recurrence
rate for brainstem and cranial nerve symptoms
of more than 20 % within 80 months after sur-
gery. A syrinx decrease was detected in 62 % of
patients (McGirt et al. 2008b). Another group
also modified their operative steps according to
intraoperative ultrasonic CSF flow measurements
and found arachnoid dissection necessary in the
overwhelming majority of patients (Milhorat and
Bolognese 2003). Others have also used ultra-
sound to establish an adequate decompression
after bony removal but then restricted the opera-
tion to splitting the outer dural layer in only a
minority of patients, who did not have a syrinx
and where the tonsillar herniation was mild, not
reaching C1. The majority of the 363 paediatric

patients underwent dural opening, arachnoid dis-
section, opening of the foramen of Magendie and
duraplasty (Menezes et al. 2005). Neither set of
authors gave any information on postoperative
outcomes for their patients.

In summary, the outcome data as published
in the literature for syrinx reduction and revision
rates are considerably worse for limited decom-
pressions when compared to those with arachnoid
opening and duraplasty, in the author’s and other
similar series (Tables 10.2 and 10.3). Given the
low morbidity rates of the technique described in
this chapter and the much better long-term results
for decompressions that involve at least a dura-
plasty, the author does not support methods of
decompression that do not involve duraplasties.

This leaves the question of whether the arach-
noid should be opened or not. In the author’s
series, the arachnoid was not opened in a sub-
group of 24 Chiari I patients without syringo-
myelia because it appeared entirely normal after
dural opening. In the long term, however, a sig-
nificantly higher neurological recurrence rate!
was observed for these patients compared to the
other decompressions with arachnoid dissection
(Table 10.5). So far, a few studies have analysed
the influence of arachnoid changes on clinical
symptoms and outcomes in Chiari I malforma-
tion. Some authors comment that severe arach-
noid scarring is a sign of unfavourable long-term
prognosis (Sakamoto et al. 1999; Aghakhani
et al. 2009). However, there are little data on the
frequency of arachnoid changes in Chiari I and
even less information on their significance. One
study found arachnoid scarring in 6 of 14 patients
without and 19 of 51 patients with syringomyelia
but made no statements as to whether this influ-
enced the clinical outcome (Ellenbogen et al.
2000). Another found that patients with arach-
noiditis showed more severe neurological signs
before surgery and had a worse postoperative out-
come than patients without arachnoid pathology
(Aghakhani et al. 2009). In the author’s series,
severe arachnoid scarring was detected in 48 of

' The reappearance or progression of preoperative symp-
toms, or development of new neurological symptoms,
related to the Chiari or the syrinx
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371 decompressions (13 %). Severe scarring was
significantly more common in secondary opera-
tions as compared to primary procedures (63 and
6 %, respectively). More data are available con-
cerning patency of the foramen of Magendie. The
foramen was obstructed in 12 % of 500 paediatric
patients that were surgically managed for Chiari
I (Tubbs et al. 2011). This group also emphasised
in an earlier paper that such obstructions cannot
be detected without arachnoid dissection (Tubbs
et al. 2003). The foramen was found to be par-
tially or completely obstructed in another study
in 14 out of 105 children (Zerah 1999). In a third
study, the foramen was obstructed in 7.4 %, with
some arachnoid scarring at this level in 17 % of
patients (Menezes et al. 2005). In the author’s
series, Magendie was obstructed in 33 % of
patients. Again, this rate was significantly higher
in revision as against primary surgeries (65 and
28 %, respectively). Again in the author’s series,
severe arachnoid scarring was associated with
more severe preoperative neurological deficits, a
lower frequency for syrinx reduction postopera-
tively and a higher frequency of long-term neuro-
logical deterioration.

These observations suggest that the arachnoid
does play a role in the pathophysiology of Chiari
I malformations at least for the formation and
postoperative resolution of syringomyelia but
also for the function of brainstem and spinal cord
irrespective of a syrinx. Decompression tech-
niques that do not address the arachnoid neglect a
component that is relevant for a significant num-
ber of patients. Techniques that treat the arach-
noid pathology can be expected to be associated
with improved long-term results (Table 10.3).
To settle this issue, however, a prospective study
comparing postoperative results for decompres-
sions with and without arachnoid dissection will
be required.

