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Preface

A child with a large head and a sick malnourished body was the epitome of poverty
from the older days... But, the large head started getting noticed in children from well
to do families as well. And then as the studies on Hydrocephalus progressed, simple
ways of shunting the fluid away from the ventricles to any other cavity like the atrium,
pleural cavity and peritoneal cavity evolved after considerable attempts to destroy the
choroid plexus, but did not bear as much fruits.

The reasons for hydrocephalus (of course, the ones other than abject poverty) were
looked into and the disease was classified to be either obstructive or non-obstructive
(also termed communicative, a misnomer actually)... and then the logical ways of
dealing with each appeared.

The shunt was a panacea for both, but then Endoscopy came along. The third
ventriculostomy literally changed the scene with no implants, and thus abolishing the
most feared complication of all, shunt infections.

Posterior third ventriculostomy, septostomy, stents across the aqueduct of sylvius and
so on and so forth were treatments aimed at getting around the obstruction. And they
proved to be successful as well, to an extent.

As is the usual cycle, time revealed the limitations of endoscopy. The shunts evolved
into modern gadgets with programmability... and the evolution continues.

Lamina Terminalis was recognized as the anterior boundary of the third ventricle and
fenestration of this thin membrane was thought to be helpful in resolution of
hydrocephalus with subarachnoid hemorrhage. This was applied in very few cases in
our center where Endoscopic third ventriculostomy could not be done due to a very
thick and opalescent third ventricular floor. We did fenestration of Lamina terminalis
through an eyebrow incision and a keyhole approach. We do think that in cases where
an ETV is difficult or risky and the type of hydrocephalus is obstructive, this is
something which could be an alternative to a shunt. Of course more work needs to be
done to assess the feasibility.

However few things which were not considered earlier like the compliance of the
brain and the fragile balance of the CSF system were studied later on and treatments
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started taking these factors into account as well. So evolved treatments for
communicating hydrocephalus and normal pressure hydrocephalus where the
compliance of the brain is important.

In the present scenario, surgeons have a lot to choose from. However, before doing
anything it goes without saying that the surgeon weighs his options and goes ahead
with the treatment, based on the familiarity and efficacy of a particular way of treating
the hydrocephalus. After all, no surgeon would want a mismanaged case of
hydrocephalus on his hands.

Dr. Sadip Pant
University of Arkansas for Medical Sciences, AR,
USA

Dr. Iype Cherian
College of Medical Sciences, Bharatpur,
Nepal



Hydrocephalus: An Overview

Milani Sivagnanam and Neilank K. Jha
Wayne State University
USA

1. Introduction

Hydrocephalus is a condition where an abnormal build-up of cerebrospinal fluid (CSF) fluid
causes an increase in pressure in the ventricles or subarachnoid space of the brain. It can be
caused by either the blockage of CSF flow (i.e. obstructive/non-communicating
hydrocephalus) in the ventricular system or by inadequate re-absorption of CSF fluid (i.e.
non-obstructive/communicating hydrocephalus). These features result in enlargement of
the ventricles (i.e. ventriculomegaly) or subarachnoid space and increase intracranial
pressure (ICP). The severity of ICP can compress surrounding brain parenchyma,
manifesting into identifiable acute or chronic symptoms depending on the age of onset.

Major developments in the treatment of hydrocephalus have occurred since the 20th century,
with the use of shunts and neurosurgical interventions being the most successful. Currently,
no cure has been found for hydrocephalus.

2. Types and classification

Hydrocephalus can be grouped based on two broad criteria: 1) pathology and 2) etiology.
Pathology can be grouped as either obstructive (non-communicating) or non-obstructive
(communicating). Etiology can be grouped as congenital or acquired. Additionally, there is a
form of hydrocephalus called normal pressure hydrocephalus (NPH), which primarily
affects the elderly population.

Congenital hydrocephalus is present at birth, and can be caused by Dandy-Walker
malformations, porenchphaly, spina bifida, Chairi I and II malformations, arachnoid cysts,
and most commonly aquaductal stenosis. Very few cases of congenital hydrocephalus are
inherited (X-linked hydrocephalus). Acquired hydrocephalus may be caused by
subarachnoid haemorrhage, intraventricular hemorrage, trauma, infection (meningitis),
tumour, surgical complications or severe head injury at any age.

Describing hydrocephalus based on type of CSF flow (i.e. communicating/non-obstructive
or non-communicating/obstructive) is preferred because of the implications for treatment.
Communicating hydrocephalus is often treated with shunt surgery while non-
communicating hydrocephalus suggests treatment with endoscopic third ventriculostomy
(ETV). Regardless of etiology, both groups present with ventriculomegaly and elevated
intracranial pressure, which are responsible for the similar symptoms seen in both
communicating and non-communicating forms of hydrocephalus.
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2.1 Obstructive (Non-communicating) hydrocephalus

Obstructive hydrocephalus results from the blockage of CSF circulation, either in the ventricles
or subarachnoid space. This can be caused by cysts, tumours, haemorrhages, infections,
congenital malformations and most commonly, aqueductal stenosis or cerebral aqueduct
blockage. An MRI or CT scan can be useful to identify the point of blockage. Patients can then
be treated by removing the obstructive lesion or diverting the CSF using ETV or a shunt.

2.2 Non-obstructive (Communicating) hydrocephalus

Non-obstructive hydrocephalus may be caused by a disruption of CSF equilibrium. Rarely,
hydrocephalus can be caused by an abundance of CSF production, as a result of a choroid
plexus papilloma or carcinoma. Hydrocephalus is typically the underlying condition when
CSF absorption is impaired, and can be caused by a complication after an infection or by
hemorrhagic complications. Patients are often treated using a shunt.

2.3 Normal Pressure Hydrocephalus

Normal pressure hydrocephalus (NPH), which commonly occurs in the elderly, does not
fit into either obstructive or non-obstructive hydrocephalus. NPH occurs in the sixth or
seventh decade of life and is characterized with specific symptoms: gait disturbance,
cognitive decline and urinary incontinence (i.e. Adam’s or Hakim’s triad). Ventricles
appear enlarged, and there is an increase in intracranial pressure compared to baseline
measurements. However, it is important to note that this increase in ICP is not as
significant an increase as seen in obstructive or non-obstructive cases described
previously. This is why this form of hydrocephalus is called ‘normal’ pressure
hydrocephalus. Causes may include subarachnoid haemorrhage, trauma, infection
(meningitis), encephalitis, tumour, subarachnoid inflammation, or surgical complications.
Often, the cause of NPH is not clear and is referred to as idiopathic (INPH). Preferred
treatment for NPH is often shunt surgery.

3. Pathological findings

CSF is the fluid which acts to serve as a cushion for the brain, and plays a role in
haemostasis and metabolism of the brain. It is produced by the choroid plexus, found in
the body and inferior horn of the lateral ventricle, the foramen of Monroe, roof of the
third ventricle and inferior roof of the fourth ventricle. The flow of CSF through the
ventricles is as follows: begins in the left and right lateral ventricles - interventricular
foramen of Monroe - 3rd ventricle > cerebral aqueduct - 4th ventricle and out through
the two lateral apertures of Lushka or the one medial aperture of Magendi into the
cisternae magna. From there, CSF will flow into the cortico-subarachnoid space and the
spinal subarachnoid space.

CSF is continuously being produced by the choroid plexus at a rate of 400-500ml/day and
continuously reabsorbed by the arachnoids granulations into the dural sinuses, and
eventually into the venous system. At any given time, there is approximately 140ml of CSF
in the adult system, of which 25-40ml is in the ventricles. The rate of absorption is
proportional to the difference in intracranial pressure and dural sinus pressure. An
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equilibrium between CSF production and CSF reabsorption maintains mean CSF pressure at
7-15mmHg in normal adults. In patients with communicating and non-communicating
forms of hydrocephalus, the build up of extra CSF fluid within the ventricles will cause
increased ICP. Clinicians can measure mean intracranial pressure either intracranially or by
inserting a needle into the lumbar space. An abnormality in the mean ICP pressure or
pattern of ICP changes can be indicative of hydrocephalus.

3.1 Normal Pressure Hydrocephalus (NPH)

Dr. Hakim first identified NPH over 4 decades ago, and a clear pathological model has not
yet been proposed to explain the triad of clinical symptoms and the development of the
paradoxical nature of near-normal intracranial pressure and ventricomegaly observed in
NPH patients. Evidence suggests ventricomegaly is caused by impaired CSF absorption at
the arachnoid granules or impaired CSF conductance through the subarachnoid space.

One theory suggests ICP increases due to accumulation of CSF as a result of reduced
conductance and absorption. This causes an initial phase of ventricle enlargement, which
then normalizes after the initial expansion. This theory has been supported by various
experimental models of hydrocephalus.

Hakim hypothesized a transient increase in ICP was sufficient to initiate ventricular dilation.
Using Pascal’s law (force = pressure x area), if force were to remain constant, as ventricular
area increased, the (intracranial) pressure could decrease and normalize, thereby explaining
the paradoxical ‘normal pressure’ presenting in NPH patients. The transient increase in
NPH patients is not detected in patients because they are examined in a clinical setting after
ventricles have enlarged and ICP has normalized.

Other theories suggest ventriculomegaly develops as a combination of increased mean CSF
pressure, and the increased frequency of CSF pressure waves. (Eide & Sorteberg, 2010;
Madson et al., 2006)

4. Epidemiology

The true incidence of hydrocephalus in children and adults is unknown. It has been
estimated that it affects 0.9 to 1.5 per 1000 births. When congenital abnormalities are
included (e.g. spina bifida, myemeninocele), hydrocephalus can affect 1.3 to 2.9 per 1000
births. (Rizvi & Anjum, 2005) Due to the increased practice of pregnant females taking folic
acid to reduce neural tube defects, it has been reported that the incidence of hydrocephalus
in children has decreased over the recent decades. (Drake, 2008; Bullivant et al., 2008; Kestle,
2003) Without a central registry of hydrocephalus cases, however, it is difficult to accurately
know the incidence of acquired cases of hydrocephalus.

Similarly, the incidence of NPH remains uncertain as well, mainly due to variability in
diagnostic criteria between different centres. As well, many cases of NPH may be
misdiagnosed as other common elderly diseases. Current reports estimate rates of 1.3 per
million to 4 cases per 1000; variability due to different diagnostic criteria for NPH and
sample populations. A recent study surveying 49 centers in Germany known to care for
NPH patients estimated 1.8 cases per 100 000 people. (Krauss and Halve, 2004)
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5. Clinical presentation of hydrocephalus

As noted earlier, irrespective of etiology, patient symptoms will present in a similar manner.
However, depending on the type of hydrocephalus, age of onset, and severity, symptoms
will vary greatly.

5.1 Infants (0-2 years)

In infants, the accumulation of CSF, enlargements of ventricles and increase in intracranial
pressure (ICP) will manifest in an increase of head circumference (since the fontanelles have
not yet fused), bulging fontanelles, and bulging scalp veins, which occurs especially when
the infant cries. These are often the first presenting signs of hydroceaphlus in infants. The
shape of the head may also indicate the location of an obstruction. For example, an occipital
prominence is seen in Dandy Walker malformations and a larger forehead in comparison to
the rest of the skull is seen in aqueductal stenosis. Other signs include an enlarged fontanelle
and full anterior fontanelle. Also an infant will often present with signs of irritability,
lethargy, fever, and vomiting.

As hydrocephalus worsens, the infant may suffer from ‘sunsetting eyes’. This symptom is
characterized by the child’s inability to look upward, as the eyes are displaced downward
due to the pressure on the cranial nerves controlling eye movement. As a result, the infant
appears as though it is looking at the bottom lid of its eye. Vision may also be affected in
advanced hydrocephalus due to compression of the optic chiasma as a result of a dilated 3rd
ventricle. Stretching of periventricular structures can cause abducent nerve paresis,
presenting in nystagmus and random eye movement.

Infants with advanced hydrocephalus may also present with increased deep tendon reflexes
and muscle tone in lower extremities, growth failure, delayed neurological development,
and limited control in the head and trunk regions. Left untreated, this can progress and can
result in seizures and/or coma.

5.2 Children and adults

Children presenting with hydrocephalus, may have had a pre-existing and unrecognized
hydrocephalus and may have normal or delayed neurological development. These children
have slightly enlarged heads, optic atrophy or papilloedma caused by increased ICP. These
children also have abnormal hypothalamic function (i.e. short stature, gigantism, obesity,
precocious puberty, diabetes insipidus, amonerrea), spastic lower limbs and hyperreflexia.
In school, they may present with learning difficulties, and often have lower performance IQ
than verbal IQ.

When hydrocephalus occurs in children and adults (after fontanelles have fused),
hydrocephalus will manifest with different symptoms. Affected individuals will have
normal head size and present with headache, vomiting, irritability, alerted consciousness,
lethargy and ventriculomegaly. Papilloedema, absucens nerve pareis, and lower limb hyper
reflexia are also seen. The stretching of cranial nerves that are responsible for eye function
may lead to impaired or dysfunctional eye movement and/or tunnel vision.

Toddlers may present with loss of previously gained cognitive and motor abilities, delays in
reaching milestones (e.g. walking, talking, etc.), poor coordination and decreased bladder
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control. Older children often complain of headaches as their primary symptom (due to
increased ICP), feel sleepy and lethargic, and also show a decline in school performance.
Adult symptoms may vary from weakness to spasticity, difficulties with balance, poor
motor control, headaches and nausea.

If an individual with suspected hydrocephalus is left untreated or poorly managed, the
chronic increase in intracranial pressure may lead to convulsions, mental retardation, gait
disturbances, dementia and personality changes in adults. In young girls, it may also lead to
early onset puberty.

5.3 Adult normal pressure hydrocephalus

Normal pressure hydrocephalus results from a decrease in CSF absorption, and ICP may
range from normal to high depending on the time of day. It is often characterized by
Hakim’s triad of symptoms: incontinence, dementia and gait disturbance. Symptoms start
off mild, often beginning with gait impairment, and eventually progress in severity.
Patients present with varying degrees of symptom severity, and not all symptoms may be
present.

5.3.1 Gait

Gait dysfunction is the most common symptom present in adults with NPH and develops
over many months or years. Enlarged lateral ventricles compress corticospinal tract fibers in
the corona radiata, which are responsible for voluntary skilled movements of the legs.

Patients present with a slower, wide based gait, small shuffling steps, poor balance and a
tendency to take many small steps during a turn, as well as a tendency to fall (positive
Romberg test). Steps are of reduced height and small clearance, characteristic of a ‘magnetic
gait’. However, there is no significant motor weakness in limbs. A patient’s clinical history
may reveal that the patient originally presented with difficulty walking on uneven surfaces,
which later developed into an increasing number of falls, needing the use of a walking stick,
walker or wheelchair. The Tinetti Assessment Tool is a quick way to assess gait and balance.

Causes for gait disturbances in the elderly population can be multifactorial. As a result, it is
important for physicians to rule out other possibilities or co-morbidities before a patient’s
diagnosis or treatment for NPH is confirmed by taking a detailed clinical history and clinical
exam. A history of significant back pain, lower extremity weakness and radicular pain can
be due to cervical or lumbar canal stenosis, and can be assessed with MRI. Steppage gait
suggests peripheral neuropathy. Differentiation between Parkinson’s disease and NPH can
be challenging due to similarities in gait dysfunction: hypokinetic, smaller steps, and
freezing. However, NPH is specifically associated with a wider base, outward rotated feet,
an erect trunk, preserved arm swing, smaller step height, no response to levadopa
treatment, and the absence of a resting tremor.

5.3.2 Urinary incontinence

Compression of sacral fibers along the corona radiata by enlarged lateral ventricles impairs
inhibitory fibers to the bladder. Patients can present with a variation of urinary symptoms,
ranging from urgency or increased frequency to (near) incontinence.
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Since urinary incontinence is also extremely common in the elderly population, a detailed
history and examination must be taken to rule out other causes of similar symptoms, such as
urethral stricture (prostate hypertrophy), diuretic use, detruster instability or pelvic floor
weakness leading to stress incontinence. The type of incontinence (stress, urge, etc.) and use
of cystoscopy and urodynamic testing can be helpful in diagnosing patients.

5.3.3 Cognitive dementia

Patients with NPH suffer subcortical dementia, characterized by forgetfulness, disrupted
Visuospatial perception, psychomotor slowness, decreased attention, and preserved
memory storage. A patient history may reveal the patient is incapable of daily tasks, such as
shopping, or managing bank accounts. Physicians may use the Montreal Cognitive
Assessment test or HIV Dementia Scale as a quick screening tool to identify subcortical
cognitive dysfunction.

Cognitive decline in NPH can be similar to other common dementias seen in the elderly
population, including Alzheimer’s, vascular dementia, and Lewy body disease. An onset of
symptoms over a few months, rather than a few years, and lack of apraxia, agnosia, aphasia
and complete memory loss can differentiate subcortical dementia found in NPH from
Alzheimer’s. However, other types of dementia may be more difficult to differentiate from
dementia due to NPH.

6. Diagnostic evaluation
6.1 Infants

Head circumference should be routinely measured in infants. Any excessive growth in serial
measurements is a risk factor for hydrocephalus and should be followed up with a
physician. Additionally, failure of sutures to close in a child may indicate the development
of hydrocephalus, as progressive growth of ventricles in a young infant can prevent the
fusion of sutures. This may also lead to a larger than normal head circumference. If
hydrocephalus is suspected, x-rays of a child’s head may provide further evidence such as
an enlarged head, craniofacial disproportion, or elongated interdigitations of suture lines,
indicating increased ICP in older children.

Hydrocephalus can be diagnosed before birth with the use of ultrasound. Also, in
premature infants and very young infants with open fontanelles, ultrasound can be used to
image the size of ventricles. If possible, a CT or MRI scan can be performed on the infant to
assess the cause of hydrocephalus (e.g. aquductal stenosis, loculated ventricles, tumour, etc.)
and to choose appropriate follow up interventions. However, due to the invasive nature of
these diagnostic procedures, it is difficult to monitor ICP in a very young infant to detect an
increase ICP.

6.2 Children and adults

Children and adults presenting with symptoms of hydrocephalus need to confirm the
presence of enlarged ventricles with CT or MRI. Using an MRI, Evan'’s ratio is defined as the
ratio of the maximum width of the anterior ventricular horns to the maximum width of the
calvarium at the level of the intraventricular foramen of Monroe. A ratio of 0.3 or greater
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defines ventriculomegaly. CT or MRI may also reveal the presence of infection or tumours
causing an obstruction and enlarged ventricles. Gating MRI to the cardiac cycle can track
CSF flow and monitor movement through the ventricles to identify any blockages. Lumbar
puncture can also be used to assess intracranial pressure, and screen for the presence and/or
type and severity of infection.

Signs indicating non-communicating hydrocephalus include: lack of indication of
obstruction on an MRI, increased CSF flow velocity in the aquaduct, rounding of lateral
ventricles, and thinning and elevation of the corpus collosum on sagittal MRI images.

7. Predictive tests for shunt surgery for NPH

Although the use of neuroimaging to identify ventriculomegaly and assessment of clinical
symptoms (i.e. the presence of one or more features of Hakim's triad for INPH), can be used
to diagnose NPH, additional testing must be conducted to identify patients who qualify for
shunt surgery. The use of supplementary tests can help improve diagnostic accuracy and
stratify patient populations into those who would be considered good candidates for
surgery and those who would not.

7.1 Cisternography

In cisternography, a radioactive isotope is injected via lumbar puncture into the CSF and is
allowed to distribute within the ventricular and subarachnoid system over a 1-2 day period.
Flow and speed are assessed using a gamma camera. In a normal patient, the material can
be seen accumulating over the cortical space. Any accumulation or reflux of the isotope in
the ventricles indicates NPH. Although this method was used heavily in the past, a review
in the early 1990s (Vanneste et al., 1992) concluded that this method did not improve
diagnostic accuracy, and this method has been abandoned since.

7.2 Infusion methods

To examine CSF dynamics, two needles are used: one to infuse artificial CSF into the lumbar
subarachnoid space, and another needle at a second side in the spine to record intracranial
pressure and resistance of CSF absorption pathways in the subarachnoid space. Patients
with an ICP >18mmHg/mL/min would have a good outcomes after shunt surgery (high
specificity). However, certain patients still benefit from surgery, despite failure to meet the
>18mmHg/mL/min cutoff, indicating low sensitivity of this test. Though this test can be
quite useful to physicians recommending patients for surgery, it requires technical skill, and
is currently only available at very few centers in the US.

7.3 Intracranial pressure measurement

Measuring intracranial pressure (ICP) can be done using an intraventricular or lumbar
catheter. From recordings, mean pressure and systolic and diastolic pulsations of CSF can be
calculated. Measurements >50mmHg for 15-20 minutes time segments on ICP recordings
indicate A-waves (plateau waves). B-waves are often low amplitude waves (1-5mmHg)
lasting a short period of time and have been recently explored as a possible indicator of
shunt surgery outcomes. However, other studies have shown low correlation between the
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incidence of B-waves and good surgical outcome. (Stephensen et al., 2004) ICP monitoring is
only available at a few centers in the world, and studies have found varying results on the
use B waves as a positive indicator for shunt surgery. This is likely due to the different
interpretation of recordings at different centers.

7.4 CSF tap test

A CSF tap test removes 40-50ml of CSF and involves assessment of gait performance and
cognitive ability before and after the procedure. The act of removing CSF simulates what
would happen if the patient were to undergo placement of a shunt. The test may be done in
an outpatient setting, and has low risk, low costs associated, and is a popular test to use for
stratifying good surgical candidates. Although the specificity of this test is high, the
sensitivity is low. Physicians should keep in mind a patient who does not respond well to
this test, should not be excluded from surgical consideration. Rather the patient should be
followed up with other supplementary tests, such as continuous CSF drainage before
treatment is finalized. Currently, there is an ongoing European multicentre study to
investigate the reliability of this test. (Malm & Eklund, 2006)

7.5 Continuous CSF drainage

Removal of large amounts of CSF over a 2-3 day period through a spinal catheter and
comparison of symptoms (e.g. gait and cognitive ability) before and after this procedure has
proven to be useful in consideration of shunt surgery. Factora & Luciano (2006) found at
their institution, that clinical symptomatic improvement after this test was performed on
patients with ideal NPH presentation (ventriculomegaly and clinical symptoms), was
indicative of a high success rate after surgery.

Although this test is valuable, it is a high risk procedure. Patients may suffer from
headaches, meningitis, infection, nerve root irritation, catheter blockage, as well as the
associated cost of hospital stay. Additionally, the sensitivity and specificity of this test in
multiple studies has been variable and only certain centers in the US specialize in this
technique, suggesting continuous CSF drainage may not be best suited for widespread
clinical use.

7.6 CSF flow using MRI

MRI can be used to assess CSF flow in the brain. Studies have shown increased CSF volume
through the aqueduct during systole to be associated with positive outcome to shunt
surgery. This technique is advantageous due to its non-invasive nature, yet further research
is needed to assess reliability in a clinical setting.

7.7 Conclusion

In addition to the supplementary tests, it is important to keep in mind the likelihood of
patient recovery following shunt surgery decreases the longer the NPH patients has
presented with clinical symptoms.

The various ancillary tests have varied risks and benefits as well. Many studies have
demonstrated that these tests also vary in terms of sensitivity and specificity. Currently, in
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the absence of a true gold standard for the diagnosis of NPH, studies have highlighted CSF
drainage as the best available test to indicate successful surgical outcome.

8. Treatment

Treatment of hydrocephalus is dependent on a number of factors, mainly etiology, severity,
age of patient, and response to previous treatments or supplementary tests. After careful
consideration and review of a patient’s neuroimaging, clinical symptoms, contraindications
and response to alternative treatments/tests, a physician may offer to treat a patient
conservatively with pharmacotherapy or surgically with implantation of a shunt or
endoscopic third ventriculostomy (ETV).

8.1 Pharmacotherapy

CSF production in choroid plexus cells is based on movement of ions on the basolateral and
apical side of the cells. Carbonic anhydrase is responsible for catalyzing the following
reaction: HO + CO; - H,COs; - HCO; + H*. The bicarbonate and hydrogen ion are
exchanged on the basolateral side for Na* and Cl- while on the apical side, NaCl, NaHCO;
and HyO are secreted to form CSF.

In the past, in an attempt to reduce CSF production, acetazolamide, a carbonic anhydrase
inhibitor was prescribed. Although this treatment has been shown to reduce CSF production
slightly and mediate milder forms of hydrocephalus, it cannot be used as a long-term
treatment modality. Patients who progress to more severe forms will have to either undergo
a shunt placement or ETV.

8.2 Shunt surgery

Patients with communicating hydrocephalus, including adult NPH, are primarily treated
with shunt surgery. As described earlier, patients offered shunt surgery as an option have
typically undergone ancillary testing to determine their response to placement of a shunt.

The purpose of a shunt in a hydrocephalic patient is to divert CSF flow to another area of
the body, where it can be absorbed. This allows intracranial pressure to return to normal
levels and improves clinical symptoms. The procedure involves placing a proximal catheter
in a ventricle through the brain or in the lumbar subarachnoid space, to drain CSF. This
catheter is connected to a one-way resistance valve which controls CSF drainage and is
usually placed against the skull, under the skin. The fluid then drains through a distal
catheter which collects the excess fluid and drains into the peritoneal -cavity
(ventriculoperitoneal shunt), right atrium (ventriculoatrial shunt), or pleural space.

In addition to considering the risk to benefit ratio of the surgery, surgeons must carefully
evaluate patients for specific sites of distal and proximal catheter placements, type of valve
to be used, and possible co-morbidities, making shunt surgery highly individualized.
Placement of proximal catheter is often in the ventricles, but in patients with specific
concerns of brain injury from insertion of a catheter (e.g. patient already has left hemisphere
injury, and placement of catheter in right hemisphere could result in bilateral lesions), the
physician may opt to place it in the lumbar subarachnoid space. Studies have also shown
that placement of the proximal catheter within the ventricles has best outcomes when placed
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away from the choroid plexus. This will help to avoid catheter occlusion that would
normally lead to shunt failure. The preferred location for the placement of the distal catheter
is the peritoneal cavity because of ease of access and because there are typically fewer
complications. If a patient has previously had an abdominal surgery or peritonitis, their
ability to absorb CSF may be decreased and a surgeon may opt for a ventriculoatrial shunt.
Placement of distal catheter in the heart or lung increases the risk of complications, such as:
risk of emboli, pleural effusion, pneumothorax, respiratory distress, and endocarditis.
Ventriculoatrial shunts also have increased and more serious risks in the long term (e.g.
renal failure, great vein thrombosis).

8.2.1 Valves

There are two types of shunts used today: 1) single valve setting (fixed-resistance
valves/differential pressure valves) and 2) programmable/adjustable shunts (variable
resistance).

8.2.1.1 Fixed resistance valves

These valves are designed to open if the intracranial pressure is greater than the opening
pressure of the valve and abdominal pressure (in VP shunt) or outlet area. This allows CSF
to flow through the shunt pathway along with regular CSF pathways in the ventricles and
subarachnoid spaces.

These shunts cannot be adjusted (i.e. opening pressure altered) after they are implanted and
are not susceptible to alteration of function when in proximity to a magnetic field. If patient
does not seem to improve symptomatically following surgery, it may become necessary to
repeat the surgery and replace the shunt with a shunt that has lower opening pressure.
Shunts are typically available in low, medium or high pressure.

When a patient sits upright, the hydrostatic pressure gradient may be greater than the
opening pressure of the valve, and cause over drainage of the ventricles. The siphoning
effect can create postural headaches (headaches which cease when patient lies down) and
increases the risk of subdural hygromas and/or hematomas. Current fixed-resistance valves
now have anti-siphon features to minimize disturbances when patients sit upright.

8.2.1.2 Variable Resistance Valves

The mechanism of these valves is the same as fixed-resistance valves, but they have opening
pressures ranging from 20-200mmH;O and can be adjusted after implantation using a
magnetic device. Thus, after surgery, the valve can be adjusted to optimize benefit to the
patient (i.e. as seen by best relief of clinical symptoms) and/or to avoid over drainage, and
manage subdural hygromas/hemotomas.

Variable resistance valves are advantageous in comparison to fixed-pressure valves because
they can be adjusted non-invasively. However they are susceptible to external magnetic
fields. If a patient undergoes an MRI or comes in close contact with small kitchen magnets,
the patient risks unintentionally changing the valve settings and causing unexpected
changes in CSF flow. Patients are forewarned, and should visit a physician after an MRI
scan to re-evaluate shunt settings.

A study looking at outcome with patients with fixed resistance vs. variable resistance
valves showed no significant benefit of one valve over the other. (Pollack et al., 1999)
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Selection of type of valve is dependent on the surgeon as well as the patients’ etiology of
hydrocephalus.

8.2.2 Complications

Implantation of a shunt can have complications that arise from the surgery itself,
complications related to the shunt system or complications reflected in overall suboptimal
shunt function.

The INPH guidelines list several complications, including shunt malfunction (20%),
subdural hematoma (2-17%), seizure (3-11%), shunt infection (3-6%) and intracerebral
hematoma (3%). (Bergsneider et al, 2005) McGirt et al. (2005) sampled 132 INPH patients,
and found 7% developed an infection, 2% developed a subdural hematoma, and 1%
developed an intracerebral hematoma.

8.2.2.1 Infection

Infection is a common complication resulting from the implantation of a shunt and has been
reported to appear in ~8-10% of cases, most arising within the first year after shunt surgery.
Evidence of infection should be taken seriously and treated immediately. The most common
infection is caused by Staphyloccoccus aureus adhering to the shunt system, causing shunt
occlusion and/or poor wound healing, and creating the risk of under drainage of CSF
through the shunt. Patients experiencing an infection can present with a variety of
symptoms, including fever, nausea, vomiting, lethargy and irritability. Upon presentation of
these non-specific symptoms, physicians should examine patients for skin tenderness
around the surgical incision and catheter and abdominal tenderness. If the entire system is
infected, it must be removed surgically and replaced. As well, the patient must undergo
antibiotic treatment. Current shunt catheters are impregnated with antibiotics, and have
lower shunt infection rates as a result.

8.2.2.2 Shunt dysfunction

Shunt systems have a risk of the individual parts disconnecting or migrating, and tubing
segments breaking apart. In growing children, there is a risk of the distal catheter being
pulled out of the peritoneal cavity or causing ‘inguinal hernias in male infants’. If there is a
mechanical issue suspected with the shunt system, a series of plain X-rays should be taken
to identify a break down in the system. Any shunt dysfunction can lead to excessive CSF in
the ventricles, which may lead to a recurrence of original hydrocephalus symptoms.

8.2.2.3 Shunt occlusion

The most common complication with shunt surgery is occlusion of the proximal or distal
catheter leading to shunt dysfunction. Occlusion may be suspected if a patient initially had a
period of improvement, then a slow deterioration back to their original condition, or if there
was no improvement after surgery at all.

Possible occlusion of the proximal catheter could be due to choroid plexus, and can be
minimized if the catheter tip is positioned away from this region. If the distal catheter is
positioned in the peritoneal cavity, occlusion and immobilization of the tip are caused by
omentum or adhesions. Certain cases have reported catheter tip migration in the cavity,
causing bladder or bowel perforations. Poor absorption of drained CSF flow may result in
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peritoneal cysts. If this is suspected, an X-ray can be taken on separate days, and degree of
mobilization of the distal tip can be assessed.

If an occlusion is suspected, a physician may conduct a patency test to check for shunt flow-
through by injecting a ‘radioisotope into the shunt reservoir’ and noting the movement
through the system. Obstruction(s) will be evident if there is a delay or restriction of the
radioisotope to a certain area or no flow at all.

8.2.2.4 Over drainage

Over drainage of the ventricles may occur due to a siphoning effect, and requires the
opening pressure of the shunt valve to be set higher if an adjustable valve was used, or
replacement of the valve if a non-adjustable valve was used. Patients often complain of
headaches when they are sitting up, which resolve when they lie down.

Excessive over drainage may result in a subdural hematoma and occurs in children and
adults with completed sutures. The rapid drainage causes a compression of the ventricles,
and the accompanying brain shift into space previously occupied by ventricles tears
bridging veins. Prolonged overdrainage may result in slit ventricle syndrome, in which
patients present with intermittent headaches and small slit-like ventricles on imaging.

8.2.3 Outcome
8.2.3.1 Children

With appropriate identification of surgery candidates, patients will often see improvement
of their symptoms. Patient response to shunt surgery is variable, and there are still no tests
to predict how quickly a patient will respond or to what extent symptoms will be reversed.
As well, there are no tests to predict how long the improvements will last. Patients treated
for infantile hydrocephalus may have complications in the long run. Often, many children
will lead full, active lives, while others may still suffer from vision and motor difficulties,
and learning disabilities. The majority of children are able to graduate from normal school.
Routine follow-ups and management are required to ensure proper maintenance and
optimal use of the shunt.

8.2.3.2 Adult NPH

Patients suffering from NPH, and who have undergone shunt surgery often show
improvement, at least in one symptom, especially if shown to respond positively to pre-
surgical tests. The degree of improvement and recovery time can range from immediate
recovery to many months after surgery. Improvement in balance and gait are seen in the
majority of patients and this symptom improves to a greater degree than other symptoms.

Marmarou et al. (2005) found improvement in at least one symptom in 90% of patients who
had been selected as surgical candidates based on positive response to CSF drainage tests.
Wilson and Williams (2006) selected shunt surgery candidates based on selecting surgical
candidates including ICP monitoring and CSF drainage tests, and found improvement of at
least one symptom in 75% of their 132 patients 18 months following surgery. Improvement
in cognitive function or slowing decline in cognitive function occurs to a lesser extent in
patients and can be assessed using a Mini-Mental State Exam. An international study in 2005
developed INPH guidelines, and reported “improvement rates of 30-60%”(Klinge et al,.
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2005). The results of such studies indicate the variability in patient improvement, which is
often due to differing criteria of patient selection, differences in postoperative assessment
and variation of follow up time from surgery in various studies.

Patients may be followed up with imaging and periodic revisions to shunts. Careful follow-
ups with physicians must be done to identify infection and prevent any loss in
improvements of symptoms made with surgery. Patients who show no improvement in any
symptoms up to 6 months after surgery should be re-evaluated for possible misdiagnosis, or
shunt function.

8.2.4 Follow Up

During routine follow up visits, blood and CSF samples should be drawn for signs on
infection, which is a common complication of shunt surgery. Additionally, physicians
should perform routine assessments on patients to evaluate any improvement or decline in
symptoms. A lack of clinical improvement after surgery may indicate a non-functional CSF
shunt system (which should be evaluated for repair), a misdiagnosis, or symptoms of
another developing disease. In patients with INPH, the state of disease may have reached a
point in which symptoms are irreversible, thus placement of a shunt will not benefit the
patient.

A patient who had previously shown improvement, but then deteriorates symptomatically
may indicate improper shunt function. A patient may present with features of
hydrocephalus, but not to the degree they presented prior to surgery. Thus, a follow up
should include an extensive examination of the shunt system itself. If the reservoir does not
refill after mechanically pumping the valve, there might be an obstruction in the proximal
catheter. A proximal catheter obstruction may be due to a change in position and/or of the
tip, which should be in the right frontal horn, as not to be obstructed by choroid plexus.
Ultrasound can be used to examine the distal catheter position, to identify a cyst or abscess
of distal tip catheter occlusion. A series of plain x-rays (i.e. shunt series) may be useful in
visualizing the entire shunt system, to identify position, disconnection of components, or
mechanical damage in the shunt system. Any identification of a displaced catheter would
have to be fixed surgically. Shunt disconnection is usually not a problem in adults, but may
present more often in children, due to increased activity, and growth.

Shunt placement comes with the risk of over drainage and the possibility of developing
subdural hematomas and slit ventricle syndrome. If a shunt was placed in a very young
child, as they grow up and spend more time upright, there may be excessive drainage of
CSF into the distal catheter because of the siphoning effect. Children with fixed sutures and
large ventricles have a high risk of developing a subdural hematoma. (Kestle 2003) Children
must have frequent follow-ups and monitoring after shunt surgery and may need contrast
CT/MRI scans to visualize a hematoma. For minor subdural hematomas, a physician may
choose to manage with monitoring and adjustment of valve opening pressure. However, in
many cases, it is necessary to surgically remove the shunt and drain the subdural
hematoma.

Slit ventricle syndrome (SVS) is a rare condition, seen in patients who have had a shunt for
many years. They present with symptoms of a shunt malfunction, and with periods of
recurrent headaches, and show small ventricles on imaging. Current theories suggest long
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term over drainage results in smaller ventricles, and the brain to filling in any excess
intracranial space. Any subsequent increases in intracranial volume presents as symptoms
of high ICP. Small ventricles can also cause the proximal catheter to be obstructed. SVS
occurs in a very small population of patients.

8.3 Endoscopic Third Ventriculostomy (ETV)

Endoscopic third ventriculostomy (ETV) is an alternative to treating hydrocephalus with a
shunt. ETV was first attempted in the early 1920s, but the practice was abandoned in the
1950s when shunt surgery gained popularity. Increasing evidence of potential shunt
complications (e.g. shunt failure, infection rates, etc.) and effectiveness in identifying
patients with obstructive hydrocephalus due to modern imaging has led to an increasing
popularity of ETV surgery. ETV is now considered the primary form of intervention for
patients with aquaductal stenosis or tumours obstructing flow between the 3rd and 4th
ventricle but also have adequate CSF reabsorption capacity in the patent subarachnoid
space. Patients with minimal CSF reabsorption capacity (i.e. previous case of IVH,
meningitis, myelomeningocele) may not be considered suitable for this procedure, and in
studies have shown a lower success rate with ETV. (Rezaee et al, 2007)

A neuroendoscope enters through a precoronal burr to visualize the anatomy of the
ventricles and the floor of the 3rd ventricle. It is guided through the cerebral mantle, through
the lateral ventricle and the foramen of Monro into the 3rd ventricle. Forceps and a balloon
are used to perforate a hole downward and widen a stoma in the floor of the 3rd ventricle,
anterior to the mammillary bodies and bifurcation of the basilar artery, creating a passage to
divert excessive CSF into the prepontine space. This diverted fluid will be absorbed through
normal pathways (i.e. subarachnoid space). A pathway for excess CSF to leave the ventricles
will result in normalizing the ICP, and decreasing the excessive pressure and damage of
chronic systolic CSF pulsations on brain parenchyma. Cerebral blood flow and perfusion to
these areas are restored, and normal CSF dynamics are restored, resulting in a reversal of
symptoms.

It is important to visualize the proximity of nearby structures, namely the basilar artery,
mammillary bodies, hypothalamus and thalamus prior to surgery, to avoid injury prior to
surgery. However the fenestration may close in the future, resulting in a rise in ICP and a
recurrence of symptoms, and the possibility of another surgery.

The lack of foreign objects in this procedure makes it a viable and suitable surgical
alternative to shunt placement and current studies are examining the effectiveness of using
ETV for non-communicating forms of hydrocephalus. Hadar et al. (2008) assessed the
outcome of obstructive hydrocephalus patients undergoing ETV as a primary surgery or as
a secondary surgery for patients who originally had shunt surgery. Results showed that
those who had ETV as their second surgery had the worst outcomes overall. A similar study
by Woodworth et al. (2007) showed patients who were initially treated with a CSF shunt
and subsequently underwent ETV were 2.5 times more likely to suffer from treatment
failure in comparison to patients who had ETV as their primary surgical treatment. Results
from such studies indicate physicians should carefully select the primary surgery offered to
a patient as initial treatment to avoid excessive complications later.

Treatment of NPH with ETV has been explored as well. Gangemi et al. (2004) looked at 25
patients with NPH to be treated with ETV. ETV provided symptom relief that was
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comparable to shunt treatment in patients who had a short duration of symptoms and
suffered primarily from gait disturbance. This suggests that a particular subgroup of NPH
patients may benefit from ETV and thereby avoid shunt insertion.

8.3.1 Complications
Drake (2008) reports the overall surgical complication rate for ETV surgeries to be 10-15%.

Risks associated with ETV include hemorrage, CSF leak, and perforation of nearby
structures during the procedure, including the basilar artery, hypothalamus, and cranial
nerves.

If the floor of the 3rd ventricle cannot be clearly visualized, or is thin enough to see the
basilar artery, a surgeon may choose to place a VP shunt to avoid risking basilar artery
rupture. Injuries to the hypothalamus have been reported in the literature to manifest as
hormonal disorders, such as diabetes insipidus and weight gain. Possible injury to the
occulomotor nerve may result in gaze palsy as well. Bouras & Sgouros (2011) examined
reports of ETV complications in multiple sites, including their home institution, and found a
low percentage of complications relating to injuries to periventricular structures. These
injuries were caused by an abrupt insertion of the endoscope into the lateral ventricle or
through the foramen of Monroe. Other extremely rare complications included decreased
consciousness, memory disorders, and hemiparesis.

A rare, but fatal risk after ETV is late rapid deterioration. Patients will respond well after the
procedure, but will then complain of headache, and rapidly deteriorate. If not given
immediate care by a neurosurgeon, this condition may be fatal. A recent study collected
autopsy results from patients who had late rapid deterioration, and reported the stoma of
the 3td ventricle had been closed. (Drake, 2008) Further studies in this area need to be
conducted to determine if closure of the stoma precipitates the risk of late rapid
deterioration.

8.3.2 Outcome

Generally, outcome after surgery in adults is good. Reports on ETV trials have claimed
success rates greater than 75% (50-94%) for carefully selected patients. (Rezaee et al., 2007)

ETV offers an opportunity for children suffering from hydrocephalus to avoid a lifetime of
shunt dependency. A large multicenter study (Drake 2008) showed complication rates are
higher in children less than one year old, and include symptoms such as uncontrolled
intraoperative bleeding. This suggests it is best to treat an infant with a shunt surgery early
on, and then revaluate the patient for ETV later in life. Thus age is a critical factor in
determining whether a patient would be a good candidate for ETV, and is currently under
further investigation. (Bouras & Sgouros, 2011)

8.3.3 Follow Up

Patients should be tested for improvement of their specific symptoms, and possible
recurrence of original symptoms, which may indicate a potential closure of the stoma. After
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surgery, the size of ventricles may decrease with clinical improvement, but it has been
shown that the degree of volume shrinking is not a good indicator of surgical outcome.
CSF flow void via MRI can determine whether ETV function is optimal.

9. Conclusion and controversy

Current research on hydrocephalus patient populations is limited in that many cases are
lumped together, irrespective of etiology and prognosis, and is likely the cause of the
variable results in similar studies from different centres. Much of the issue, especially in
NPH studies, is the lack of a universal set of diagnostic criteria to create homogenous
control groups and patient populations, as well as standards of pre and post operative
assessments. Additionally, most of the research to date has been focused on reporting any
improvement or lack of improvement after surgery, instead of the degree of improvement.
Specifically, there is little work looking at whether surgery on a patient with very mild
symptoms would be beneficial for reversing the disease process. Focus is now aimed at
identifying a set of diagnostic criteria that can be evaluated in studies to determine which
set of criteria yield the highest success after shunt implantation.

Identifying a universal set of diagnostic criteria can determine the best candidates for
surgery and yield the highest success rate is of key importance in this field. McGirt et al.
(2005) reported having one of the highest long-term response rates (75% at 18 month follow
up) for NPH patients undergoing shunt surgery. Their criteria for choosing surgical
candidates included: 1) ventriculomegaly identified using imaging, 2) two or more clinical
features of NPH, 3) no risk factor for secondary NPH, 4) A or B waves present during ICP
monitoring and 5) improvement of clinical symptoms following a 3 day trail of CSF
drainage. 93% of patients had improvement in gait, and patients who classified gait
disturbance as their primary debilitating symptom, instead of incontinence or dementia,
saw twice the improvement.

Much interest has been shown in using A or B CSF waves on ICP readings as a predictor of
shunt surgery outcome in NPH. Increasing studies of successful surgery outcomes by
incorporating pulsatile waves abnormalities in the criteria of selecting successful candidates
for shunt surgery suggests possible modification of the hydrocephalus model. Incorporation
of the rapid pulsations of CSF into the current bulk-flow CSF model may provide clues to
the pathophysiology of NPH and may improve predictions and better cater treatment
options for patients.