10.5.2 Basilar Invagination

In the author’s series of 35 operated patients, 30
patients with basilar invagination considered
their condition improved following surgery, and
5 were unchanged 3 months postoperatively
(Table 10.4). Four required further procedures

subsequently. Patients with basilar invagination
treated by posterior decompression only require
postoperative monitoring for evidence of insta-
bility. In one of the author’s patients without pre-
operative evidence of craniocervical instability,
postoperative MR scans demonstrated pannus
formation around the odontoid peg and instabil-
ity on functional X-rays about 6 months after
decompression. A posterior fusion was necessary,
which then led to neurological improvement.
Among 9 patients treated by ventral and dorsal
decompression and fusion, two revisions for late
implant failures were required. Another patient in
this group with a stable postoperative neurologi-
cal status underwent a revision at another institu-
tion resulting in neurological worsening. Apart
from these 4 patients, no subsequent operations
were required or clinical recurrences detected in
the group of patients with basilar invagination.

10.5.3 Chiari Il Malformation

In the literature, good results have been reported
for infants undergoing decompression before
severe brainstem dysfunctions, such as bilateral
vocal cord palsies, had developed, with success
rates in the order of 80 % (Zerah 1999; Vandertop
et al. 1992; Ishak et al. 1980; Teo et al. 1997;
Pollack et al. 1996; Talamonti and Zella 2011).
The author’s series of six children under 2 years of
age included four who presented as neonates with
severe respiratory problems and two 1-year-old
children who had cyanotic attacks when stressed
or upon coughing. Following decompression, all
infants showed improvement of respiratory func-
tions, although one child still died, 17 months
after surgery, due to recurrent respiratory prob-
lems. In children, radiological evidence of insta-
bility is common after decompressions and was
found in 5 of 9 patients in one study addressing
this problem, specifically. However, this appeared
not to be clinically relevant as no clinical symp-
toms were related to it (Lam et al. 2009). Whether
this conclusion still holds once these children
have reached adulthood remains to be seen.

For adult patients with Chiari II malforma-
tion, few data exist in the literature. One study
recommends a combination of decompression
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and stabilisation if surgery is required in this age
group and reported good outcomes in 4 patients
so treated (Rahman et al. 2009). Looking at short-
term results for 7 older patients in the author’s
series undergoing 10 decompressions in total, 3
operations were followed by improvements, and
6 left the patients unchanged, while 1 patient con-
sidered his condition worsened within 3 months
after decompression. In the longer term, the
neurological status was stabilised in 4 of these
7 patients, requiring a total of 6 decompressions.
The other 3 progressed despite 4 decompressions
presumably related to compromised cervical sta-
bility. Therefore, a decompression for Chiari II
malformation should be combined with a poste-
rior fusion to prevent neurological deteriorations
related to post-laminectomy deformities.

All patients with Chiari II malformations
require a lifelong medical surveillance by neurol-
ogists, orthopaedic surgeons and neurosurgeons,
to maintain as much quality of life and autonomy
as possible.

10.5.4 Foramen Magnum
Arachnoiditis

In the author’s series, 10 patients with foramen
magnum arachnoiditis underwent decompression
at the foramen magnum. Five considered their con-
dition improved 3 months after decompression, 3
were unchanged and 2 worsened (Table 10.4). In
the long term, 6 clinical recurrences were detected.
In this series, arachnoiditis had the worst progno-
sis among all pathologies at the foramen magnum,
with only 33 % achieving a stable neurological
status according to a Kaplan-Meier analysis. In
the literature, no outcome data for a patient series
treated by decompression exists.

10.6 Recurrences

This section will deal with surgical revisions for
Chiari I malformations only. For Chiari II or
foramen magnum arachnoiditis, the number
requiring revision surgery was low in the author’s
series, and cases in the literature were discussed
above.