As previously mentioned, ETV is not routinely performed on children under a year old due
to the poor outcome. Instead, infants with hydrocephalus are treated with shunts, and at a
later date, may be successfully treated with ETV. One of the reasons that allow this to occur
is that CSF absorption ability may be restored at an older age, after a period of shunt
drainage during infancy. (Beni-Adani et al, 2006) Thus, studies are now aimed at redefining
how long one should wait before offering ETV treatment (i.e. could ETV be offered before 12
months?)Although there is insufficient evidence in the literature to effectively answer
this question, it is important to explore, since it could help infants avoid being dependant
on shunts.
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1. Introduction

Hydrocephalus, “water in the brain”, had been amazed and challenged clinicians
throughout the history of medicine till Galen. Vascular causes of hydrocephalus had been a
mystery until the discovery of modern neuroradiological techniques such as digital
subtraction angiography and magnetic resonance imaging.

Vascular lesions of the ventricular system are rare. Despite the rarity, they may cause
symptomatic hydrocephalus. These kinds of lesions cause hydrocephalus in the CSF
pathways by either obstruction or hemorrhage. Because of the rarity of this entity, there is
no conciliation for the treatment. Four types of intraventricular vascular lesions causing
hydrocephalus were categorized as follows:

1. Cavernomas

2. Aneurysms

3. Arteriovenous malformations
4. Venous malformations

2. Intraventricular Cavernomas (IVCs)

Cavernous malformations (CM), also called cavernous angiomas and cavernomas, are low-
flow vascular malformations that constitute 5-13% of all central nervous system vascular
malformations (Moriarity et al., 1999; Raychaudhuri et al., 2005). On the other hand, IVC are
rare pathological entities, constituting 2,5-10.8% of cerebral CM (Kivelev et al., 2010). The
first report of an IVC was published in 1905 by Finkelnburg. As to our knowledge, so far 102
IVCs have been summarized published cases in the literature (Table-1).

2.1 Embryogenesis

The exact pathogenesis of the CM is still unknown; but they are thought to arise from early
stages of embryogenesis and may be due to aberrant vasculogenesis (Sure et al., 2005). The
CMs are known to exhibit an unpredictable dynamic behavior and may increase in size
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(Moriarity et al., 1999). The growth most likely occurs by a process of cavern proliferation in
the setting of repetitive hemorrhages (Shenkar et al., 2007).

2.2 Pathology

CMs are histologically benign, hamartomatous vascular malformations, consisting of
lobulated sinusoidal vascular channels which are lined with thin endotelia. CMs are
classified along with capillary telangiectasia, venous angiomas and arteriovenous
malformations (AVM) as vascular malformations (Raychaudhuri et al., 2005). CMs are
typically lacking interventing neural parenchyma, large feeding arteries or large draining
veins; but may have surrounding gliosis. Hemorrhages at all stages of evolution are present
within the lesion and cause occlusion and thrombosis of the vascular channels. Organization
of the hematoma results in hyaline-degenerative changes, chronic granulation and scar
formation; and includes pseudotumorous evolution of the mass (Voigt & Yasargil, 1976).
Further bleeding may occur in the immediate vicinity of CM leading to hemosiderin
deposits and gliosis (Chen et al., 2006).

2.3 Location and symptoms of the intraventricular Cavernomas (IVCs)

The most frequent symptoms for all intracranial CM are seizures (60%), progressive
neurological deficits (50%) and hemorrhages (20%) (Coin et al, 1977). IVCs are more likely to
present with increased intracranial pressure.

The most common location of the IVC is lateral ventricles followed by the third and the
fourth ventricles. CM can be asymptomatic; when symptoms are present they depend on the
size and the location of the lesion.

Third ventricular CMs have different symptomatology due to its location. The most
common presentation of third ventricle CM is hydrocephalus followed by hemorrhage.
Some patients presented with memory loss, diabetes insipidus, seizures, visual field deficits
and intermittent postural headaches (Fagundes-Pereyra et al., 2000; Katayama et al., 1994;
Mizutani et al., 1981; Milenkovic, 2005; Reyns et al., 1999).

On the other hand, symptoms of IVCs are most likely to present late, since the ventricular
cavity allows for tumor growth to large sizes (Kumar et al., 2006). This could be explained
by the fact that the surrounding cerebrospinal fluid (CSF) allows the increase in size of the
lesion without restrictions from parenchyma. Surprisingly, in spite of being intraventricular
lesions, hydrocephalus is seldom reported unlike choroids plexus papillomas in the same
location (Nieto et al., 2003). For CM of the third and the fourth ventricles, the presence of
acute obstructive hydrocephalus is anticipated and can easily explain the patients’
symptoms of intracranial hypertension. For CM of the lateral ventricles intracranial
hypertension is not so readily explained. Although CSF outflow obstruction from
hemorrhagic elements present within the ventricle or on the arachnoid villi from previous
microhemorrhages cannot be excluded as the reason for the raised intracranial pressure. A
focal non-communicating hydrocephalus due to entrapment of a horn (most commonly
temporal horn) may be the cause (Stavrinou et al., 2009). The temporal horn contains the
choroids plexus where CSF is produced continuously, so focal obstructive hydrocephalus
will result from the CSF production-absorption imbalance. Moreover temporal horn
dilatation and the subsequent stretching of the ventricular wall vessels results in disturbance
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of the venous blood flow and contributes significantly to the development of periventricular
edema and intracranial hypertension (Tsugane et al., 1992).

Authors & Year Age (y)Sex Presentation Hydroce Location Treatment Outcome
phalus
Finkelburg, 1905 2,M mass effect NR 4V PR died
Dandy, 1928 31, M mass effect yes 4V TR improved
Meritt, 1940 16, F mass effect none LV TR comatose
Arnstein et al., 1951 2 days, M mass effect none LV no op died
Latterman, 1952 68, F mass effect NR 3V no op died
McGuire et al., 1954 3 mos, M mass effect yes LV NR NR
Schneider & Liss, 1958 33,F mass effect NR LV TR HH
Jain, 1966 15, M mass effect yes LV TR improved
McConnel & Leonard, 31, F IVH none LV no op death
1967
Coin et al., 1977 36, F seizure none LV TR hemianopia
Numaguchi et al., 43, M mass effect none LV TR hemiplegia &
1977 hemianopia
Giombini & Morello, 27, M mass effect yes 4V PR died
1978
Terao et al., 1979 29, F IVH yes 4V TR improved
Pau & Orunesu, 1979 56, NA IVH NR LV no op died
Namba et al., 1979 45, F IVH NR LV PR improved
Vaquero et al., 1980 18, F mass effect none 3V TR improved
Britt et al., 1980 11, F mass effect none LV TR improved
Pozzati et al., 1981 31, F mass effect yes 3V TR improved
Iwasa et al., 1983 8 days, F mass effect yes LV TR improved
Kendall et al., 1983 60, F mass effect yes 4V PR symptom recurrence
Lavyne & Patterson, 48,F mass effect yes 3V PR hydrocephalus,
1983 bleeding
Amagasa et al., 1984 40, M mass effect none 3V TR improved
Harbaugh et al., 1984 44, F IVH yes 3V TR improved
Chadduck et al. 1985 21, F seizure none LV TR hemianopia
29, F mass effect none LV TR improved
4 mos, F seizure none LV TR improved
Simard et al., 1986 22, M mass effect NR LV NR NR
13,F mass effect NR LV NR NR
Yamasaki et al., 1986 73, M mass effect NR LV TR improved
9, M mass effect NR 3V PR improved
36, M mass effect yes 3V TR improved
47, M mass effect NR 4V TR improved

15, F mass effect yes 3V NR NR
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Authors & Year Age (y),Sex Presentation Hydroce Location Treatment Outcome
phalus

Suzuki, 1988 40, M mass effect none LV TR improved
Sabatier et al., 1989 9 mos, M IVH NR LV no op cerebellar dysfunction
Voci et al., 1989 19, F IVH NR 3V TR improved
Ogawa et al., 1990 16, M mass effect yes 3V TR, shunt improved

40, M mass effect none 3V TR transient DI, HH
Andoh et al., 1990 62, F mass effect none LV TR HH
Tatagiba et al., 1991 33, M IVH none LV TR improved

35,M seizure none LV TR died

24,F mass effect yes LV TR improved
Itoh & Usui, 1991 44, F IVH yes 4V TR improved
Miyagi et al., 1993 3,F IVH none LV TR mild hemiparesis
Lynch et al., 1994 39, F seizure none LV TR improved

5 M seizure none LV TR improved

10, F mass effect none LV TR improved
Katayama et al., 1994 9,F seizure yes 3V PR, shunt died

50, F mass effect yes 3V NR NR

45, F IVH NR 3V NR NR

49, M mass effect NR 3V NR NR

47, F mass effect NR 3V TR transient DI
Sinson et al., 1995 43, F mass effect yes 3V TR died

36, F mass effect yes 3V TR hemiparesis,

hydrocephalus

52, F mass effect yes 3V TR improved

32, F mass effect yes 3V TR, shunt improved
Hashimoto et al.,, 1997 2 days, M mass effect yes LV TR, shunt mild MR
Kaim et al., 1997 64, M mass effect yes 3V TR NR
Gaab & Shroeder, 44, F mass effect yes LV TR permanent memory
1999 loss
Reyns et al., 1999 16, F mass effect none LV TR improved

36, M seizure none LV TR hemihypertonia

42,M asymptomatic ~ none 3V PR improved
Fagundes-Pereyra et 15, F mass effect none LV TR improved
al., 2000
Attar et al., 2001 30,M mass effect none LV NR improved

30, M mass effect none LV NR improved

18, M mass effect none LV NR improved

30,M mass effect none LV NR improved
Suess et al., 2002 36, F mass effect yes 3V TR improved
Crivelli et al., 2002 38, M mass effect yes 3V TR improved
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Authors & Year Age (y),Sex Presentation Hydroce Location Treatment Outcome
phalus
Nieto et al., 2003 11, F seizure none LV TR HH
Tatsui et al., 2003 17,F seizure none LV TR improved
52, M IVH none LV TR improved
Wang et al., 2003 62, F mass effect yes 3V TR improved
Anderson et al., 2003 45, F mass effect none LV TR improved
Michaelson et al., 2004 22,F mass effect none LV TR improved
Darwish et al., 2005 47, F asymptomatic ~ none 3V TR, shunt improved
Milenkovic et al., 2005 56, M mass effect yes 3V TR improved
Chen et al., 2006 51, F mass effect yes 3V TR improved
Kumar et al., 2006 8, M mass effect none LV TR improved
19, F seizure none LV TR seizure remained
20,M mass effect none LV TR improved
Longatti et al., 2006 35, M mass effect yes 3V TR improved
Zakaria et al., 2006 8, M mass effect yes 3V TR improved
Sato et al., 2006 47,F mass effect yes 3V TR improved
Gonzalez-Darder et 25, M mass effect none LV TR improved
al., 2007
Prat & Galeano, 2008 56, NA mass effect yes 3V TR improved
Stravrinou et al., 2009 52, F mass effect yes LV TR improved
Carrasco et al., 2009 60, F mass effect none LV TR hemiparesis
70, M mass effect yes LV PR, shunt improved
66, M seizure none LV TR seizure remained
Kivelev et al., 2010 66, M mass effect yes LV shunt only improved
43, F mass effect none 4V TR improved
65, M IVH yes LV TR improved
58, F IVH none 4V TR mild deficit
20, M IVH none LV PR improved
15, M IVH none 4V TR mild deficit
52, M mass effect none 3V TR improved
49, F mass effect none 4V TR mild deficit
35 M IVH none LV no op improved
49, F IVH yes 4V TR improved
65, M IVH yes LV no op improved
53, M IVH none LV TR improved

IVH=intraventicular hemorrhage, LV=lateral ventricle, 3V=third ventricle, 4V=fourth ventricle,
PR=partial resection, TR=total resection, NR=not registered, HH=homonymous hemianopia,
MR=mental retardation, DI=diabetes insipidus

Table 1. Presented cases of IVC in the literature.
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2.4 Natural History of the IVCs

According to the review of the literature, the natural history of IVCs may be different from
intraparenchymatous lesions. In IVCs, most common symptoms occurred due to mass effect
(65%) followed by hemorrhage (20%) and seizure (15%). In children, clinical presentation
does not differ significantly from adults. The annual risk of hemorrhage from supratentorial
CM is about 0.25-0.7% (Moriarity et al., 1999; Raychaudhuri et al., 2005). The natural history
of the IVC cannot be determined due to small number of cases.

2.5 Diagnosis
2.5.1 CT scan

Typical computed tomography (CT) findings associated with CM consist of a well
circumscribed high density nodular lesion with minimal or no mass effect, absence of
perifocal edema and mild or no contrast enhancement (Chen et al., 2006; Iwasa et al., 1983;
Stavrinou et al., 2009). Sometimes calcification of the lesion and intraventricular bleeding
may be demonstrated (Tatagiba et al., 1991). Calcifications may appear on conventional x-
rays. Several authors have described atypical images, such as hypodense areas within the
lesion caused by cystic components (Khosla et al., 1984; Ogawa et al., 1990; Ramina et al.,
1980). Nonetheless, these CT findings can be mimicked by AVM, venous angioma, low
grade glioma, craniopharyngioma, meningioma, teratoma, neurocytoma, ischemia
enhancing infarct and inflammatory lesions (Chadduck et al., 1985).

2.5.2 MRI

The major diagnostic tool of choice in the detection of the IVC is magnetic resonance
imaging (MRI). MRI is both highly sensitive and specific. The introduction of MRI has led to
diagnosis of an increasing number of CM that had been clinically silent, angiographically
occult and undetected by CT. The common MRI features include a heterogeneous core with
multiple foci of high signal on short and long TR/TE images, which correspond to
hemorrhages of different ages. Interspersed fibrosis shows low signal intensity. The lesions
are well delineated by a pseudocapsulate and typically show a low signal hemosiderin rim
on T2-weighed images (T2WI). Edema surrounding the CM is unusual and, if present,
always mild. Contrast enhancement ranges from strong to moderate or none (Gomori et al.,
1986; Kaim et al., 1997; Lemme-Plaghos et al., 1986; Sigal et al., 1990). The radiological
appearance of IVC differs from the parenchymatous CM. The typical hypointese perilesional
rim on T2WI is absent, probably because no gliotic reaction towards the hemosiderin is
established. Another differential aspect is the intense gadolinium enhancement similar to
that of neoplastic lesions (Nieto et al., 2003).

2.5.3 DSA

Since CMs are lack of well-formed vessels supplying or draining them, they are often
angiographically occult (Simard et al., 1986). Despite CMs have been classically considered
as angiographically occult or cryptic vascular malformations, a tumoral blush (supplied by
an enlarged choroidal artery) or a feeding artery can be identified on cerebral angiography
(Chadduck et al., 1985). Numaguchi et al., have described the presence of tiny strands of the
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contrast medium in the avascular mass in the capillary and venous phase, without large
draining veins or early venous filling being observed. But digital subtraction angiography
(DSA) is also indicated to exclude AVM.

2.5.4 Differential diagnosis

The differential diagnosis on MRI includes primary and secondary hemorrhagic neoplasms
that can be seen at the ventricle. Anaplastic astrocytomas, glioblastomas and
oligodendrogliomas are wusually heterogeneous because of intratumoral necrosis,
hemorrhage or calcification and may mimic CM. However anaplastik tumor tissue showing
nonhemorrhagic, abnormal signal intensity with contrast enhancement and surrounded by
prominent high signal edema on long TR/TE images should permit distinction from CM
(Sze et al., 1987). In young adults rare but important differential diagnosis include central
neurocytoma and subependymal giant cell astrocytoma (Kaim et al., 1997). One should also
consider cystic and hemorrhagic metastases which may occur together with metastatic
melanoma, adenocarcinoma or bronchogenic carcinoma (Atlas et al., 1987). Most of these
malignancies, however have multiple lesions and present with known systemic metastases.
Furthermore, ventricles are very uncommon site for solitary metastasis. Colloid cysts and
germinomas may occur at foramen of Monro, but can be excluded by their different
appearance on CT and MRI (Kaim et al., 1997). IVCs are frequently misdiagnosed as tumors
and this can lead the use of invasive diagnostic procedures such as steriotactic biopsy which
can cause iatrogenic bleeding (Carrasco et al., 2009). On the other hand, several authors have
reported that steriotactic biopsies have been performed safely in patients with CM despite
the apparent danger of hemorrhage (Sedan et al., 1989).

2.6 Managements

Still, little is known about natural history of the IVC. The lack of through prospective series
and long-term follow-up make decision making the treatment of the IVC difficult. Surgery is
advocated when rebleedings are frequent and the mass effect causes hydrocephalus and
progressive neurological deficits.

2.6.1 Conservative treatment

A conservative approach to an asymptomatic supratentorial CM is appropriate. However,
the tendency for rapid growth and extralesional hemorrhage of IVC may suggest the need to
treat these lesions more aggressively (Katayama et al., 1994; Reyns et al., 1999; Sinson et al.,
1995). In addition, the radiological diagnosis of IVC may be difficult as these lesions may
mimic neoplasms. Incorrect preoperative diagnosis has sometimes resulted in inappropriate
treatment, such as radiotherapy (Reyns et al., 1999).

2.6.2 Surgical treatment

The management of hydrocephalus associated with IVC has not been well established. An
early resection of the mass might solve the CSF obstruction. In fact, the presence of
ventricular dilatation may help during surgery. However insertion of a ventriculoperitoneal
shunt or external ventricular drainage before removing the lesion represents a safe choice,
because it allows an early relief of the symptoms of high intracranial pressure while
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studying the mass. The avascular nature of the CM minimizes the risk of shunt device
obstruction caused by intraoperative bleeding during lesion removal (Carrasco et al., 2009).
On the other hand, shunting CSF may contribute to lesion’s rapid growth by altering the
hydrodynamic equilibrium between malformation and the ventricular system (Sinson et al.,
1995).

The preferable routes for the resection of CM located within the frontal horn are either the
transcortical, transventricular or the interhemispheric transcallosal approaches.
Transtemporal and superior parietal approaches have been used for the excision of trigonal
and temporal horn lesions. The transsylvian transventricular approach is a good alternative
for the resection of trigonal lesions with the benefit of a minimal disruption of the visual
pathways (Carrasco et al., 2009).

Surgical approaches used to reach foramen of Monro and the third ventricle are
transcallosal, transfrontal transventricular and translamina terminalis approaches.

Surgery for an IVC in the lateral or third ventricles is safer than in the fourth ventricle.
Patients with CM close to the brainstem frequently present preoperatively with cranial
nerve deficits as a sign of brainstem damage. Thus surgery in this already affected region
can worsen neurological status and cause new deficits; even after minimal manipulation
(Kivelev et al., 2010).

Endoscopic ventriculoscopy may be very useful in establishing the diagnosis or narrowing
the differential diagnosis. Despite the increasing role of neuroendoscopy in the treatment of
intraventricular lesions, in the cause of IVC the use of endoscopy has been used to confirm
the diagnosis under direct vision of the lesion (Sato et al., 2006). Complete endoscopic
resection of an IVC has been reported to be performed successfully only in two cases (Gaab
& Schroeder, 1999; Prat & Galeano, 2008).

3. Intraventricular Aneurysms (IVAs)

Intraventricular localization of an aneurysm is a very rare entity. To our knowledge, 59 cases
were presented in the literature (Table-2).These aneurysms are either true intraventricular or
its dome extending into the ventricle cavity(Sanli et al.,2011)For the former aneurysms, most
common location is lateral ventricle followed by the third ventricle. Only few cases were
located in the fourth ventricle. Most aneurysms in the lateral ventricle are originated from
anterior choroidal artery. More specifically, aneurysms in the third ventricle arise from a
major branch of the circle of Willis and aneurysms in the fourth ventricle arise from a distal
branch of posteroinferior cerebellar artery. Most IVAs are idiopathic, but the most common
association is with Moyamoya disease. IVAs can also be found in association with AVM,
atherosclerosis and trauma (Lévéque et al., 2011).

Main clinical presentation of IVA is hydrocephalus with either mass effect or hemorrhage.