10.6.1 Assessment

Once hydrocephalus is ruled out, the further eval-
uation of patients representing after a foramen
magnum decompression must start with the clini-
cal history. What symptoms were apparent before
the previous decompression, and how did these
symptoms respond to surgery? Was the neurol-
ogy unchanged or improved, or did symptoms
progress further without an interval of stable neu-
rology? In the author’s series of 107 patients pre-
senting after a Chiari I foramen magnum
decompression, 56 did not go on to a further sur-
gical procedure, mainly because their neurologi-
cal status either was stable or was considered
unlikely to be stabilised by another intervention.
Most of these patients not undergoing a revision
presented because they were disappointed by the
result of their initial decompression. Although
many symptoms had improved and the syrinx
had decreased in size, burning dysaesthesias per-
sisted and proved extremely difficult to treat with
analgesics in the great majority. It is certainly
important to inform any patient, before any sur-
gery, that dysaesthesias may not respond to an
otherwise successful decompression. Indeed,
such pains may even worsen following collapse
of a syrinx (Milhorat et al. 1996). This phenom-
enon, however, was not observed in the author’s
series.

Progression of symptoms without an interval
of clinical stability suggests an insufficient oper-
ation. In most instances, this will be related to an
insufficient decompression; untreated features of
an associated basilar invagination, such as ante-
rior compression by the odontoid peg; or the
result of craniocervical instability. In the majority
of patients, however, the clinical history reveals a
stable interval after foramen magnum decom-
pression with or without improvement of preop-
erative symptoms. It should then be noted how
and when the deterioration started. In the author’s
experience, the longer the interval of clinical sta-
bility before the deterioration began, the less
likely the cause was related to the foramen mag-
num. The only clinical symptom, which always
suggested a foramen magnum problem in these
patients, was a recurrence of occipital headaches
or swallowing dysfunctions.
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As the next step, careful neuroradiological
assessment is essential for these patients. First of
all, the area of the previous operation needs to be
evaluated, comparing pre- and postoperative
MRI scans. There might be evidence of insuffi-
cient decompression or recurrent compression. It
has been reported that new bone formation may
cause recurrent compression (Zerah 1999; Aoki
et al. 1995; Hudgins and Boydston 1995). An
oversized craniectomy may result in cerebellar
ptosis and medullary compression (Holly and
Batzdorf 2001). The newly created artificial cis-
terna magna may not be of sufficient size. There
may be a pseudomeningocoele pushing the dura
anteriorly onto the cervicomedullary junction.
MR imaging will also reveal whether there is
basilar invagination with persistent anterior com-
pression of the odontoid or if there is a precursor
of craniocervical instability, such as an assimi-
lated atlas, a Klippel-Feil syndrome of the upper
cervical spine or pannus formation around the
odontoid (Smith et al. 2010). Functional X-rays
or CT scans should be part of the diagnostic
workup in such patients to evaluate craniocervi-
cal stability.

Another important consideration is the post-
operative course of a syrinx. If the syrinx is seen,
radiologically, to have decreased after surgery
and to have remained so, it was unlikely that any
new symptoms were related to the foramen mag-
num, with the one exception that craniocervical
instability still had to be ruled out. Next, a
cardiac-gated cine MRI should be performed, to
evaluate the CSF passage at the foramen mag-
num. This modality is the most sensitive method
to detect or exclude arachnoid scarring and post-
operative adhesions (Armonda et al. 1994;
Bhadelia et al. 1995; Hofkes et al. 2007; McGirt
et al. 2008a). If such a study demonstrates ade-
quate CSF flow at the foramen magnum and the
neuroradiological evaluation had excluded all
the other above-mentioned possibilities, then the
clinical deterioration was due to a mechanism or
cause unrelated to the previous decompression.

In patients with syrinx shunts, the shunt cath-
eter may have caused tethering of nerve roots or
spinal cord leading to radicular or myelopathic
symptoms, which are often provoked by neck or

arm movements (Batzdorf et al. 1998). The MRI
in these patients will show adherence of the cord
to the dura at the level of the shunt.

If this, in turn, has been excluded, degenera-
tive changes of the cervical spine should be evalu-
ated. Many patients with a well-treated Chiari
malformation and a collapsed syrinx demonstrate
considerable spinal cord atrophy. MRI scans may
then give the impression that a slight or moderate
degree of cervical stenosis is not clinically rele-
vant, but this is a dangerous assumption. Such
patients have little functional reserve in their spi-
nal cord, and any additional physical insult, even
a minor one, may be enough to cause significant
new deficits. It has even been suggested that
Chiari patients may be particularly prone to the
effects of degenerative problems of the cervical
spine (Takeuchi et al. 2007). In particular, signs
of hypermobility of cervical segments should be
looked for by radiographs in ante- and retroflex-
ion. Cervical fusion should be offered to patients
with neurological deterioration despite a suffi-
ciently treated Chiari I malformation but with
signs of hypermobility in the cervical spine in
functional studies. In the author’s experience,
such fusions may stabilise the neurological course
of these patients.