3.1 Diagnosis
3.1.1 CT scan

CT shows pure intraventricular hematoma (IVH) in most ruptured IVA and IVH with slight
subarachnoid hemorrhage (SAH) in some. In some cases, the site of the IVA can be
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Author, year Age, sex DPresentation Location  Origin Treatment Outcome  Associated
disease
Lemmenetal., 8mo, ND HCP 3V PostChoA  Conservative dead none
1953
27,F HCP LV AntChoA Trapping poor none
Strully, 1955
Cressman & 34, M SAH LV AntChoA  Conservative died trauma
Hayes, 1966
Schiirmann et 23,F IVH LV MCA resection good none
al., 1968
Butler et al., 15, F SAH LV AntChoA Trapping fair AVM
1972
Papoetal,1973 57,F  SAH +HCP LV AntChoA Trapping poor  Atherosclerosis
Kodoma & 16, F SAH LV PostChoA  Conservative good Moyamoya
Suzuki, 1978
39, M SAH LV PostChoA  Conservative good Moyamoya
48, F SAH LV PostChoA  Conservative good Moyamoya
Babu & Eisen, 52, M HCP 3V AComA  VPS + Ligation died none
1979*
Tanaka et al., 57,F IVH LV AntChoA  Conservative died Moyamoya
1980
Tyson etal., 75, F IVH 3V Basilar tip External died none
1980* ventriclostomy
Pasqualinetal., 32, M SAH 4V PICA clipping good none
1981*
Bose et al,, 55,F HCP 3V Basilar tip VPS + Clipping died none
1983*
Kogaetal., 65, F HCP 3V Basilar tip VPS good none
1983*
Piek et al., 1983* 60, F HCP 3V Basilar tip V-A shunt good  not registered
Kasamo et al., 55,F  SAH + HCP LV AntChoA clipping died Moyamoya
1984
Nehls et al., 18, F ICH LV PostChoA resection good AVM
1985
Konishi et al., 13, M IVH LV AntChoA  Conservative fair Moyamoya
1985
57,F IVH LV AntChoA  Conservative died Moyamoya
34,F IVH LV AntChoA  Conservative died Moyamoya
Borrie et al., 72, F HCP 3V Basilar tip VPS good none
1985*
70, M HCP LV MCA V-A shunt good none
Ungersbock & 18, F NR LV PostChoA clipping good none
Perneczky, 1986
Knuckey et al., 46, F SAH LV AntChoA Ligation good  Atherosclerosis
1988
Morota et al., 69, F HCP 3V ICA bif VPS good none
1988*
Inagawa et al., 75, F SAH + HCP LV AntChoA  Conservative died none
1990
Nishihara et al., 34, F SAH + IVH LV AntChoA Excision good none
1993
Hamada et al,, 48, F IVH LV AntChoA Trapping good Moyamoya
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Author, year Age, sex DPresentation Location  Origin Treatment Outcome  Associated
disease
1994
Smith et al., 60, F HCP 3V PComA clipping good none
1994*
Uranishi et al., 65, F IVH 4V PICA resection moderate none
1994
Bergsneider et 65, M IVH 3V PComA resection moderate none
al., 1994
Urbach et al., 55, M IVH 4V PICA clipping good  not registered
1995*
Morgenstrenet 33, M Ischemia LV AntChoA  Conservative good none
al., 1996
Koyama et al., 52,F HCP 3V Basilar tip VPS died none
1996*
Kawai et al., 19, M IVH LV AntChoA  Conservative fair Moyamoya
1997
60. M HCP 3V Basilar tip Coil good none
Watanabe et al., embolization
1999*
Yanaka et al., 8,F IVH LV AntChoA Trapping good AVM
2000
Miyake et al., 30, F IVH + HCP 4V SCA resection good Moyamoya
2000
47, M IVH LV PostChoA resection good Moyamoya
11, F IVH LV PostChoA  Conservative good Moyamoya
Lee et al., 2001 48, M  ICH+IVH LV AntChoA Trapping good Moyamoya
Hongo et al., 70, F HCP 3V Basilar tip  Endovascular died none
2001* occlusion
Gelal et al., 58, M HCP 3V Basilar tip VPS good none
2002*
Kwok-chu 62, F ICH +1VH LV AntChoA clipping good Moyamoya
Wong, 2003
Horie et al., 77, F IVH + HCP 4V PICA resection died none
2003
Ali et al., 2004 26, M IVH LV PostChoA  trapping + good Moyamoya
resection
Liuetal.,, 2005* 55,M HCP 3V Basilar tip ETV good none
Inci et al., 2007 19, F ICH + IVH LV AntChoA Trapping good none
37,F ICH + SAH LV AntChoA Trapping died none
Kog & Ceylan, 58, F SAH 3V AComA clipping good AVM
2008*
Tsutsumi et al., 58, M HCP 3V Basilar tip VPS + good none
2008* Embolization
QOertel et al., 80, M HCP 3V Basilar ETV good none
2009* trunk
55, M HCP 3V Basilar tip ETV + Coil died none
embolization
32, F HCP 3V Basilar ETV + died none
trunk Endovascular
occlusion
Yurtetal.,, 2009 70,M IVH LV AntChoA clipping good none
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Author, year Age, sex DPresentation Location  Origin Treatment Outcome  Associated
disease

Leveque et al., 50, F IVH LV AntChoA  Endoscopic good Moyamoya

2011 resection

Sanli et al., 41, M Mass effect LV Distal ACA Coil good none

2011* embolization

ND= not determined, HCP= hydrocephalus, NR=not registered, LV=lateral ventricle, 3V=third
ventricle, 4V=fourth ventricle, IVH=intraventricular hematoma, SAH=subarachnoid hemorrhage,
ETV=endoscopic third ventriculostomy, VPS=ventriculoperitoneal shunt, PostChoA=posterior
choroidal artery, AntChoA=anterior choroidal artery, MCA=middle cerebral artery, PComA=posterior
communicating artery, ACA=anterior cerebral artery, PICA=posteroinferior cerebellar artery,
SCA=superior cerebellar artery, asterics(*)=aneurysm’s dome extending into the ventricle cavity.

Table 2. Presented cases of IVA in the literature.

estimated on the basis either as the IVH defect or as the prolonged presence of a hyperdense
area on the ventricle wall (Hamada et al., 1994). In the course of a giant aneurysm, the
appearance on CT is characteristic, consisting of a well-circumscribed round an oval mass
(Artmann et al, 1984). The presence of thrombus determines the central attenuation
characteristics, which may range from iso- to hyperdense. A peripheral zone of increased
attenuation is frequently seen due to mural thrombus (Schubiger et al., 1987). After
administration of the contrast media, CT scans show intense enhancement of the residual
aneurysm lumen, and this rapidly declines after cessation of contrast media injection
(Artmann et al., 1984).

3.1.2 MRI

MRI taken after resolution of IVH usually shows the site of the aneurysm clearly, precise
location within the ventricle and the relation of the lesion to the parent vessel (Smith et al.,
1994). The aneurysm usually appeared as flow void signs with marked gadolinium
enhancement (Fig.1). Old blood clots often surround the aneurysm, with signal intensity
depending on clot age.

Fig. 1. MRI view of intraventricular aneurysm. Left, TIW image with gadolinium shows a
nodular lesion in the lateral ventricle; right, T2ZW image shows a heterogenous lesion
hypointense to brain tissue.

3.1.3 DSA

DSA is the method of choice in diagnosing aneurysms and provides reliable delineation of
the aneurysmal lumen and its relationship to the parent vessel and adjacent arteries (Fig.2).
But it has limitations; first it is invasive. Especially in the posterior fossa, where invasive
surgical treatment is less often considered, less invasive diagnostic methods may be



30 Hydrocephalus

preferred. Second, in DSA only the patent lumen is visualized, thus the thrombosed lumen
and the aneurysm may be missed. However MRI-angiography and/or CT-angiography may
provide complementary information in cases of thrombosed aneurysm, where the mass of
the aneurysm is much larger than what is seen on angiographic filling. Although, IVA often
cannot be found during the acute stage after hemorrhage, since the aneurysm or its parent
artery is easily compressed by a packed IVH (Miyake et al, 2000). Therefore
neuroradiological examination shall be repeated to confirm the diagnosis.

Fig. 2. Left carotid angiogram shows a saccular aneurysm of the distal anterior cerebral
artery in the right lateral ventricle.

3.1.4 Differential diagnosis

Sometimes aneurysms in a ventricle cavity can cause difficulties in the differential diagnosis
with mass lesions including AVM, CM, and tumors (colloid cysts and non-enhancing
meningiomas) (Inci et al., 2007). Cross-sectional imaging modalities can usually be used to
distinguish aneurysms from other mass lesions (Smith et al.,, 1994). Initially, a correct
preoperative diagnosis is vital, and the wrong diagnosis of an aneurysm in an unusual
location may encourage surgical removal of these lesions (Bose et al., 1983; Liu et al., 2005).

3.2 Managements
3.2.1 Conservative treatment

Conservative treatment can be effective for IVA, which may disappear spontaneously
(Kodama & Suzuki, 1978; Konishi et al., 1985; Miyake et al., 2000). Rebleeding during
observation may also occur (Hamada et al., 1984; Konishi et al., 1985). So, neuroradiogical
examinations should be repeated; DSA is essential for this purpose.

3.2.2 Surgical treatment

Direct surgery should be seriously considered for most of the IVAs, especially for persistent
IVAs, enlarged or reruptured aneurysms. Cerebral revascularization should be performed
when the parent artery needs an important collateral route or in the case of misery cerebral
perfusion.

Aneurysmal clipping and resection are the treatments of choice for IVAs depending on
the size of the parent artery. For very small arteries, aneurysmal resection rather than
clipping is preferred to prevent postoperative distortion and tears of the parent
artery.Neuronavigation is helpful to minimize surgical damage when treating small and
deeply situated lesions.
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Direct aneurysmal coil embolization is difficult because the lesion is usually situated on a
deep small branch and the aneurysm wall is fragile (Watanabe et al.,1999; Sanli et al., 2011).
Endovascular occlusion of the parent artery is a choice when the parent artery can be
sacrifided.

After aneurysmal SAH, ventriculoperitoneal shunt dependence due to hydrocephalus is a
frequent observation with an incidence up to almost 20% (de Oliveira et al., 2007). Most
patients require shunt treatment for malabsorbtive hydrocephalus, although some patients
with aneurysms suffer from hydrocephalus due to CSF pathway obstruction rather than
malresorption. CSF shunting is the most frequently performed procedure for treating
obstructive hydrocephalus induced by a non-ruptured IVA (Hongo et al., 2001). For a
ruptured aneurysm, experimental and clinical evidence suggests an increased risk of
rebleeding when the pressure gradient across the aneurysm wall is increased (Nornes, 1973;
Rosengrn et al., 1983). Several reports explain that ventricular drainage is not conclusively
associated with an increased incidence of repeated aneurysmal rerupture (Hasan et al., 1989;
Voldby & Enevoldsen, 1982). On the other hand, Pare et al., demonstrated an increased risk
of aneurismal rebleeding in patients undergoing ventricular drainage, particularly in the
presence of hydrocephalus. Obstructive hydrocephalus due to IVA was also treated with
microsurgical ventriculostomy via transcallosal approach (Liu et al., 2005). Also, Oertel et
al., reported 3 cases with obstructive hydrocephalus due to basilar artery aneurysm that
were treated by endoscopic third ventriculostomy.

4. Intraventricular Arteriovenous Malformations (AVMs)

AVM located entirely in the ventricular system are uncommon and account for 4% of AVM
in child (Humphreys, 1986) and 1.3% of AVM in adults (Jomin et al., 1985). Less than 40
intraventricular AVM have been reported. The most common locations are lateral ventricle
and foramen of Monro. Only two well documented cases have been reported in the third
ventricle in the literature (Heafner et al.,1985; Sanli et al., 2007).

Most intraventricular AVM have been manifested with spontaneous hemorrhage into the
ventricle, and this causes posthemorrhagic hydrocephalus via blockage CSF absorption or
mechanical blockage of CSF pathways. There were only two cases with an aqueductal lesion
causing hydrocephalus have been reported (Song et al., 2008).

4.1 Diagnosis
4.1.1 CT scan

CT may be better than angiography in detecting angiographically occult intraventricular
AVM (Song et al., 2008). AVM characteristically have high signal attenuation on CT scans
and can be enhanced intensely (Fig.3). Miyasaka et al., considered that CT is more useful for;

e  precise determination of the anatomical location of the lesion

e  detection of angiographycally occult vascular malformations including CM or venous
agiomas.

e recognition of the extent of the hemorrhage or the degree of hydrocephalus
accompanying the small vascular malformation
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Therefore, when angiography fails to reveal the responsible lesion, CT is very helpful for
detection of the intraventricular vascular lesion. But it may give very little information about
the type of the vascular lesion.

Fig. 3. CT scan shows an irregular hyperdense lesion in the third ventricle and mild
hydrocephalus due to mass effect.

4.1.2 MRI

At this point MRI offers more detailed information about the primary lesion and its
differential diagnosis. In MRI the nidus is hypointense on T1 weighed images (TIWI) and
hyperintense on T2WI. This high signal intensity on T2WI is due to vascular stasis. The
signal void linear straits belonging to drainage vessels seen on angiography give a clue to
AVM (Fig.4). Therefore, MRI can be helpful in differential diagnosis of granulomatous or
highly vascular neoplastic lesions such as choroids plexus papilloma and carcinoma
(Gtircan et al., 1998).

Fig. 4. left, coronal T2W image shows a mass with heterogeneous signal intensity in the
third ventricle and dilated temporal horns of the lateral ventricles. The lesion includes
tubular signal void areas. Right, early postoperative MRI after right transcallosal approach.
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4.1.3 DSA

Cerebral DSA is the most reliable radiological examination for the diagnosis of AVM (Fig.5).
Intraventricular AVMs are commonly angiographycally occult, because these lesions are
often too small to be detected by angiography or because hemorrhage or thrombosis of the
involved vessels may destroy them (Roda et al., 1981; Sanli et al., 2007). Angiography
showed no evidence of AVM in about 20% of intraventricular AVM (Tamaki et al., 1994).

Fig. 5. Both carotid arteries and left vertebral artery angiographies show no any vascular
pathologies.

4.1.4 Differential diagnosis

Intraventricular AVM with a typical images are not rare. Misdiagnosis is common because
the characteristic signal void may be absent or angiographic results may be negative.
Moreover, some intraventricular AVM may radiologically mimic tumors (Britt et al., 1980).

Transfontanel ultrasonography is helpful for finding hydrocephalus, IVH and intracerebral
hemorrhage secondary to AVM. Transfontanel ultrasonography is safetly used for
diagnosing intraventricular AVM in neonates (Ceylan et al., 1993; Heck et al., 2002). Correct
preoperative diagnosis of intraventicular AVM is important for appropriate treatment
planning.

4.2 Managements

Overall, 2-4% of brain AVM bleed, and the hemorrhage rates are higher in children than
adults (Song et al., 2008). Bleeding rates of the intraventricular AVM are 81% in children and
95%in adults, and incidences of rebleeding and resultant are also high (Tamaki et al., 1994).
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4.2.1 Conservative treatment

Despite the fact that intraventicular AVMs are often seemed inoperable because of their
deep location and sometimes intimidating vascular patterns, there is evidence to suggest
that their natural history is unfavorable with a high incidence of hemorrhagic complications,
so that intraventricular AVMs must be treated (Batjer & Samson, 1987). But the treatment of
these lesions remains a challenging matter. Surgical excision, endovascular embolization,
radiosurgery or a multimodality approach have been used to treat this condition, however
studies are not conclusive yet (Ogilvy et al., 2001).

4.2.2 Surgical treatment

The ideal treatment for a cerebral AVM is total surgical resection. AVM of the ventricles are
generally small enough to be removed safely by microsurgical techniques (Tamaki et al.,
1994). Preoperative embolization may be helpful, although embolization is rarely curative.

Fahim et al, reported that the transtubular microendoscopic approach may be
advantageous for resecting intraventricular lesions by avoiding unnecessary retraction;
therefore, it may reduce the risk of injury to the surrounding brain tissue.

Yamada et al., reported the endoscopic resection of the intraventricular AVM.

Total surgical excision is very important for intraventricular AVM because any mass left
after surgery, radiosurgery or embolization can result in hemorrhage or hydrocephalus.

Regarding the craniotomy microsurgery and neuroendoscopy; former is safer for managing
bleedings during surgery (Moftakhar et al, 2006). Surgery for pediatric cases may be
delayed because procedures become less difficult as child grows (Heck et al., 2002).

5. Intraventricular venous malformations

Developmental venous anomalies (DVA) and venous loops or varices may cause
hydrocephalus by blocking CSF pathways at the Sylvian aqueduct. Also they may cause
unilateral dilatation of a ventricle due to blockage at the foramen of Monro. DVA, also
known as venous agiomas, represent nonpathological variations in venous drainage. DVA
represent the most common intracranial vascular malformations, composing of
63% of such lesions in autopsy series (Garner et al., 1991). To our knowledge, there were
only 12 reported cases of intraventricular venous anomalies causing hydrocephalus
(Table-3).

DVA and venous varices have similar wall characteristics; where the walls of both are
composed of intima and adventitia without presence of media (Kelly et al.,, 1995). DVA
consist of multiple dilated anomalous veins with interposed neural tissue and 21 dilated
draining vein, typically presenting pathologically as a conical or wedge-shaped lesion with
its base at the meninges and its apex toward the ventricle (Fierstien et al., 1979).
The intervening parenchyma is normal. Venous varices, on the other hand, are characterized
as a focal dilatation of a single vein without neural tissue (Kelly et al., 1995). Although
intraventricular DVA may not have the characteristic interposition of neural tissue, they are
characterized by dilatation of multiple anomalous veins (Leonardo & Grand, 2009).
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The most popular theories for the etiology of these benign lesions include primary dysplasia
of capillaries and small transcerebral veins (Ostertun & Solymosi, 1993) or a compensatory
mechanism when normal venous pathways are by-passed due to accidental thrombosis in
the intrauterine period (Saito & Kobayashi, 1981).

Most common location of the CSF pathway obstruction causing hydrocephalus is Sylvian
aqueduct. There are only two reports of unilateral hydrocephalus caused by venous
malformation due to obstruction of the foramen of Monro (Leonardo & Grand, 2009; Tien et
al., 1990).

Author, Year Age, Symptom Imaging Treatment Outcome
Sex

Rosenheck, 1937 58, F Mental deterioration Postmortem none dead

Avman & Dinger, 35, F Headache Ventriculography + CT ventriculostomy good

1980 + angiography

Tien et al., 1990 37,F Headache, gait MRI + CT septum pellucidum good

instability fenestration

Watanabe at al., 39, M Headache CT + MRI + shunt good

1991 angiography

Oka et al., 1993 43, F Seizure CT + MRI (cine) + ETV good
angiography

Blackmore & 16, F Headache, behavior MRI (cine) none good

Mamourian, 1996 abnormalities

Bannur et al., 2002 11, M Headache CT + MRI (cine) shunt good

Sato et al., 2004 28, F Headache CT + MRI + ETV good
angiography

Yagmurlu et al., 7,F Headache MRI none good

2005

Giannetti et al., 42, M Headache, behavior MRI + CT ETV good

2008 abnormalities

18, M Headache MRI + CT ETV good
Leonarda & Grand, 28, M Headache MRI + CT + MR Endoscopic septum good
2009 angiography pellucidum fenestration

CT=computed tomography, MRI= magnetic resonance imaging, ETV=endoscopic third
ventriculostomy

Table 3. Presented cases of intraventricular venous lesions in the literature.

5.1 Diagnosis

CT may not be helpful in the diagnosis, and MRI has proven to be the most sensitive
diagnostic tool (Oka et al., 1993). In general, the lesions are hypointense in TIWI and
enhance intensely after the contrast media administration. On T2WI they have high or low
signal intensity depending on the flow velocity, the orientation and the pulse sequence. Cine
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MRI has also used to confirm the location of hydrocephalus in some cases (Blackmore &
Mamourian, 1996). The role of DSA is limited and can, at least, document the anomaly of the
associated anomalous venous drainage (Bannur et al., 2002).

5.2 Managements

DVA and venous varices are benign lesions that do not need any treatment because there is
no risk of rupture or bleeding. Also, they present normal blood outflow pathways, and any
attempt in removing them surgically, can cause venous infarction or edema (Bannur et al.,
2002; Blackmore & Mamourian, 1996; Yagmurlu et al., 2005).

Hydrocephalus caused by venous anomalies can easily be treated by shunts or endoscopic
third ventriculostomy. As listed in the table 3, the outcome is almost always good.

6. Conclusion

The cerebrovascular pathologies cause hydrocephalus by obstruction of CSF pathways due
to the slow growing of the vascular lesion or hemorrhage. Since the cerebrovascular lesions
are complex pathologies, there is not an agreement among neurosurgeons on treatment. The
lack of more clinical and surgical experiences makes a decision with difficulty in the
treatment of the intraventricular cerebrovascular lesions.
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1. Introduction

The two key determinants of clinical presentation of hydrocephalus are the age of onset and
the acuity of the rise in intracranial pressure.

In fetus, while minor degree of hydrocephalus often goes undetected, severe cases of
obstructive variety present with the following features: 1 .the head is felt larger, globular
and softer than the normal head 2.the head is high up and difficult to push down into pelvis
3.fetal heart sound is situated high up above the umbilicus 4.internal examination during
labor may reveal widening of sutures and tense fontanelle. In breech presentation however,
the diagnosis is not made until the after-coming head is arrested at the brim. In the
communicating variety, often the head is of normal size at birth and its enlargement starts
only at 6-12 weeks of age.

In Infancy and early childhood (prior to 2 years of age), progressive enlargement of the head is
the commonest manifestation of hydrocephalus as sutures have not united firmly.
Occipitofrontal circumference should be measured after 24 hours of birth when moulding
and overriding of sutures have disappeared. The head continues to enlarge and appears to
be disproportionately larger than the rest of the body. The head is quite heavy and the child
is not able to hold it without support. The child starts becoming less playful and does not
feed properly. Milestones tend to get delayed. On examination, the child’s head is found to
be large in proportion to the body with bossing of frontal bones giving an inverted
triangular appearance to the head. Serial head circumference should be taken to identify
whether it is progressive (active) or arrested hydrocephalus. The fontanelle are widely open,
bulging, tense and non pulsatile and the scalp veins are engorged, strikingly so when the
infant cries. Sutures are widely separated. Cracked pot sound may be heard on percussion
of the head due to separation of sutures and is called “Macewen’s sign”.Bruits over
fontanels on auscultation of skull with the bell of the stethoscope indicates vascular origin of
hydrocephalus (vein of Galen aneurysm or other vascular malformation).Transillumination
of skull should be done in all cases. Normally, the halo of light around the rim of the
illuminator extends upto 1 cm in the occipital region and upto 2 cm in frontal region in term
babies. Excessive transillumination indicates abnormal collection of fluids as in
hydranencephaly where the whole skull may glow with light or Dandy Walker syndrome
where posterior part of skull transilluminates owing to the fluid accumulation in the
posterior fossa.
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The limbs may show increased tone and brisk reflexes “spastic paraparesis”. This results
from stretching and distortion of paraventricular corticospinal tracts arising from leg area of
motor cortex. These fibres have a longer distance to travel around the ventricles than those
supplying the face and the upper limbs. However, mild spasticity and weakness of upper
limbs is not uncommon particularly in advanced cases. Spine examination should be
performed in all cases to look for presence of spina bifida (commonly associated with Chiari
Malformation II).

Downturning of eyeballs with visibility of sclera above the iris is called ‘Sunsetting Sign”
and is a frequent finding. It is due to pressure on the superior quadrigeminal plate against
the free edge of the tentorium causing a supranuclear paresis. It may be intermittent to
begin with but later becomes continuous. Other ocular disturbances include unilateral or
bilateral abducens nerve paresis, nystagmus, ptosis, strabismus and diminished papillary
light responses.Optic atrophy can occur due to compression of the chiasm and optic nerves
by a dilated anterior portion of the third ventricle. Papilledema is rare because rising tension
is easily buffered by sutural diastasis.

Fig. 1. Congential Hydrocephalus: Downturning of eyeballs with visibility of sclera above
the iris (Sunsetting Sign).

In earlier stage, child may be quite playful, pick up the objects, put them into mouth,
recognize the parents and follow light and objects. As hydrocephalus progresses , further
destruction of cerebral cortex occurs, child tends to become listless , stops taking interest in
the surroundings and regression of earlier achieved milestones occurs .There is unusual
somnolence, persistent vomiting ,failure to thrive and visual loss. Finally a decerebrate state
ensues.

In early to late childhood (2 years and above), neurological symptoms caused by increased
intracranial pressure or by focal deficits referable to the primary lesion is the predominant
finding and appear before any significant change in head size. The clinical picture of various
space occupying lesions depend on their site of origin.A unique but rare hydrocephalic
syndrome “the bobble head doll syndrome” is related to obstructive lesions in or around
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third ventricle and is characterized by bobbing of head forward and back involuntarily
mimicking a bobble head doll. This can be inhibited voluntarily and disappears during
sleep. A symptom very closely associated with head bobbing is the presence of ataxia.
Several patients were reported to have difficulty in walking, running, and climbing steps
because of the bobbing. One likely explanation for such symptom is interruption of the
patient’s ability to balance which rely on input from various sources namely, the vestibular,
ocular and somatosensory due to constant bobbing. The head bobbing is a neurological
phenomenon and stems from dilated third ventricle impinging on the medial aspects of the
dorsomedial nucleus of the thalamus.

1. Hydrocephalus

2. Hydranencephaly

3. Subdural Effusion

4. Thickened skull bones (achondroplasia,

osteopetrosis,pyknodysostosis,craniometaphyseal dysplasia,
orodigitofacial dysostosis , rickets, leontiasis ossea,etc.)

5. Cerebral Gigantism

6. Mucopolysaccharidosis

7. Cerebral lipidosis (gangliosidosis)

8. Metachromatic leukodystrophy

9. Fragile X Syndrome

10. Porencephaly

11. Subdural Hematoma

12. Intracranial Tumor

13. Glutaryl-1-Coenzyme A dehydrogenase deficiency

Table 1. D/d of Enlarged Head in Newborn, Infancy and Children

Fig. 2. CT scan of the brain at the level of basal ganglia showing enlarged lateral ventricles
suggestive of hydrocephalus.
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The features of raised intracranial pressure are evident in almost all instances and includes
frontal headache aggravated in the morning, improving with upright posture and associated
with nausea and vomiting. The cracked pot sound is prominent on skull percussion.
Fundoscopy may show papilledema. Additional features seen in late group are endocrine
changes including small stature, gigantism, obesity, precocious or delayed puberty,
menstrual irregularities, absent secondary sexual characteristics and central diabetes
insipidus. They are probably caused by compression of hypothalamic pituitary axis by an
enlarged third ventricle (a particular risk in aqueductal stenosis) resulting in abnormal
hypothalamic pituitary function. Spastic diplegia is common. Thought and behavior may be
affected adversely. Learning disabilities are fairly common and these children are credited
with better verbal 1Q than performance 1Q. While the severity of hydrocephalus can differ
considerably between individuals, some are of average or even above-average intelligence.
Patients may develop motion and visual problems, coordination problems, or may be
clumsy. Perceptual motor deficits and visual spatial disorganization follow as a result of
stretched corticospinal fibres of parietal and occipital cortex due to dilated posterior horns
of lateral ventricles. About one in four develops epilepsy.

2. Normal Pressure Hydrocephalus

Normal Pressure Hydrocephalus (NPH) is a clinical symptom complex, characterized by the
classic triad of gait abnormality, dementia and urinary incontinence (commonly referred to
as "wet, wobbly and wacky").NPH occurs either as idiopathic or secondary condition,
roughly in equal proportions. While NPH secondary to an identifiable cause can occur in all
age groups, idiopathic NPH is most common in adults over 60 years of age without any sex
predilection. These manifestations are believed to arise from dysfunction of periventricular
white matter tracts, particularly those sub serving frontal lobe connections .Gait difficulty is
often the first clinical manifestation. It is the effect of expansion of the ventricular system
(particularly the lateral ventricles) and subsequent traction on the lumbosacral corticospinal
fibers arising from the motor cortex. It is also believed to be the most responsive feature to
shunting. It is classically described as “magnetic gait”; the patient's feet appear to stuck to
the floor, steps are characteristically short with decreased stride length and height and a
broad base. This may resemble parkinsonian gait at a glance but is distinguished by a
narrow base and absence of tremor or rigidity. Postural stability is impaired, and a history
of falls may be reported.

The cognitive disturbance of NPH is likely to be frontal in nature with psychomotor
slowing, decreased attention and concentration, and apathy. The patient is slower in timed
tasks, performs poorly on tests of divided attention and executive function, has difficulty
with fluency tests, and has poor learning and better preserved recognition memory. The
dementia is believed to be the consequence of stretching of frontal and limbic fibers that
travel in the periventricular region. The Mini Mental State Examination may be an
insensitive measure of cognitive impairment in NPH since it exhibits a frontal subcortical
pattern rather than a cortical pattern and neuropsychological tests may prove to be a better
tool in its characterization as well as diagnosis of coexisting dementia conditions (including
Alzheimer’s dementia and vascular dementia which are also highly likely in advancing age).

The third component, urinary incontinence, often begins as urgency and frequency rather
than incontinence per se. However, overtime, true urinary incontinence ensues and is
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accompanied by a lack of concern to urinary symptoms, reflecting its probable origin in the
frontal lobe.

Fig. 3. Enlarged lateral ventricles with thinning out of cerebral cortex in a patient with
normal pressure hydrocephalus.

Other features of NPH may include long tract signs with spasticity of lower limbs,
hyperreflexia and extensor plantar responses (upper motor neuron signs). In very late
stages, frontal release signs, akinetic mutism, and quadriparesis may occur.
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1. Introduction

Cerebrospinal fluid (CSF) is an ultrafiltrate of plasma formed by active, ATP-dependent
pumps located predominantly in the choroidal epithelium. CSF is continuously produced
and absorbed, turning over approximately 3-4 times per day. CSF normally is colorless,
odorless, and contains very few cells. Compared to serum, CSF is low in protein, glucose,
potassium and calcium, but high in sodium, magnesium, and chloride.(Burt 1993) Reference
values for “normal” CSF levels are shown in Table 1.

CSF may be collected through a spinal puncture, ventricular access device or drain, or from
a shunt “tap” in evaluating a child for shunt failure or infection. This chapter addresses
some basic scenarios where interpretation of the CSF sample may guide clinical decision-
making

Cerebrospinal Fluid Parameter: Value:

Leukocytes <4/mL
Lymphocytes 60-70%
Monocytes 30-50%
Polymorphonuclear leukocytes 0%
Eosinophils 0%

Red Blood Cells 0

Protein 20-50 mg/dL

Glucose 40-70 mg/dL

Table 1. Normal Cerebrospinal Fluid values in adults

2. CSF cell counts in children with shunts

Children may have different CSF counts compared to adults. For example, healthy neonates
may have leukocytes in the CSF in the absence of infection or neuropathology.(Smith,
Garges et al. 2008) Portnoy and Olson evaluated the CSF from 371 children who were
proven to not have CNS infection or pathology (seizures). They found 1-3 WBC in 25% of all
children and 1-10 WBC in 5% of normal neonates.(Portnoy and Olson 1985) Ahmed et al.
found a mean of 7.3 WBC/mm?® in non-infected neonates, with a range of 0 -
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130/ mm3.(Ahmed, Hickey et al. 1996) (Shah, Shofer et al. 2005) Other authors have noted a
wide variability of CSF cell counts in children with or without infection.(Garges, Moody et
al. 2006)

The presence of a shunt may alter the chemistry and cell levels. Lenfestey et al. examined
the CSF cell levels for 181 neonates with either a VP shunt or CSF reservoir and compared
them to a group of neonates without ventricular catheters.(Lenfestey, Smith et al. 2007)
There was no significant difference in baseline WBC between the groups. Neonates with a
ventricular catheter and infection had a mean WBC count of 150 cells/ mma3.

3. Intraventricular hemorrhage of prematurity

Premature, low-birth weight neonates have a risk of intraventricular hemorrhage.
Approximately 57-85% of patients with hemorrhage will develop post-hemorrhagic
hydrocephalus (PHH). The complication rate for shunts in these children is high due to an
immature immune system, medical co-morbidites, and often thin, tenuous skin.

Many premature children will undergo temporizing procedures prior to placement of a
definitive shunt. Temporizing procedures include serial lumbar or ventricular punctures,
placement of a ventricular-subgaleal shunt, or placement of a ventricular access device
(VAD). These measures allow removal of CSF while the child grows.

The clinician is often faced with a decision of how to interpret data from sample of CSF prior
to placing the shunt. Given the prior intraventricular hemorrhage, the CSF may contain
elevated levels of red blood cells (RBC), white blood cells (WBC), and protein levels. There is
a persistent concern that elevation of cell or protein levels may affect the survivability of a
shunt.

There are few laboratory studies evaluating the physical properties of CSF in relation to its
cell and protein content. CSF normally has a similar viscosity to water, however its physical
properties may be altered by high levels of cells or protein.(Brydon, Hayward et al. 1995)
Brydon et al. studied the properties of 126 CSF samples from patients with hydrocephalus of
various etiologies. They found that the viscosity of CSF differed from water by 1.4%. At
supraphysiologic protein contents, the difference in viscosity was only approximately
6%.(Brydon, Hayward et al. 1995; Brydon, Hayward et al. 1995) In a separate publication,
they also demonstrated that CSF protein levels did not impair shunt function, although an
elevated RBC count did. An acceptable level of RBCs for safe shunt function was not
defined.(Brydon, Bayston et al. 1996) Bloomfield et al. examined the physical properties of
CSF by sampling 23 patients undergoing cranial surgery.(Bloomfield, Johnston et al. 1998) In
their model, CSF viscosity also did not differ significantly from water over a range of
protein contents. Baird et al. studied the effects of fluid with varying concentrations of
protein or RBC in the function of a PS Medical (Medtronic, Inc.) valve. They found that
protein did not affect valve function but that large numbers of RBCs led to valve
failure.(Baird, Farner et al. 2002) Sainte-Rose et al. found no effect on Orbis Sigma valves
with solutions containing up to 25 g of protein/liter.(Sainte-Rose, Hooven et al. 1987)

Brydon et al. performed clinical studies after the aforementioned laboratory work. They
concluded that an elevated CSF protein count did not statistically increase the risk of shunt
complications.(Brydon, Hayward et al. 1996) There are studies evaluating shunting after
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aneurysmal subarachnoid hemorrhage in adults. Both Rammos et al. and Kang et al. found
that shunt malfunction was not statistically related to CSF protein or RBC counts.(Kang,
Park et al. ; Rammos, Klopfenstein et al. 2008)

It is important to note that results found in adults do not necessarily translate to the preterm
child. The brain of a preterm infant significantly differs from that of an adult in the degree of
myelination and thus brain compliance. The overall risk of shunt failure in an adult is
generally low, however the risk in a preterm infant is high.

We studied 58 low birth-weight, premature infants who developed PHH.(Fulkerson,
Vachhrajani et al.) The CSF samples taken within 2 weeks prior to shunt insertion are shown
in Table 2. Note that all these children had high numbers of RBCs and WBCs.

Of these 58 patients, ten (17.2%) had shunt failure within 3 months of insertion and nine
(15.5%) suffered shunt infection. Both the failure and infection rate were higher for children
with PHH compared to our overall rates for all children over the study period. A statistical
analysis was performed to see if the shunt failure or infection rate was related to cell count
or protein level prior to shunt insertion. Previous case reports have attributed shunt failure
to high cell or protein levels.(Foltz and Shurtleff 1963; Lorber and Bhat 1974; Wise and
Ballard 1976; Taylor and Peter 2001) Some authors recommend delaying shunt insertion
until arbitrary CSF levels are reached. However, we found no statistical relationship of
shunt infection or shunt failure with levels of CSF RBCs, WBCs, or protein levels at the time
of shunt insertion.(Fulkerson, Vachhrajani et al.) Therefore, the timing of shunt placement
should be based on the child’s gestational age, weight, and overall clinical condition.

CSF Parameter: Value:
RBC/mm3 3103.5 +9102.4
WBC/mm3 168.8 £1163.6
Protein (MG/DL) 211.1 +158.7
Glucose (MG/DL) 2631127

Table 2. Cerebrospinal fluid values (mean * standard deviation) of 58 low birth weight-
premature infants prior to shunt insertion

4. CSF eosinophilia

As stated earlier, small numbers of leukocytes may be found in the CSF in children. The
majority of these are lymphocytes or monocytes; eosinophils are normally absent.
Eosinophils are granulocytes produced in the bone marrow and normally found in mucosa.
They have a myriad of functions associated with hypersensitivity and inflammatory
reactions. Bosch and Oehmichen examined 10,000 qualitative CSF cytological preparations
and found eosinophilia in less than 1%. Given the overall rarity of eosinophils, the authors
concluded that their presence was pathologic.(Bosch and Oehmichen 1978)

The finding of CSF eosinophils has been associated with allergy, intrathecal antibiotic
administration, parasitic infestation, neurosyphilis, and fungal or tuberculosis
infection.(Kessler and Cheek 1959; Bosch and Oehmichen 1978; Traynelis, Powell et al. 1988;
Snow and Kossovsky 1989; Vinchon, Vallee et al. 1992; Niggemann, Bauer et al. 1997; Lo Re
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and Gluckman 2003) It has also been found in patients with hypersensitivity reactions to a
shunt, predominately in older tubing materials.(Traynelis, Powell et al. 1988; Jimenez,
Keating et al. 1994)

While eosinophils are normally absent in patients without shunts, their presence is relatively
common after shunt placement. We followed CSF samples after initial shunt placement in
300 children.(Fulkerson and Boaz 2008) We identified eosinophilia in 93 of the 300 (31%)
patients who underwent placement of their initial shunt. Statistical analysis identified that
the risk factors for eosinophilia included a history of intraventricular hemorrhage of
prematurity, younger age at shunt insertion, CSF leakage, infection, use of intrathecal
antibiotics, and blood in the cerebrospinal fluid.

Shunted patients may have eosinophils in the absence of infection. Eosinophilia occurred
within one month of shunt insertion in 69.2% (average 14.6 + 8.7 days) and was transient in
95% of cases. We found two strong correlations with non-infectious eosinophilia: CSF
leakage and intraventricular blood.

There was a statistical relationship of eosinophilia with CSF leakage or fluid accumulation
under the skin. This was especially true in patients with the largest numbers of eosinophils

Figure 1 illustrates the clinical course of a 3-month-old male with a shunt infection. The
shunt was removed (Day 0) and an external ventricular drain (EVD) was placed. He has a
small eosinophilic reaction to the initial infection. He had a leakage of CSF around the drain
site (Day 9 - first vertical line). The eosinophil counts rose dramatically after the leak. He
suffered a second leak (Day 15 - second vertical line) and again, the eosinophils rise. This
suggests that the eosinophilia is more a reaction rather than a cause of malfunction.
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Fig. 1. Clinical course of 3-month old with shunt infection. The patient had leakage of CSF
on Day 9 and 15. The number and percentage of eosinophils rose after these two
events.(Reprinted with permission from Journal of Neurosurgery:Pediatrics 1: 288-295, 2008)
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The second correlation of CSF eosinophilia is with the presence of intraventricular blood.
We found a statistically significant relationship between eosinophilia and a CSF sample with
greater than 100 RBC/mm3.

The intraventricular space is relatively protected. Inflammatory cells are normally not
present. CSF leakage exposes this immunologically privileged area to a space with
inflammatory cells. Hemorrhage may bring these immunogens into the ventricular space.
Eosinophils are known to migrate to areas rich in fibroblasts and enhance tissue remodeling
through release of numerous cytokines.(Munitz and Levi-Schaffer 2004) Eosinophils
interact with endothelial cells and enhance angiogenesis through growth factors.
(Rothenberg 1998; Munitz and Levi-Schaffer 2004)

In our series, patients with CSF eosinophilia had a higher incidence of shunt malfunction
compared to the general shunted population. This has also been reported by other authors.
(Tung, Raffel et al. 1991) In these patients, the valve or catheter may be blocked with
inflammatory debris. Eosinophils are known to propagate many inflammatory responses
through secretion of chemicals involved in up-regulating adhesion systems and cellular
trafficking.(Rothenberg 1998) This likely promotes the attraction and adhesion of cells,
contributing to shunt blockage. The need for shunt revision after initial placement was
statistically correlated with the total number and percentage of eosinophils in this series.

5. Shunt infection

Approximately 5-8% of newly placed shunts will become infected.(Drake, Kestle et al. 1998)
Clinical signs of infection include shunt failure, fever, abdominal pain, and wound
dehiscence. Diagnosis of a shunt infection comes from the appropriate clinical scenario with
a positive CSF bacterial culture. The treatment of shunt infection generally includes surgical
removal of all existing shunt hardware, temporary CSF diversion, and antibiotics. However,
the culture results may not be known for a number of days to weeks. The treating physician
may need to make clinical decisions based on interpretation of the CSF sample.

The most common bacterial organisms causing shunt infection are coagulase-negative
Staphylococci and Staphylococcus aureus. Other potential pathogens include Propionibacterium
acnes, Streptococcal species, and gram-negative organism (E. coli, P. aeruginosa, Klebsiella
species, and Enterobacter species). CSF samples will often show a rise in the WBC count with
a predominance of polymorphonuclear leukocytes (PMNs) in patients with infection from
these pathogens.

The WBC count that is diagnostic of infection is unknown.(Kestenbaum, Ebberson et al. ;
Garges, Moody et al. 2006; Lenfestey, Smith et al. 2007) Previous authors have used a level
of 100 WBC/mm3 as a level indicative of infection.(Lan, Wong et al. 2003; Lenfestey, Smith
et al. 2007) However, the WBC count in shunt infections is variable. Conen et al. examined
78 shunt infections in patients over 12 years old. While 80% of patient had a CSF leukocyte
count greater than 5 x 106 cells/mm3, a “normal” cell count occurred in approximately 20%
of infections.(Conen, Walti et al. 2008) Other markers for infection have been studied,
including tumor necrosis factor-a, various interleukin concentrations, (Asi-Bautista,
Heidemann et al. 1997) and polymerase chain reaction for amplification of bacterial DNA.
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(Banks, Bharara et al. 2005) While these show promise, there is not yet widespread
acceptance.
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Fig. 2. Average White Blood Cells (WBC) on diagnosis of shunt infection. The number of
leukocytes varies with infecting organism, with higher numbers for gram-negative
pathogens, and low levels for P. acnes. (Reprinted with permission from Journal of
Neurosurgery: Pediatrics 1:288-295, 2008)

The levels of CSF WBC and the differential percentage of PMNs, lymphocytes, monocytes
and eosinophils vary depending on the infecting organism (Figure 2). A case example is
shown in Figure 3. This figure shows the cell count in a child who presented with a shunt
infection with P. acnes. Note the high eosinophil count shown in Figure 3A. The child
became secondarily infected with N. flavum, a gram-negative organism. He spiked a very
high WBC count which was predominantely PMNs (Figure 3B). His infection cleared and a
new shunt was placed. Unfortunately, the new shunt also became infected with coagulase-
negative staphylococcus. He had a moderate WBC reaction with a higher percentage of
PMNs and lymphocytes.

We evaluated 105 patients with shunt infection. The WBC count and differential of these 105
patients is shown in Table 3. Gram-negative organisms cause an extremely high WBC count
with a predominance of PMNSs. In our analysis, a diffential percentage of greater than 62%
PMNs was most suggestive of a gram-negative infection. Therefore, the treating physician
may consider choosing an antibiotic regimen that covers gram-negative organisms in a
patient with clinical signs of shunt infection and a CSF sample with a high WBC count with
> 62% PMNSs.
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Fig. 3. CSF reaction in patient with three shunt infections with P. acnes, N. flavum, and

coagulase-negative staphylococcus. (Reprinted with permission from Journal of Neurosurgery:
Pediatrics 1: 288-295, 2008)
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. Initial WBC PMN | Lymphocyte Monocyte | Eosinophil
Organism: count (%) (%) (%) (%)
(cells/ mm?): ’ ’ ’ °
Coagulase- 483 +
negative 387.9£652.8 . 287+249 194 +£16.1 33+4.0
. 31.6
Staphylococci
56.1 +
S. aureus 574.6 £1539.0 2.3 16.6 £15.8 229+173 51+6.8
18.0 £
P. acnes 110.8 £163.9 38.0 37.2£29.0 33.0+£327 | 144+248
66.7 *
Streptococcal sp. | 913.9+1190.9 419 16.7£20.1 16.6 £19.6 35+4.0
Gram-negative 1618.0 + 69.3 +
+ + +
p. 3165.9 316 11.9£12.0 15.6£23.1 6.9+13.2

Table 3. Average white blood cell count and differential based on infecting organism

I~
n

o~
[ =]

£
&

%)
=}

()
=

Peak Eosinophil Percentage
% |
n

—_ =
0O h o on

coagulase-
negsative

5. Mureus

staphyococcus

P. Acres

Streptococcal =p.

Organism

E .Cali

P. Seruginosa

Fig. 4. Peak eosinophil differential percentage of the CSF leukocyte count related to the
infecting organism in shunt infections. P. acnes infections have a significantly higher

eosinophil percentage compared to other pathogens. (Reprinted with permission from
Journal of Neurosurgery: Pediatrics 1: 288-295, 2008)
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More indolent organisms cause less of a CSF reaction. P. acnes is a gram-positive, anaerobic
diphtheroid that is part of the normal skin flora. This organism may cause shunt infection,
however the CSF has a significantly lower WBC compared to other organisms. The
diagnosis of P. acnes infection may be challenging, as culture growth generally requires
anaerobic preparation and extended incubation times (up to 2 weeks).(Rekate, Ruch et al.
1980) P. acnes infections have a characteristically high percentage of eosinophils (Figure 4).

The clinician should suspect P. acnes in the patient with clinical signs of shunt infection, but
with a CSF WBC count < 16 with the presence of eosinophils.

The CSF reaction to infection is similar among all organisms. There is an initial
predominance of PMNs, although this is lower in P. acnes. This is followed by a rise in
monocytes and lymphocytes, with possible influx of eosinophils. The total WBC trends
towards zero by two weeks with successful treatment of the shunt infection.

6. Conclusions

Interpretation of CSF samples in children with shunts may help guide clinical decision-
making.