10.6.2 Revision Surgery

Indications for revision surgery at the craniover-
tebral junction include untreated or new instabil-
ity of the craniocervical junction, insufficient
primary decompression or an obstruction of CSF
flow, the latter related to arachnoid scarring or
compression of the cisterna magna by a pseudo-
meningocoele (Fig. 10.8). In view of the poor
response of Chiari-related syringomyelia to
direct shunting, the author would not choose this
treatment for patients after a failed primary
decompression (Klekamp et al. 1996). Instead, if
a syrinx reappears or does not regress in the first
place, the reason for this must be established and
treated at the level of the foramen magnum. This
will require a revision with opening of the dura or
duraplasty and then careful arachnoid dissection,
to establish free outflow of CSF from the foramen
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Fig. 10.8 (a) This preoperative T2-weighted MRI
shows a situation after foramen magnum decompres-
sion for Chiari I malformation. C1 was not removed.
A pseudomeningocoele developed (*), pushing the
duraplasty anteriorly and resulting in CSF flow obstruction.

of Magendie. Several authors have mentioned the
importance of opening Magendie during foramen
magnum decompressions (Zerah 1999; Menezes
et al. 2005; Tubbs et al. 2011) and particularly so
during revisions (Sacco and Scott 2003; Tubbs
et al. 2011). In some cases, such revisions may
need to be combined with craniocervical fusion
and even transoral resection of the odontoid.
Severe arachnoid scarring related to surgical
manoeuvres or postoperative meningitis is the
most common feature in patients demonstrating a
CSF flow obstruction, usually in the form of
adhesions between dural graft and cerebellum or
the spinal cord, although other factors may some-
times operate (Table 10.6) (Fig. 10.8) (Klekamp
et al. 1996; Sakamoto et al. 1999; Ellenbogen

Even though the syrinx had not enlarged, the patient com-
plained of local discomfort and deteriorating gait. (b)
After foramen magnum revision, with removal of C1 and
exchange of the duraplasty, CSF flow is restored (arrow)
and the patient improved

Table 10.6 Causes of postoperative cicatrix
Pseudomeningocoele pushing the graft anteriorly
Use of autologous graft material
Insufficient arachnoid dissection at primary surgery
Plugging the obex
History of meningitis

et al. 2000; Mazzola and Fried 2003; Rosen et al.
2003; Yanni et al. 2010; Pare and Batzdorf 1998).
Leaving the arachnoid intact during the first
decompression may also result in insufficient
CSF flow postoperatively leading to a subsequent
revision.

The more extensive and dense the arachnoid
pathology, the less likely it is that a revision will
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produce a lasting benefit. Furthermore, the risk of
secondary surgery is certainly higher than with
primary decompressions. It is, therefore, very
difficult to predict the outcome for a patient
before revision surgery. Unless there is a history
of meningitis or a clear description of severe
arachnoid changes in the original operation notes,
it is impossible to foresee exactly what will be
discovered after reopening of the dura. A surgical
strategy has to be adopted intraoperatively which
improves CSF flow but minimises the risk of
recurrent postoperative arachnoid scarring.
Limiting the arachnoid dissection to the midline,
with sharp transection of arachnoid adhesions
obstructing the foramen of Magendie and the
posterior spinal subarachnoid space, is all that is
required. Blunt dissection or tackling arachnoid
adhesions laterally carries the risk of damage to
small perforating arteries and caudal cranial
nerves and should be avoided. Finally, a spacious
dura graft, using artificial material, provides rea-
sonable protection against postoperative arach-
noid scarring, which may otherwise cause another
clinical recurrence. The realistic outlook for
patients undergoing a foramen magnum revision
is clinical stabilisation of the previously progres-
sive course. Long-term results in the author’s
series, determined by Kaplan-Meier statistics,
revealed a further recurrence rate of 1 in 3 within
5 years after foramen magnum revision
(Table 10.5) (Klekamp et al. 2002).
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