Children with hydrocephalus resulting from intraventricular hemorrhage of prematurity are
at a higher risk of shunt malfunction and infection compared to other shunted patients.
They often have elevated levels of protein in their CSF, however, this is not statistically
correlated with subsequent shunt malfunction.

CSF eosinophils may be rarely associated with allergic reactions. Eosinophils are found in
up to 31% of patients with a newly placed shunt. Children with eosinophils in the CSF have
a higher risk of shunt malfunction. Eosinophilia may be caused by exposure of the
immunologically privileged intraventricular space with the skin or blood.

Eosinophils are also seen commonly in children with shunt infections. In addition to the
presence of eosinophils, examination of the distribution of CSF leukocytes may provide
information in evaluating children with shunt infection. Some pathogens, such as gram-
negative organims cause a very high WBC count with a predominance of PMNs. Others,
such as P. acnes, have a low WBC count but a high percentage of eosinophils. This is
clinically relevant because P. acnes may require a longer incubation time with anaerobic
culture preparation for diagnosis.
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1. Introduction

Hydrocephalus is a problem in which there is an excessive contains of cerebrospinal fluid
(CSF) and dilates cerebral ventricles.

Regardless of etiology, early detection and early intervention of this condition is very
important to prevent brain insult and normal development of children.

Decrease of this volume accumulation and pressure maintain normal chemical balance and
normal function of blood-brain barrier.

In progressive symptomatic hydrocephalus patients have the symptom of intra cranial
hypertension.

2. Surgical management

If there is obstructive or non-communicating hydrocephalus removal the obstruction is
preferred.

In progressive symptomatic hydrocephalus surgical intervention such as shunting of
cerebrospinal fluid to facilitate absorption of CSF is required.

Most patients need mechanical extra cranial shunt system for redirect cerebrospinal fluid
circulation into peritoneal cavity, right atrium and pleural cavity.

3. Ventriculoperitoneal shunting
A ventriculoperitoneal shunt (VP) is used most commonly for cerebrospinal fluid diversion.

The abdomen should have the ability for absorption of the fluid. Shunts cause cerebrospinal
fluid to flow unidirectional under a valve system. Pressures required enough energy to
overcome valve resistance and can be used in patients with different pressure requirements.

The ventricular catheter can be placed from the coronal approach. In this approach most
neurosurgeons prefer parieto-occipital catheters. The proximal catheter tip should lie
anterior to choroid plexus and in the frontal horn of the lateral ventricles.
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4. Complications

Common causes for failure are: infection, obstruction, over drainage, disconnection and
loculated cerebrospinal fluid collection (1).

For evaluation of shunt malformation continuous intra cranial monitoring is useful. Main
complication of this type of treatment is infection and the most important causative agents
of infection are staphylococcus epidermitis (58% to 88.9%) , Staphylococcus aureus (12-40%),
gram negative bacilli (9-22%), entrobacteria, klebsiella pneumonia and pseudomonas
aeroginosa. These can cause severe complications such as cognitive and neurological deficits
(1-4).

If infection causes impairment of the shunting mechanism, removal and new shunting
system are necessary.

Prophylactic antibiotics during shunting decrease the incidence of infection.

As there is a great preponderance of the skin agents in these infections considering of
Vancomycin plus third or fourth generation Cephalosporin like cefteriaxon as empiric
treatment until cultures are obtained is an appropriate treatment.

Dysfunction of the hydrocephalus valve is also another serious cause of complication and
it's a result of the obstruction of proximal catheter.

Over drainage of CSF is another long term complication of cerebrospinal fluid shunting.
This complication and obstruction need more surgery.

5. Ventriculoatrial shunting

This procedure usually is the first choice for patients who are unable to have abdominal
distal catheters. It is a high risk procedure with possibility of serious long term
complications such as renal failure or thrombosis of great vein.

An incision is made across the anterior border of the sternocloidomastoid muscle to expose
the jugular vein. Alternately, the shunt can be placed in the common facial vein just as it
enters the jugular vein. Once the jugular vein is isolated with ligatures, the vein is tied off
distally.

A small opening is then made into the jugular vein to pass the shunt into the right atrium of
the heart. Ventriculo-atrial shunts may occlude due to thrombus formation, if the distal end
moves out of the atrium (4-5).

6. Endoscopic Third Ventriculostomy (ETV)
ETV is an alternative therapy to cerebrospinal fluid shunting in selected patients.

This method is a selective surgical management in patients with congenital aqueduct
stenosis.

Also ventriculostomy is useful for patients with intracranial cysts and local cerebrospinal
fluid collection.

Opverall the failure rate of different shunt is approximately 40% in the first year after surgery (6).
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It is a minimally invasive procedure which is used in children with obstructive
hydrocephalus (such as aqueduct stenosis or tumor) that have normal or near normal spinal
fluid as an alternative to shunt revision (7-8).

The goal of ventriculostomy is to create an opening in the floor of the third ventricle to
subarachnoid space, usually the trapped fluid begin to absorb right after the opening, in that
case there is no need for further interventions.

This surgery takes only one hour and the neurosurgeon uses a tiny camera and a minute
surgical instrument and will follow the child regularly after undergoing ETV to make sure
of normal intracranial pressure and no complications occur. Third ventriculostomy is
divided into several stages. After general anesthesia is induced, the patient is placed supine
with the head in the neutral position on a doughnut pillow. The head is then elevated
approximately 30° to minimize excessive CSF loss and entry of air. A coronal burr hole is
placed 3 cm lateral to the midline and just anterior to the coronal suture.

The stages of this operation are:

finding and entering the foramen of Munro

Inspecting the floor of the third ventricle

Perforating the floor of the third ventricle

Enlarging this perforation

¢  Inspecting the prepontine cistern (9)

e Advantages

¢ No foreign objects (shunt tubing and valve) implanted in the body, minimizing the risk
of infection.

e Fewer incisions cause less discomfort.

e Alower long term complication rate compared to a shunt.

e Disadvantages

e The chances of improving may be lower in comparison with shunting

e Although very unlikely, there is a risk of serious complications with ETV compared to a

shunt operation.

7. Complications

Neurosurgeons have accepted Endoscopic third ventriculostomy as a choice procedure for
the treatment of obstructive hydrocephalus especially in children.

The success of the procedure depends on the cause of hydrocephalus and past
complications.

The most common complications of endoscopic third ventriculostomy are fever and
bleeding. The use of a cold light source and a monopolar coagulation in the confined
volume of the third ventricle can increase CSF temperatures to high levels, sometimes
causing fever. Attempts to perforate the ventricular floor can lead to bleeding, as can
damage to ventricular walls or perforation of the basilar artery.

Fever up to 40°C within 3 days after ventriculostomy within clinical or laboratory tests of
meningitis , meningitis with fever and clinical & positive findings of CSF, occurrence of very
mild hemorrhage from free edge of stoma, mild hemorrhage from ependymal veins , moderate
to severe intraventricular hemorrhage were considered as the most common complications.
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Short-term memory loss is another potential complication of endoscopic third
ventriculostomy, since the procedure may affect the hypothalamus, which is responsible for
memory. However, given time, an individual usually recovers from any short-term memory
loss following endoscopic third ventriculostomy.

Other Complications of ETV could leakage of CSF, bradycardia, loss of thirst, increased
appetite, subdural hematoma, injury to periventricular structures such as hypothalamus
which can result diabetes inspidus.(7)

According to Canadian Pediatric Neurosurgery Study Group about the Canadian
experience in Endoscopic third ventriculostomy (in children) age has a significant effect on
outcome in pediatric patients.

Canadian pediatric neurosurgery study group evaluated age, sex, etiology of hydrocephalus and
history of previous surgery and finally found failure rates are particularly high in young infants,
therefore, this procedure in neonates and early infants should be carefully considered (8).

8. Factors associated with outcomes in ETV

The outcome of this procedure remains controversial regards to etiology, age and long term
complications.

The most controversial issue is the lower age limit for affectivity of this procedure.

The best results were reported in patients with posterior fossa tumor or pineal glioma . The
next priority is the cases with Aqueductal stenosis.

Fewer good outcomes were seen in post hemorrhagic hydrocephalus and in chronic cases
with hydrocephalus.

Also patients with myelomeningocele and post meningitis hydrocephalus had poor
outcomes (9).

9. Non surgical management

Non surgical management is treatment of symptomatic hydrocephalus and includes the
temporary use of medications to decrease CSF production such as Acetazolamide or
Isossorbide which produce hyper osmotic diuresis and increases CSF absorption (10).

In premature infants hydrocephalus may develop as a result of intraventricular hemorrhage.
This intraventricular hemorrhage causes obstruction of arachnoid granulations by
production of materials reminder from break down of hemorrhage. Shunting has high
morbidity in premature infants.

Multiple other interventions have been considered. One of these interventions is lumbar
punctures.

Repeated lumbar punctures CSF are a common non surgical management in premature
infants to periventricular dilation after periventricular hemorrhage. They believe removal of
CSF with blood and protein (approximately 10 to 15 ml/kg) causes normal resorption of
CSF to prevent the development of hydrocephalus after periventricular hemorrhage.
Despite few studies support this method, other studies revealed the repeated lumbar
puncture did not reduce the need for shunting of cerebrospinal fluid and also this method
did not decrease the likelihood of dead or disability in these patients.
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Some studies showed a higher incidence of cerebrospinal fluid infections in those premature
infants who received repeated lumbar punctures for intraventricular hemorrhage (11).

In this procedure the child is getting immobile and a minute needle is placed in Childs
lower back and the CSF is removed.

Some studies recommend cerebrospinal fluid tapping in specific situations and by some
expert physicians; they consider a sufficient quantity of CSF for these premature infants
(about 10-15 ml/kg).

Other studies have examined direct ventricular drainage in patients with rapidly
progressive ventriculomegaly who their brain ventricles are too small to shunt the
ventriculoperitoneal shunt placement (12-13).

It has the relative risks for shunt placement, death disability and multiple disabilities were
similar for repeated lumbar punctures.

In progressive hydrocephalus serial lumbar punctures may be needed until the infant is
large enough for permanent placement.

10. Rehabilitation

Regardless of different surgical management patients with hydrocephalus have some
disabilities such as: learning disorder, behavioral problems, and speech delay.

Early intervention with different methods of rehabilitation is necessary for non surgical
management of patients with hydrocephalus.

Successful shunting is usually related to more obvious and rapid improvements in
rehabilitation efforts and rapid improvements in rehabilitation efforts (14).

11. Physical therapy interventions

Physical therapy goals for child with hydrocephalus appropriates functional skills and
reducing secondary impairment such as contractures, fractures and obesity which could
interfere with developmental skills .the physiotherapist can work with child in home
hospital or clinic depending on the age and medical conditions.

12. Fetal ventriculomegaly and hydrocephalus

Fetal ventriculomegaly is a relatively common finding on second trimester obstetrical
ultrasound examination (15). Most experts define fetal ventriculomegaly as a lateral
ventricular atrial measurement of greater than 15mm.Ventriculomegaly is "isolated" when
the fetus has no other anomalies (15-16). The prevalence of ventriculomegaly is less than 2
percent, but reports vary widely within that range (17).

The preferred diagnostic technique for assessing ventriculomegaly is ultrasound measurement
of the diameter of the lateral ventricles at the level of the atria. The ventricle should be
measured in the axial plane, at the level of the frontal horns and cavum septi pellucidi.

The outcome of ventriculomegaly depends on several factors including the actual size of the
ventricles, whether or not there are any other findings on the ultrasound, such as agenesis of
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the corpus callosum, and the results of the amniocentesis. In general, the outcome is worse
when the ventricles are larger, the amniocentesis is abnormal, or there are other problems
seen on the ultrasound.

The best outcome is typically observed when the fetus' ventricles are only mildly enlarged
(measure between 10-15 millimeters in size), and when there are no other problems seen on
the ultrasound, and when genetic testing results are normal — this is called “Isolated Mild
Ventriculomegaly”. The most common effect in the child is developmental delay. This seems
to be related to the size of the ventricles.
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1. Introduction

Excessive accumulation of cerebrospinal fluid (CSF) in the brain is a condition known as
hydrocephalus. It may cause a life-threatening increase in intracranial pressure (ICP).
Nonsurgical treatment of hydrocephalus includes continuous CSF drainage, repetitive
lumbar punctures (Lim et al., 2009), or osmotic diuretics such as mannitol or glycerol, but
their effects are transient and limited. Surgical treatment is needed to resolve the critical
condition caused by increased ICP.

Hydrocephalus can be classified as communicating or obstructive (non-communicating). In
selecting surgical treatment, it is important to judge which is involved. Communicating
hydrocephalus occurs when CSF flow is not blocked at any part of the passages connecting
the ventricles. In obstructive hydrocephalus, CSF flow is blocked along one or more narrow
passages between the ventricles. Hydrocephalus is treated by surgical insertion of a shunt
system, such as a ventriculoperitoneal shunt (VP shunt), lumboperitoneal shunt (LP shunt)
or ventriculoatrial shunt (VA shunt). The LP shunt should not be used in patients with
obstructive hydrocephalus, because it can induce tentorial herniation leading to death. A
limited number of patients with obstructive hydrocephalus are candidates for third
ventriculostomy by neuroendoscope. Below, we review articles focusing on complications
associated with various types of CSF diversion procedure.

2. Complications associated with any shunts

Surgical techniques for treatment of hydrocephalus are well established, but are associated
with a relatively high incidence of complications (Blount et al., 1993, Kang & Lee, 1999).
Complications associated with shunt procedures include infection, malfunction (obstruction
or disconnection) and silicone allergy, and overdrainage.

Infection of the shunt system is a troublesome and common complication. It is a major cause
of morbidity and mortality in the treatment of hydrocephalus. The incidence of CSF shunt
infection is approximately 2 - 22% in most neurosurgical units throughout the world
(Schoenbaum et al., 1975, Mayhall et al., 1984, Spanu et al., 1986, Patir et al., 1992). The use of
an antibiotic-impregnated shunt (AIS, impregnated with rifampicin and clindamycin) has
been reported recently to reduce the incidence of shunt infection (Govender et al., 2003,
Sciubba et al., 2005, Pattavilakom et al., 2007). AIS use is not common, however, so that it is
difficult to determine the efficacy of AIS in preventing shunt infection (Steinbok et al., 2010).
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Moreover, a systematic review by Ratilal et al. (2008) found that systemic prophylactic
antibiotics prevented shunt infection better than AIS. There have been investigations of the
effect of more simple techniques, focusing on intraoperative sterile conditions such as
intraoperative irrigation (Hayashi et al., 2008, 2010), changing gloves before handling the
shunt catheter (Serensen et al., 2008, Rehman et al., 2010) or a double-gloving strategy
(Tulipan & Cleves, 2006), and antimicrobial suture wound closure (Rozzelle et al., 2008).
Where AIS is unavailable, we recommend the systemic administration of antibiotics,
generous intraoperative irrigation and double-gloving.

Shunt malfunction is another common problem following CSF shunting. It leads to various
symptoms including headache, nausea and vomiting, visual disturbance, seizures, changes
in intellect or personality, disturbance of consciousness and sudden death. The ventricular
side is reportedly obstructed more often (Cozzens & Chandler, 1997). Disconnection at any
point of the shunt system is first investigated by plain radiograph and/or CT (Fig.1).

Fig. 1. CT scan of the abdomen
A patient with a previous LP shunt placement presented with it malfunctioning. CT showed
it had disconnected where the catheter entered the peritoneal cavity (arrow).

Recently a programmable shunt valve has been used to control the CSF flow. Breakage of
the programmable pressure valve is difficult to diagnose by plain radiograph or CT,
however. Since the tract of shunt tube becomes calcified in patients harboring a shunt
system for a long period, making diagnosis of its disconnection difficult, it might be
advisable to carry out shuntgraphy to locate the occlusion of the shunt system. CSF infection
must then be investigated. Fibrous tissue generated by long-lasting contact of the ventricular
catheter with the choroid plexus can lead to its occlusion. High CSF cell count and protein
levels are believed to be a cause of shunt malfunction, although not in all cases (Fulkerson et
al., 2011). Even without infection, an allergic reaction to the shunt catheter occasionally leads
to shunt malfunction (Jimenez et al., 1994, Hussain et al., 2005, Bezerra et al., 2011). In such
cases, prolonged use of corticosteroid or replacement of the shunt system with a
polyurethane-based system (Hussain et al., 2005) is appropriate.

In shunt malfunction, there have been numerous reports of malfunctions of the distal
catheter (peritoneal tube). When malfunction at the distal catheter is suspected, plain
radiograph and CT scan are performed. Bowel perforation (Fig.2) (Abu-Dalu et al., 1983,
Sathyanarayana et al., 2000, Vinchon et al., 2006) and intra-abdominal pseudocyst formation
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(Rainov et al., 1994; Anderson et al., 2003) are known to be a cause of distal catheter
malfunction.

Fig. 2. Photograph of a patient with bowel perforation of a VP shunt.

The peritoneal side of the catheter extruded from the anus. The shunt system was removed
surgically. The peritoneal catheter was cut at the point where it perforated into the rectum,
and the extruded distal catheter was pulled out from the side of the anus.

Latent infection could give rise to complications of this sort. In such cases, we carry out
tentative externalization of the ventricular catheter after removing the peritoneal catheter
and repairing the fistula point if necessary. Even without evidence of infection, we have
occasionally experienced patients in whom a shunt of this sort has not been functional from
the start (unnecessary shunt). Clearly it is important to consider the indication for CSF shunt
before any implantation. Protrusion or migration of a peritoneal catheter has also been
reported from other sites, including the heart (Fewel & Garton, 2004), pleural cavity (Doh et
al., 1995), stomach (Alonso-Vanegas et al., 1994), a gastrostomy wound (Chan et al., 2003),
mouth (Berhouma et al., 2008), scrotum (Oktem et al., 1998), umbilicus (Wani et al., 2002,
Kanojia et al., 2008) and lumbar region (Kanojia et al., 2008). Also, very rare cases of knot
formation of a peritoneal catheter, leading to obstruction of the shunt as well as small-
bowel, have been reported (Starreveld et al., 1998, Woerdeman & Hanlo, 2006, Eftekhar &
Hunn, 2008).

Constipation is often observed in bed-ridden patients. Infrequently it is a cause of shunt
malfunction, due to increased intra-abdominal pressure (Powers et al., 2006, Martinez-Lage
et al., 2008). Treatment of constipation could improve the neurological condition of such
patients. Constipation should not be forgotten as a cause of shunt malfunction prior to
revision surgery.

The sections below review complications associated with particular treatment methods.

3. Complication associated with particular shunts

3.1 Ventriculoperitoneal shunt (VP shunt)

VP shunt is the most common procedure for treating hydrocephalus. Various reported
complications derive from the VP shunt. As the VP shunt system is longer than the LP shunt
or VA shunt, we speculate that migration is unlikely to occur in association with a VP shunt.
Many reports (Ammar & Nasser, 1995, Acharya et al., 2002, Nadkarni et al., 2007, Chen et
al., 2011) have found an upward migration of a VP shunt, however. Even in VP shunt
implantation, firm fixation is recommended, particularly at the rectus abdominis fascia.
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Pneumocephalus (Kawajiri et al., 1994, Villarejo et al., 1998, Barada et al., 2009) and
pneumoventricle (Perrin & Bernstein, 2005) have been reported as a complication of VP
shunt. This overdrainage complication seems to occur in association with VP shunt and also
in other shunt operations. It is believed that this complication arises when a shunt is
implanted in patients whose paranasal sinus is left open. Consequently, it is important to
investigate the possibility of open paranasal sinuses, particularly when patients undergo
shunt placement after a head injury or previous cranial surgeries involving the paranasal
sinuses.

In patients with a brain tumor who underwent VP shunt, peritoneal dissemination of the
tumor can take place (Berger et al., 1991, Newton et al., 1992, Rickert et al., 1998).

As in other cranial surgeries, patients with a ventricular catheter have a 5.5% risk of seizure
in the first year after the operation (Dan & Wade, 1986). The efficacy of prophylactic use of
anticonvulsants has never been established in patients undergoing shunt surgery, however.
In addition, epileptic seizure could be a manifestation of shunt malfunction (Johnson et al.,
1996).

Very rarely, superficial siderosis of the central nervous system (Fig.3) has been reported
after VP shunt (Satow et al., 2010). This might be caused by repeated long-lasting contact of
the ventricular catheter with the choroid plexus. Transient improvement of neurological
symptoms such as ataxia was observed following prescription of corticosteroid. In such
cases, replacement of the VP shunt by a lumboperitoneal shunt might be necessary.

Fig. 3. MRI of the brain showing superficial siderosis after VP shunt (T2-weighted sequence)

A patient with normal pressure hydrocephalus underwent VP shunt placement. About 2
years after the operation, new symptoms developed including ataxia and hearing
disturbance. MRI showed a rim of low-intensity enveloping the surface of the brain stem
and cerebellum, which is the characteristic appearance of superficial siderosis of the central
nervous system.
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3.2 Lumboperitoneal shunt (LP shunt)

Lumboperitoneal shunt (LP shunt) is performed in patients with communicating
hydrocephalus. It is also performed for the treatment of CSF fistula, idiopathic intracranial
hypertension (Burgett et al, 1997) and slit-ventricle syndrome (Le et al, 2002).
Complications such as infection and malfunction were reportedly lower in LP shunt than VP
shunt (Aoki, 1990).

Acute subdural hematoma after minor head trauma is reported in about 2% of patients with
LP shunt (Kamiryo et al., 2003). LP shunt is cautiously indicated for patients who do not live
independently on a daily basis and who are prone to fall. Acquired Chiari malformation is a
well-known complication after LP shunt (Payner et al,, 1994, Wang et al.,, 2007). These
complications are a manifestation of overdrainage. Complications due to overdrainage
could be prevented by introducing a pressure control valve for the LP shunt (Wang et al,,
2007).

Proximal migration of LP shunts have been reported (Yoshida et al., 2000, Satow et al., 2001,
Rodrigues et al., 2005). Defects in the fixation device or increased intraabdominal pressure
are believed to be a cause of proximal migration of the LP shunt. Recently, programmable
shunt systems have become available for LP shunt (Toma et al., 2010), and these might act as
an anchor to prevent migration of the LP shunt.

LP shunt surgery does not include cranial procedures, which causes surgeons to believe it is
a safer treatment. However, it should be kept in mind that various serious complications can
occur after LP shunt.

3.3 Ventriculoatrial shunt (VA shunt)

VA shunt has recently been performed on rare occasions. A distal shunt catheter is inserted
into the right atrium via the facial vein or internal jugular vein. Consequently, once infection
of the shunt system occurs, septicemia develops. Chronic infection of a VA shunt results in
an immune-complex-mediated glomerulonephritis, called “shunt nephritis” (Sticker et al.,
1968). This serious complication is caused by a skin commensal organism such as
Staphylococcus epidermidis or other bacteria, and it requires revision of the shunt system. Very
rarely, pulmonary hypertension caused by venous thrombus formation has been reported as
a complication of VA shunt (Piatt & Hoffman, 1989, Tonn et al., 2005, Kluge et al., 2010); this
could be lethal. As there are fatal cardiopulmonary complications associated with VA shunt,
it should be used only in patients whose peritoneal cavity is not suitable for the placement
of a distal shunt catheter.

3.4 Endoscopic third ventriculostomy

Endoscopic third ventriculostomy (ETV) is indicated and effective for obstructive
hydrocephalus (Hellwig et al., 2005, Schroeder et al., 2007). Some authors have reported the
use of ETV for communicating hydrocephalus (Gangemi et al., 2004, 2008, Hailong et al.,
2008). The procedure did not need foreign materials such as a shunt catheter, so the
incidence of infection is considered to be low. Moreover, in patients with shunt malfunction
caused by infection of the shunt, ETV and removal of the shunt system are recommended.
Fatal complications have been also reported, including high-frequency tachypnea (Bernard
et al, 2010), late failure (Drake et al., 2006, Lipina et al.,, 2007), and subarachnoid
hemorrhage due to injury to the basilar artery (Schroeder et al., 1999, 2002). Although rare,
overdrainage complication involving chronic subdural hematoma or fluid collection has
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also been reported (Kim et al., 2004, Sqaramella et al., 2004). An overdrainage complication
manifesting acute subdural hematoma can occur, leading to death (Fig. 4).

Fig. 4. Acute subdural hematoma (ASDH) after ETV for obstructive hydrocephalus due to
brain stem hemorrhage.

One day after ETV, the patient developed dilation of pupils more on the right side. CT
disclosed ASDH on the right side. When ETV was performed, external ventricular drainage
was placed because of the likelihood of early failure of the ventriculostomy. Although
ventricular drainage remained nonfunctioning, ASDH developed as an overdrainage
complication of ETV. At surgical evacuation of the hematoma, the bleeding point was
confirmed as a cortical artery around the sylvian fissure, far from the puncture point of the
ETV.

4. Conclusion

In this article we have reviewed various complications associated with CSF diversion
procedures, which are performed routinely in neurosurgical practice for the treatment of
hydrocephalus. There appear to be numerous ways of preventing those complications,
developed by various physicians, as described in this article. In the literature of general
surgery, complications associated with operation have wusually been considered
underreported (Wanzel et al., 2000). It is important to report these ways so as to reduce the
rate of complication in this common neurosurgical operation.
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1. Introduction

The insertion of ventricular catheter is one of the most commonly performed procedures in
neurosurgery. External ventricular drainage (EVD) is a reliable, accurate and cost-effective
means of monitoring intracranial pressure (ICP) in acute traumatic brain injuries,
subarachnoid hemorrhages, hemorrhagic and ischemic strokes. Another indication for EVD
is the need for temporary cerebrospinal fluid (CSF) diversion for the treatment of acute
hydrocephalus caused by intraventricular hemorrhages (IVH), infective meningitis, and
space occupying lesions that obstruct CSF flow such as intracerebral hematomas and
tumors. Under these circumstances, EVD serves to monitor disease progression and
response to treatment until the offending pathology resolves or is dealt with definitively. As
a means of CSF diversion, EVD has the advantage over permanent shunting in that CSF
drainage is controlled and monitored. It can also be used as an access to the ventricles for
intraventricular fibrinolysis treatment in IVH, antibiotics instillation in ventriculitis, and the
performance of ventriculography (Gaberel, et al., 2011). However, EVD is only a
temporizing measure for the treatment of hydrocephalus. If permanent CSF diversion is
required, conversion into an internalized system using, for example, ventriculo-peritoneal
shunting is necessary.

2. Surgical procedure

Depending on the available expertise and facilities, EVD may be performed by
neurosurgeons, general surgeons, emergency physicians or intensivists in the operating
theatre or in the ward (Ehtisham, et al., 2009). Under aseptic conditions, a scalp incision is
made over the insertion site. Commonly, the Kocher’s point is used which is located 2.5 cm
lateral to the midline (or at the mid-pupillary line), 11 cm posterior to the nasion. To avoid
the motor cortex, it should be at least one cm anterior to the coronal suture. A burr hole is
then performed. After opening the dura, a ventricular catheter is passed into the ipsilateral
lateral ventricle transcerebrally. This may be done free-handedly or under the guidance of
ultrasound or stereotaxy. After confirming CSF drainage, the distal end of the catheter is
tunneled subcutaneously and allowed to exit the skin approximately 5-cm away from the
burr hole site. The catheter is connected to a closed external drainage system with an
attached ICP monitoring transducer. Other authorities may elect to close the ventricular
catheter with a subcutaneous reservoir without skin tunneling or externalization of the
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catheter. CSF drainage is achieved post-operatively by percutaneous needle puncture of the
reservoir. In general, prophylactic antibiotics would be given perioperatively. Post-operative
antibiotics may be given depending on individual surgeons’” preferences or protocols. The
implications of these variations in practices will be discussed later.

3. External ventricular drain infection

Complications arising from EVD include hemorrhage, misplacement, dislodgement,
disconnection, blockage, and, most significantly, infection. EVD-related infections may
lead to further serious complications such as ventriculitis, meningitis, cerebritis, brain
abscess and subdural empyema. These complications can cause profound neurological
damages, significant morbidities and mortalities. Even when successfully treated, EVD-
related infections may impair rehabilitation progress and negatively affect the overall
prognosis of the initial conditions. An infected EVD contraindicates immediate permanent
shunting and may therefore delay definitive CSF diversion. It significantly prolongs
hospital stay and increases cost. Lyke et al calculated the cost of treatment and hospital
stay days of a patient with ventriculitis to be as high as US$85,674.27 and 30.8 days (95%
CI, 23.9-37.7, P=.009), respectively, compared with $55,339.21 and 22.6 days (95% CI, 19.1-
26.0, P=.03) in those without ventriculitis. Patients in the infected group also suffered
from more severe neurological damages (RR 5.33, 95% CI, 1.18-32.5) (Lyke, et al., 2001).
EVD-related infections require immediate and prolonged treatment once detected.
Empirical antibiotics with good CSF penetration should be given to cover the common
offending organisms. The commonly used agents are cephalosporins and rifampicin.
Intraventricular vancomycin may be used for resistant organisms. Revision of the EVD at
a different site should be considered if CSF diversion or ICP monitoring is still required
(Beer, et al., 2009).

3.1 Mechanisms of infection

The presence of an EVD essentially externalizes the intra-cranial cavity and ventricular
system, and is a potential route for retrograde infection. The ventricular catheter as an
indwelling foreign body is prone to bacterial colonization that may result from other
unrelated sources such as systemic bacteremia. The current opinion is that EVD-related
infections may arise from either (i) inoculation of skin flora during insertion, and/or (ii)
contamination and colonization of the drainage system during the post-operative period,
with subsequent retrograde infections (Lo, et al., 2007). The risk of inoculation is related to
the sterility of the insertion procedure. It may increase with repeated revisions due to
elective replacement or other clinical indications. The risk of colonization and contamination
is affected by the manipulation of the drainage system, EVD maintenance protocol, and the
technique of insertion (Hetem, et al., 2010). The mechanism is likely to be multifactorial and
varies between individual patients.

3.2 Definition of infection

There is to date no universally accepted definition for EVD-related infection. Most
authorities defined EVD-related meningitis or ventriculitis as the presence of a positive
CSF microbiological culture (Lo, et al., 2007; Mayhall, et al., 1984; Schade, et al., 2005). CSF
culture growing commensal organisms without other signs of infection such as altered
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CSF chemistry, meningism, systemic sepsis, or the perceived need for antibiotic therapy,
are considered by many to represent colonization of the EVD only rather than a genuine
infection (Lozier, et al., 2008). This definition has been modified from the respective
criteria set by the Centers for Disease Control and Prevention (Horan, 2004). Meanwhile
some authorities adopt a more stringent definition of infection that requires the presence
CSF pleiocytosis and biochemical changes (elevated CSF protein and/or decreased
glucose), together with the presence of a positive CSF culture (Pfisterer, et al., 2003).
Because of the varied definitions, the reported incidences of EVD-related infections
ranged widely from 0 to 27% with a mean of 8.8% (Lozier, et al., 2008). This makes risk
factors analysis, and the comparisons between different preventive and management
protocols difficult.

3.3 Bacteriology

Coagulase-negative Staphylococcus is consistently reported to be the most common bacteria
isolated in patients with EVD-related infections, accounting for up to 47% of infected cases
(Zabramski, et al., 2003). Other common organisms include Enterococcus, Enterobacter and
Staphylococcus aureus. This pattern coincides with that of the usual skin flora and hospital
environment although the bacteriology may also be influenced by the presence of different
nosocomial microorganisms in different institutions. Gram-positive organisms are
classically associated with ventriculitis, and some centers, including the author’s institution,
noted that ventriculitis associated with EVD were not uncommonly caused by gram-
negative bacteria such as Klebsiella. This is postulated to be a nosocomial colonization caused
by prolonged hospital stay and the selection pressure from prophylactic antibiotics targeting
gram-positive organisms (Lyke, et al., 2001).

3.4 Risk factors

Many studies have been conducted to indentify risk factors for EVD-related infections.
Critical reviews of these published series have identified several important factors which
will be discussed in the following sections (Dasic, et al., 2006; Hoefnagel, et al., 2008; Lozier,
et al., 2008).

3.4.1 Subarachnoid hemorrhage (SAH) and Intraventricular hemorrhage (IVH)

The majority of published series reported statistically significant higher incidence of EVD-
related infections in patients with SAH or IVH when compared with patients with non-
hemorrhagic pathologies (Hoefnagel, et al., 2008; Stenager, et al., 1986). This has been
postulated to be the result of frequent manipulations of the drainage system for flushing
blocked EVD, the infusion of fibrinolytic agents, and the higher chance of EVD revision in
these subgroups of patient with hemorrhages (Hoefnagel, et al., 2008). In a review by Lozier
et al, the risk of infection was found to be 6 to 10% higher in patients with hemorrhages
(Lozier, et al., 2008).

3.4.2 Craniotomy and other neurosurgical procedures

The conduction of craniotomies or other neurosurgical procedures were found to be a risk
factor for EVD-related infections when compared with patients who had received EVD
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alone. Holloway et al studied 584 patients of whom 211 had undergone neurosurgical
procedures other than the insertion of EVD. The infection rate in this group of patients was
15.2%, compared with 7.8% in the EVD-only group (Holloway, et al., 1996). Mayhall et al
also reported that 68% of patients with EVD-related infections had other neurosurgical
procedures performed, while only 40% non-infected patients did (P =0.02) (Mayhall, et al.,
1984).

3.4.3 Venue of insertion and skill level of surgeon

Many authorities advocated the operating theatre as a preferred venue for EVD insertion
(Bader, et al., 1995). However, Roitberg et al, and Lo et al, demonstrated separately that
inserting EVDs in the intensive care units, emergency rooms or neurosurgical wards was
not inferior in terms of infection risks or other complications (Lo, et al., 2007; Roitberg, et al.,
2001). The location of insertion did not appear to affect the risk of infection provided that
strict aseptic technique was used. There was also no significant difference amongst EVDs
that were performed by neurosurgical trainees, consultants or neurointensivists (Ehtisham,
etal., 2009; Lo, et al., 2007).

3.4.4 Duration of drainage

The literature was very much divided on the issue of whether and how the duration of
external CSF drainage may affect the risk of infection. A recent multivariate analysis of
seven series with a total of 2199 EVDs in 2113 patients demonstrated no association between
the risk of infection and the duration of drainage (Lozier, et al., 2002). The timing of EVD-
related infections appeared to follow a normal distribution during the first five post-
operative days, and the majority of infections occurred between day two and day 11. Lo et al
postulated that these early infections may arise from initial inoculations, which developed
into detectable infections after variable incubation periods of around five days (Hetem, et
al.,, 2010). A delayed peak of infection has also been observed after day 20, but the small
number of reported cases rendered confirmation difficult (Winfield, et al., 1993).

Based on the belief that the risk of infection would increase with prolonged EVD, some
authorities have advocated elective revisions of EVD after a fixed interval of, say, five days.
However, the review by Park et al on 595 patients with EVD insertions found that the daily
infection rates would plateau after day 4 post-insertion, and remain steady beyond day 10
(Park, et al., 2004). In reported series that adopted the practice of regular elective EVD
revisions, revisions were not found to decrease infection rate significantly, and may actually
increase it (Lo, et al., 2007; Wong, et al., 2002). Current evidence indicates that although the
duration of drainage is an independent risk factor for EVD-related infections, routine
revision of EVD in the absence of other clinical indications is not recommended. It is,
however, prudent and logical to minimize the duration of drainage and to remove the
catheter as soon as it is safe and feasible to do so.

3.4.5 Manipulation of the EVD system

Manipulations and opening of the otherwise closed EVD system for CSF sampling or
flushing may introduce microorganisms and potentially cause infection. Aucoin et al
reported a 6% increase in relative risk of infection for patients whose EVD was flushed
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with bacitracin solution (Aucoin, et al., 1986). A previously published report by the
present authors also demonstrated intraventricular urokinase infusion as one of the risk
factors for infection (Leung, et al., 2007). Historically, CSF was sampled routinely and
indeed daily in some centers in an attempt to pick up early infections. This practice has
been shown to increase the risk of infection; decreasing the frequency of CSF sampling to
once every 3 days was associated with a lower incidence of ventriculitis (OR 0.44, 95% CI
0.22-0.88, p = 0.02) (Williams, et al., 2011). CSF sampling should be performed when there
is clinical suspicion of infection but routine sampling is no longer encouraged (Korinek, et
al., 2005).

In our center, we adopt a minimal-touch technique in handling EVD systems. If CSF
sampling or infusion of intraventricular medication is required, we employ strict hand
hygiene protocol, sterile gloving, and disinfection of the 3-way connector site with
povidone-iodine before breaching the drainage system. Although it is difficult to
demonstrate conclusively the benefit of these practices, many authorities in the literature
support this logical awareness of strict hygiene in their EVD maintenance protocol (Korinek,
et al., 2005; Leverstein-van Hall, et al., 2010). CSF leakage around the site of EVD has been
identified as another major risk factor (Korinek, et al., 2005; Leverstein-van Hall, et al., 2010;
Lyke, et al.,, 2001). Lyke et al reported that CSF leakage conferred a significant risk for
ventriculitis (OR, 7.33; 95% CI, 1.05-37.47; P=.003) (Lyke, et al., 2001). Meticulous suturing of
skin after EVD removal and better coupling of catheter size and dural puncture hole may
effectively reduce the risk of infection (Korinek, et al., 2005). Interestingly, accidental
disconnection, dislodgement or changes in the components of the system were not found to
increase infection risks.

3.4.6 Prophylactic antibiotics

Antibiotic prophylaxis is a widely used strategy to prevent EVD-related infections. There is,
however, no consensus as to what and for how long it should be given. As demonstrated by
a recent survey by McCarthy et al, responders in Europe favored a single dose of antibiotics
given immediately before the operation, while those from Asia and North America tend to
cover also the whole period of post-operative drainage (McCarthy, et al., 2010). In a meta-
analysis by Sonabend et al, the use of prophylactic antibiotics was found to significantly
reduce the risk of EVD- related infections, but the authors also noted that the available data
were of suboptimal quality, and that there were wide variations in the types of antibiotics
used and the definitions of infection (Sonabend, et al., 2011).

Several randomized controlled trials (RCT) have been conducted to investigate the
prolonged use of prophylactic antibiotics. In one study, co-trimoxazole given for the whole
lifespan of an EVD did not result in a lower infection rate (Blomstedt, 1985). Another study
found that the prolonged use of ampicillin/sulbactam and aztreonam resulted in a lower
infection rate compared with a single dose of perioperative ampicillin/sulbactam. However
the former was associated with infections caused by resistant organisms such as methicillin-
resistant Staphylococcus aureus, and gram-negative organisms such as Pseudomonas or
Kiebsiella (Poon, et al., 1998). The role of prolonged systemic antibiotics and the best
regimens are yet to be defined.

Apart from systemic antibiotics, some investigators have described the possible beneficial
effect of prophylactic intraventricular antibiotics. Ragel et al demonstrated that using
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prophylactic intraventricular vancomycin and gentamicin together with systemic antibiotics
significantly decreased the risk of infection in shunted patients (Ragel, et al., 2006). Whether
this beneficial effect can be translated to EVD remains to be confirmed.

3.4.7 Coated ventricular catheter

The potential roles of coated EVD catheter have received a lot of attention and research
effort in recent years. The underlying rationale is that coating the surface of the catheter
with special materials or antibiotics may decrease bacterial colonization and thus prevent
infection. The findings were controversial depending on the coating material used. One RCT
did not show any benefit with the use of hydrogel-coated catheters presoaked in bacitracin
solution (Kaufmann, et al., 2004). Silver-coated catheters were first used in central venous
line with equivocal results (Bach, et al, 1999; Kalfon, et al, 2007). Thereafter, two
retrospective analyses have been conducted using silver nanoparticle-impregnated catheters
for EVD. Both studies showed significant reduction in infection rates and a trend of reduced
bacterial colonization despite the studies” small sample sizes (Fichtner, et al., 2010; Lackner,
et al., 2008).

Antibiotics-impregnated catheter is an important development. To date, two RCTs and 3
observational studies have been conducted to investigate the efficacy of antibiotics-
impregnated catheters. Zabramski et al studied minocycline/rifampicin-coated catheters
(M/R catheters) in a RCT involving 149 cases of M/R catheters and 139 controls with
standard silastic catheters. Both groups received systemic antibiotics throughout the lifespan
of the EVD. The infection rate in the M/R catheter group was 1.3% compared with 9.6% in
the standard EVD group (P<0.0012) (Zabramski, et al., 2003). Sonabend et al pooled the data
of the above RCT with other studies for a meta-analysis, and demonstrated a risk ratio of
0.19 (95%CI 0.07-0.52) for EVD-related infections in patients with antibiotics-impregnated
catheters (Sonabend, et al., 2011). A more recent RCT by Abla et al compared the efficacy of
M/R catheters and clindamycin/rifampicin-impregnated catheters (C/R catheters). A total
of 129 patients were randomized into receiving either M/R or C/R catheters in a 3-monthly
rotation. The mean duration of EVD was 12.7 and 11.8 days in the M/R and C/R groups,
respectively. A single dose of perioperative cefuroxime was given to 45% of M/R group and
55% of C/R group patients. The study demonstrated a remarkable 0% infection rate in both
groups of patients (Abla, et al., 2011). Only one patient showed a minimal growth of
Staphylococcus epidermidis in one culture broth, with the culture in another broth, blood agar,
gram stain being negative for the same CSF specimen. The potential side-effects of these
catheters include allergy to the impregnated antibiotics and the selection of resistant
organisms. To date, there have been no reports of antibiotics-impregnated catheters
increasing the risk of selection of resistant organisms. A drawback of these catheters is the
relaively high cost which may prevent its adoption world-wide.

3.4.8 Subcutaneous catheter tunnel

Historically, one major development was the tunneling technique which created a
subcutaneous tract between the burr hole and catheter exit site. Freidman et al first
proposed subcutaneous tunneling of the EVD catheter, and reported an infection rate of 0%
in a series of 100 patients (Friedman & Vries, 1980). Similar principle of preventing
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ascending infection has been applied to the design of indwelling intravenous catheters and,
indeed, intravenous Broviac catheter has been described for cerebrospinal fluid (CSF)
drainage. Although infection continued to be reported with the tunneling technique, the
latter has become standard neurosurgical practice. Since then this practice has been widely
adopted in the majority of neurosurgical centers. The idea was further elaborated by
Khanna et al who advocated the construction of a long subcutaneous tunnel which exits
over the anterior chest or abdominal wall. His group demonstrated an inverse relationship
between tunnel length and infection rate (Khanna, et al., 1995). The rationale of this
extended-tunnel technique was that bacterial contamination of the ventricular catheter at the
site of skin penetration would act an important source of ascending infection, and that
removing this site from the central nervous system would reduce the risk of infection. The
disadvantages of this long-tunnel EVD include the presence of a large dead space that is
theoretically prone to blockage, and the requirement of general anesthesia for the removal of
the system. In our center we have previously used long-tunnel EVD which will be disucssed
in the next section.

4. Extended-tunnel EVD

The procedure is performed with prophylactic antibiotics cover using intravenous
cefazoline (2 grams) or co-trimoxazole (960 mg). A standard burr hole is made at the
Kocher’s point or posterior parietal region. An extended subcutaneous tunnel measuring 40
to 50 cm was developed from the burr hole site down to the anterior chest wall using a
metallic trocar. Ventricular puncture is performed and the ventricular catheter is connected
to a distal silastic catheter through an interposing Rickham CSF reservoir (Codman, Medos,
Switzerland). The distal catheter is then passed down the subcutaneous tunnel and exits
through the chest wall. The distal catheter is then connected to a closed external drainage
system. No antibiotic is given post-operatively unless indicated for CSF or systemic
infections. When CSF drainage is no longer required, removal of the catheter system is
performed at the cranial end under general anesthesia. Alternatively, the distal catheter can
be divided and plugged off over the chest wall under local anesthesia.

4.1 Patient outcome

We have reviewed 114 patients who have previously received the extended-tunnel EVD at
our institution. There were 61 men and 53 women, ranging in age from 4 months to 90 years
old (mean age = 52.6 years). The mean duration of CSF drainage was 20 days (median = 13
days). Fourteen patients received more than one EVD which yielded a total of 133
procedures. Thirty (22.6%) cases started with prior infections and 103 (77.4%) were
infection-free at the time of insertion. Within the latter group, new infections developed in
seven cases, yielding an overall infection rate of 6.8%. The mean time to infection was 9.7
days (median = 5.0 days). A trend of increasing daily infection risk could be observed
during the first five days. It remained relatively low and constant in the second week and
then increased again after the 14th day. Only intraventricular injection of urokinase was
identified as a weakly significant risk factor (relative risk = 4.78, 95% confidence interval =
0.96 - 23.89, p = 0.039). Gender, age, primary neurosurgical diagnosis, immunodeficiency,
diabetes mellitus, use of steroids, recent craniotomy, systemic sepsis at the time of and after
‘long EVD' insertion were not found to be statistically significant risk factors of infection.
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Prior to the above study period, both conventional and the extended-tunnel EVDs may be
used according to individual surgeons’ preferences. During this early phase, there was a
total of 158 EVDs performed, including 33 (20.9%) long-EVDs. There were a total of 9
infections, yielding an overall infection rate of 5.8%. The infection rates for long- and
conventional EVDs were similar at 6.25% and 5.65%, respectively (p=0.896). Operation time,
emergency versus elective operations, operating surgeons, age of patient, nature of disease,
and duration of drainage were not found to be significant risk factors for infections.
Diabetes mellitus and immunosuppression were found to be significantly associated with
infections, with odd ratios of 5.39 (95% C.1.=1.33-21.86) and 6.71 (95% C.1.=1.14-39.46),
respectively. Overall, our findings indicated that the extended-tunnel techqniue was
associated with a similar risk of infection as the conventional EVD. Although some
authorities may continue to advocate the extended-tunnel technique, there is no evidence to
show that it adds any distinct advantage, and we have since stopped using the technique.

5. Protocol-driven practice

Some authorities have demonstrated that adhering to a predefined protocol of EVD
insertion and maintenance that incorporates evidence-based measures as discussed above
would significantly reduce the risk of EVD-related infections. Infection rates have been
halved by strictly following a protocol involving aseptic insertion, use of prophylactic
antibiotics, subcutaneous tunneling, no routine EVD revision, and minimal manipulation
such as CSF sampling; violation of the protocol was associated with increased infection rate
(Dasic, et al., 2006; Korinek, et al., 2005; Leverstein-van Hall, et al., 2010). Current evidence
indicates that a strict EVD protocol should be adopted in neurosurgical centers. A protocol
should cover the following aspects:

Insertion of EVD

- performed in the operating theatre whenever possible, with a minimal number of
attending staff

- performed in a dedicated clean treatment room if the procedure has to be done outside
the operating theatre, with the surgeon and the assisting nurse dressed in sterile gown
and gloves after proper hand hygiene measures

- prophylactic antibiotics to cover skin flora before incision

- shampoo the entire scalp with betadine, and disinfect with iodine alcohol

- tunneling the catheter subcutaneously for at least five cm

- covering the wound with sterile dressing

Maintenance of EVD

- respecting the close system as far as possible

- avoid CSF sampling unless infection is clinically suspected

- disinfect the connector and adopt strict aseptic technique if any breach of the system is
needed

- no routine EVD revision

Removal of EVD

- aseptic condition and disinfect site with povidone-iodine/alcohol
- suture wound carefully to minimize CSF leakage
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6. Conclusion

EVD is a commonly performed neurosurgical procedure for the treatment of a variety of
neurosurgical conditions including hydrocephalus. It is a useful and reliable temporizing
method for ICP monitoring and the controlled release of CSF. Infection is a major and
serious complication of EVD that may cause significant morbidities and even mortalities.
Several risk factors of EVD-related infections have been identified and preventive measures
aimed at reducing these factors have been developed. These include the use of prophylactic
systemic antibiotics, antibiotics-coated catheters and subcutaneous catheter tunnelling. EVD
that incorporate extended subcutaneous of over 30 cm have been used without the
anticipated advantage of being able to reduce infection rates. The causation of EVD-related
infections is likely to be multifactorial. Adopting a clearly defined protocol which addresses
various aspects of insertion and maintenance is likely to be the effective approach to
minimize the occurrence of EVD-related infections.
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1. Introduction

Management of hydrocephalus is the most beneficial indication for endoscopy. To cure
hydrocephalus and thereby render an individual shunt independent is a great achievement.
The standard and the most commonly performed endoscopic procedure is endoscopic third
ventriculostomy. However, the field of neuroendoscopy is prepared to extend itself beyond
just the ventriculostomy procedure. The neuroendoscope plays other important roles in the
management of hydrocephalus.

Although the literature is focusing mainly on the role of endoscopic third ventriculostomy
in the treatment of aqueduct stenosis, the indications for endocopy continues to increase
rapidly. With increasing experience, and improved endoscopic instruments, another
important role of endoscopy has been emerged in approaching intraventricular tumors
which may be completely removed without microsurgical brain dissection (Gaab &
Schroeder, 1998). In addition to tumor removal it is usually possible to restore obstructed
cerebrospinal fluid pathways using the same approach by performing ventriculostomies,
septostomies or stent implantation (Oka et al., 1994).

The goal of this chapter is to present the role of endoscopy in the management of
hydrocephalus. The following chapter gives a comprehensive review about the indications,
outcome, complications, and advantages of endoscopy. Various procedures which can be
performed endoscopically for the management of hydrocephalus will be discussed.

2. Historical perspectives

Endoscopy was introduced in the neurosurgical speciality at the beginning of this century.
In 1910, L’Espinasse used the cystoscope to perform the first registered endoscopic
procedure. He explored the lateral ventricle and coagulated the choroid plexus in 2 infants
with hydrocephalus (Walker, 2001). In 1918, Walter Dandy started his work on endoscopy
using a nasal speculum to inspect the ventricles. He performed choroid plexectomy under
direct visualization for the treatment of hydrocephalus. The light source was a head mirror
and transillumination was used through the thin cortical mantle of hydrocephalic patient.
Four of his five patients did not survive this operation probably due to massive
intraventricular bleeding (Dandy 1918).
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In 1923, Jason Mixter reported the first endoscopic third ventriculostomy procedure (Mixter
1923). Although it appeared to be a successful procedure and communication was
documented by dye studies, there was no available long-term follow-up. The procedure of
endoscopic third ventriculostomy did not become widely popular, as surgeons chose
instead to perform open procedures via subfrontal or subtemporal craniotomies. In 1935,
Scarff described his initial results after using a novel endoscope equipped with a mobile
cauterizing electrode, an irrigation system that prevented collapse of the ventricle, and a
movable operating tip which was used to perforate the floor of the third ventricle (Scarff
1935). In 1947, McNickle described a percutaneous method of performing third
ventriculostomy in patients of both obstructive and communicating hydrocephalus, he
reported a success rate that was superior to Dandy’s open approach (McNickle 1947).

In 1952, Nulsen and Spitz reported the first treatment of hydrocephalus by using ventricular
shunt placement, beginning the era of ventricular cerebrospinal fluid shunting and the end
of initial era of neuroendoscopy (Nulsen & Spitz 1952). The birth of ventricular shunting in
1952 pushed endoscopy further into the backward. Despite the numerous reports that
demonstrated the potential utility of neuroendoscopy, the field never gained popularity in
general neurosurgical practice. This was attributed to the poor magnification and
illumination at that time which made neuroendoscopy difficult and unreliable. Although the
development of ventricular shunting was considered to be a landmark in the treatment of
hydrocephalus, it brought with it a high incidence of complications such as shunt
malfunction, infection, migration, and overdrainage. Recognition of the complications
associated ~with ventriculoperitoneal and ventriculoatrial shunting stimulated
neurosurgeons to investigate new treatment options and to reuse old ones that existed
before ventricular shunts began to be used.

Technical advances in the development of endoscopic lenses and instruments such as
bipolar diathermy, irrigation and laser, have led neurosurgeons to begin again to consider
the field of neuroendoscopy. With the improved imaging capability of the endoscope, the
interest of endoscopic third ventriculostomy for treatment of obstructive hydrocephalus was
renewed. Currently endoscopic third ventriculostomy is the primary procedure used to treat
obstructive hydrocephalus caused by benign aqueductal stenosis or compressive
periaqueductal mass lesions. The endoscopic third ventriculostomy procedure has recently
been reported to be superior to ventricular shunt placement for hydrocephalus caused by
pineal region tumors (Yamini et al., 2004), tectal gliomas (Li et al., 2005), and posterior fossa
tumors (El-Ghandour, 2011). This procedure was subsequently proposed as the primary
surgical approach for the treatment of hydrocephalus in these cases.

3. Indications of endoscopy
3.1 Aqueductal stenosis

In noncommunicating hydrocephalus, there is an obstruction to the passage of cerebrospinal
fluid from the ventricular system into the subarachnoid space. The classic example is
aqueductal stenosis, in which there is enlargement of the lateral and third ventricles without
enlargement of the fourth ventricle. If an opening is created in the third ventricle proximal
to the site of obstruction (endoscopic third ventriculostomy), then the cerebrospinal fluid
can escape into the subarachnoid space and bypass the obstruction. If there is no co-existing
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blockage in the subarachnoid space, cerebrospinal fluid can be absorbed into the venous
system and the hydrocephalus can be treated without using a ventriculoperitoneal shunt.

The ideal candidates for endoscopic third ventriculostomy are those patients who have
developed aqueductal stenosis or occlusion and became symptomatic later on in life. These
patients are more likely to have a functional communication between the subarachnoid
space and venous system, as they were presumably able to absorb their cerebrospinal fluid
before the aqueduct became obstructed. There is no simple noninvasive study to predict
which patients can benefit from endoscopic third ventriculostomy. We need a study which
can demonstrate both the stenosis or obstruction of aqueduct as well as efficient passage of
cerebrospinal fluid from the subarachnoid space into the venous system.

Currently, the best available imaging modality is the MR imaging, which delineates the
anatomy of the aqueduct of Sylvius, the size of the third ventricle, and location of the basilar
artery. Moreover, MR imaging can be used to obtain a noninvasive cerebrospinal fluid flow
study, using a two-dimensional phase contrast technique which is gated to the cardiac cycle.
Such a study (flow gated MR imaging) can be used preoperatively to confirm the diagnosis
of aqueductal stenosis, and postoperatively to confirm patency of the third ventriculostomy
without the need for intraventricular injection of a contrast agent.

3.2 Fourth ventricular outlet obstruction

Hydrocephalus resulting from fourth ventricular outlet obstruction is commonly observed
in infants and young children, due to either infection or intraventricular hemorrhage. Both
conditions cause an inflammatory response with arachoniditis and scar tissue formation,
leading to secondary obstruction of the foramina of Magendie and Luschka. Because the
associated hydrocephalus is obstructive in nature due to obstruction occuring at the level of
the foramen magnum, it is amenable to cerebrospinal fluid diversion by endoscopic third
ventriculostomy. However, the underlying pathological process that results in scarring of
the subarachnoid space plays a considerable role in determining the overall outcome of the
procedure. The extent of adhesions in the basal cisterns is directly correlated with failure of
endoscopic third ventriculostomy.

For this reason, some authors advocate endoscopic transaqueductal exploration of the fourth
ventricular outlet foramina (Longatti et al., 2006; Mohanty et al., 2008). A thin transparent
membrane is sometimes found stretched across the foramen of Magendie and obstructing the
flow of cerebrospinal fluid, and membrane fenestration is performed. Nevertheless, diagnostic
accuracy is of paramount importance, particularly in differentiating this condition from the
noninflammatory obstruction of the outlet of the fourth ventricle which is often seen with
other neurological conditions, such as Chiari malformation, basilar invagination, and other
craniocervical junction anomalies. In these cases, the obstruction of fourth ventricular outlet is
due to crowding in the region of the foramen magnum, and no membranous obstruction has
been encountered in direct exploration.

3.3 Complex hydrocephalus
3.3.1 Uniloculated hydrocephalus

Hydrocephalus may occur in association with loculated collection of cerebrospinal fluid.
The lateral ventricle may become trapped by obstruction at the foramina of Monro which
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results in an isolated lateral ventricle. Arachnoid and ependymal cysts as well as congenital
malformations may contribute to ventricular isolation. When the lateral ventricle is trapped
by scar at the foramen of Monro, the endoscope can be used to unblock the ventricle by
fenestrating the septum pellucidum (septum pellucidotomy). The septum contains relatively
avascular tissue, and a generous septostomy can be performed using a fiberoptic laser,
taking care to avoid injury of the fornices or the corpous callosum (Cohen, 1996).

Isolated fourth ventricle is a rare complication observed in patients with ventricular shunts
placed to treat hydrocephalus that developed after inflammatory disease such as infection
or hemorrhage. This unusual condition arises when two events occur at the same time:
collapse of the aqueduct following reduction of transtentorial pressure gradient, and
blockage of cerebrospinal fluid at the outlet of the fourth ventricle or at the basal cisterns (Oi
& Matsumoto, 1986). In such cases, shunt placement in the lateral ventricle decreases
supratentorial pressure and also reduces the pressure keeping the aqueduct open, which
occasionally leads to collapse of the aqueduct of Sylvius. Meanwhile, cerebrospinal fluid
continues to be produced in the fourth ventricle and make its marked enlargement. Surgical
management of isolated fourth ventricle is problematic, and sometimes results in patients
undergoing multiple surgeries until the situation is well controlled (Shin et al., 2000).

3.3.2 Multiloculated hydrocephalus

The ventricular system may become trabeculated and encysted following germinal matrix
hemorrhage or infection. The ventricular system is converted into multiple cavities or
loculations which are isolated from each other by multiple membranes. When a loculated
collection of cerebrospinal fluid occurs in association with hydrocephalus, conventional
treatment often entails inserting shunt catheters into more than one compartment.
Endoscopic fenestration techniques can be used to simplify the treatment of loculated
hydrocephalus, permitting the use of a single shunt to drain multiple compartments and
sometimes avoiding or eliminating the need for shunt (El-Ghandour, 2006, 2008). Contrast
CT ventriculography is useful to confirm noncommunication of the compartments
preoperatively, and the study can be repeated postoperatively to confirm patency of the
fenestrations.

3.4 Normal pressure hydrocephalus

The use of endoscopic third ventriculostomy for treating normal pressure hydrocephalus
was first suggested in 1999 by Mitchel and Mathew in a series of four patients (Mitchel &
Mathew, 1999). One year later, Meier et al reported a series of 48 patients with idiopathic
normal pressure hydrocephalus (Meire et al, 2000) treated by insertion of a
ventriculoperitoneal shunt (37 cases) or endoscopic third ventriculostomy (11 cases). It has
been reported, that patients with a pathologically increased resistance to cerebrospinal fluid
outflow in the lumbar infusion test should be treated by endoscopic third ventriculostomy.
Nevertheless, Fiorindi et al 2004, reported a low success rate (21%) of endoscopic third
ventriculostomy in a series of 14 patients (Fiorindi et al., 2004).

In 2008, Gangemi et al reported the largest group of patients with idiopathic normal
pressure hydrocephalus (110 patients), treated in four italian neurosurgical centers which
routinely use endoscopic third ventriculostomy for treating this form of hydrocephalus.
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Postoperative clinical improvement was encountered in 76 patients (69.1%) among the
median follow-up duration of 6.5 years (Gangemi et al., 2008). It is not exactly well known
why endoscopic third ventriculostomy results in clinical improvement in patients with
idiopathic normal pressure hydrocephalus who do not have obstruction of the cerebrospinal
fluid pathways and show normal or slightly increased cerebrospinal fluid pressure.

It was always believed that chronic hydrocephalus results from cerebrospinal fluid
malabsorption owing to hindrance of cerebrospinal fluid circulation. Nevertheless, the
modern theory considers hydrocephalus as ventricular enlargement caused by increased
regional force directed from the ventricle toward the subarachnoid space, defined as
transmantle pulsatile stress, which results in decreased compliance of the brain tissue and
ventricular enlargement. Weakening and enlargement of the ventricles may also result from
loss of elasticity of the ventricular walls owing to periventricular ischemic lesions (Bradley
et al.,, 1991). According to this theory, chronic hydrocephalus is not caused by decreased
cerebrospinal fluid absorption, but rather by decreased intracranial compliance.

Endoscopic third ventriculostomy increases the systolic outflow from the ventricles and
decreases the intraventricular pulse pressure, thus decreasing the width of the ventricles.
This would dilate the compressed vessels and increase intracranial compliance. The dilated
capillaries will facilitate increased blood flow and cerebrospinal fluid absorption (Greitz,
2004). An irreversible loss of brain compliance may explain the failure of endoscopic third
ventriculostomy in patients where clinical history is too long and who experienced clinical
onset of dementia. In these cases, the preoperative brain involvement is likely more
important (Gangemi et al., 2008).

3.5 Intraventricular tumors
3.5.1 Lateral ventricular tumors

The majority of lateral ventricular tumors are benign or low grade lesions (e.g. gliomas).
Tumors of the frontal horn may cause blockage of the foramen of Monro, which results in
unilateral hydrocephalus. The endoscope can be used to take biopsy or remove the lesion
and restore obstructed cerebrospinal fluid pathways. If restoration of the foramen of Monro
is not achieved after tumor removal, the ventricle can be unblocked by fenestration of the
septum pellucidum (septum pellucidotomy). In case of very small ventricle, the endoscopic
method might not be possible, since there is inadequately working space for manipulation
of the instruments. The tumor must be removed microsurgically via transcortical or
transcallosal approach.

3.5.2 Third ventricular tumors

Many tumors may occur within the third ventricle such as colloid cysts, astrocytomas, and
ependymomas, and in the pineal region, such as germinomas, pineocytomas,
pineoblastomas. Tumors located in the third ventricle are the most difficult to expose and
remove. Such tumors usually obstruct one or both foramina of Monro and result in
obstructive hydrocephalus. Accordingly, the aim of endoscopic surgery is reconstitution of
cerebrospinal fluid pathways with prevention of recurrent obstruction, and establishment of
a histological diagnosis. Neuronavigation is especially helpful for patients without
ventriculomegaly and for tumors located in the posterior part of the third ventricle.
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The most common third ventricular tumor operated by endoscopy is colloid cyst.
Approaching a third ventricular colloid cyst is an excellent application of endoscopic
technology to surgery within the ventricular system. The endoscope is an ideal instrument
for exploration of fluid-filled cavities, and the intraventricular location of colloid cysts make
them accessible for the endoscopic approach. The surgical removal of colloid cysts has
traditionally been difficult, with a high percentage of postoperative complications.

Ventriculoperitoneal shunting should not be considered a treatment option because it does
not provide a cure, frequently requires bilateral ventricular catheters, and is susceptible to
malfunction and infection (Lewis & Crone, 1998). Microsurgery permits radical removal of
the cyst wall and minimizes the likelihood of recurrence. However, even in very
experienced hands, microsurgery implies up to 27% postoperative morbidity. The
microsurgical transcortical approach is associated with a higher rate of postoperative
seizures than transcortical introduction of the endoscope into the lateral ventricle. Among
190 patients operated by the endoscopic procedure through a transcortical burr hole, no
postoperative seizures have occurred. The transcortical burr hole approach is fast, easy, and
safe due to well-known landmarks (Gaab & Schroeder, 1998).

The more direct microsurgical transcalloal approach to the third ventricle, avoids cortical
disruption. However, it carries many risks such as sagittal sinus thrombosis, venous
infarction from dissection of bridging veins, damage to the pericallosal arteries, and injury
to the fornix with permanent memory loss (Jeeves et al., 1979). Many reports stress the
operative simplicity and low complication rate of the stereotactic approach to colloid cysts.
However the initial enthusiasm for stereotactic aspiration has been tempered by its lack of
success in treating some patients, lack of intraoperative visual control (i.e. blind procedure)
and the high recurrence rate (up to 80%) because the cyst wall could not be resected or even
widely fenestrated (Mathiesen et al., 1993). Endoscpopic surgery provides a balanced
middle ground between microsurgery and stereotactic aspiration. It permits wide
fenestration of the capsule and aspiration of the cyst contents under direct vision, with
minimal disruption of the cortex and other normal brain structures. Resection of the cyst
wall can also be performed using the endoscopic procedure (Abdou & Cohen, 1998).

Colloid cysts located in the anterior third ventricle with a large lateral ventricle are the
easiest to remove endoscopically. A large ventricular system allows for more
maneuverability, facilitates the endoscopic procedure markedly, and obviates the need for
any guidance procedures such as stereotaxy or neuronavigation which makes the procedure
more lengthy and sophisticated (El-Ghandour, 2009).

If the ventricles are small, then intraoperative ultrasound or stereotactic guidance may be
required to cannulate the lateral ventricle. If there is asymmetry in the lateral ventricular
system, then the approach is done through the largest frontal horn. If the patient has
undergone previous shunting and has small ventricular system, the patient is admitted to
the hospital, the shunt is externalized, and the drain is clamped inorder to dilate the
ventricular system (Lewis & Crone, 1998).

3.5.3 Fourth ventricular tumors

The posterior fossa is a common site for various tumors to occur during childhood. It was
estimated that they comprise 54-60% of childhood brain tumors. Medulloblastoma
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represents approximately 20% of all childhood central nervous system tumors (Polednak &
Flannery, 1995). Ependymoma represents approximately 10% of all reported primary
intracranial tumors in children (Farwell et al., 1977). Medulloblastomas and ependymomas
are often complicated by the development of hydrocephalus due to obstruction of the fourth
ventricle. Children are very sensitive to intracranial pressure elevation and thus
management of hydrocephalus has the highest priority and should be performed prior to
any surgical treatment of the posterior fossa tumor itself. It is claimed that precraniotomy
shunt provides improvement in the patient’s physiological condition, a “slack posterior
fossa” and a smooth postoperative course (Albright & Reigel, 1977; Raimondi & Tomita,
1981). The development of hydrocephalus in children with posterior fossa tumors is one of
the main factors influencing the outcome. In one series, the operative mortality was
decreased with preoperative shunting (Albright & Reigel, 1977).

Placement of permanent shunt was the “golden” standard treatment over years. However,
the technological advances and changes in the availability of neuroimaging systems have
resulted in establishing an earlier diagnosis. This, coupled with the extensive list of potential
complications associated with ventricular shunting in this patient population, resulted in
another strategy of treatment recommending the use of corticosteroid therapy, early surgery
and external ventricular drainage (Papo et al., 1982). Nevertheless, external ventricular
drainage is associated with a significant risk of infection and hemorrhage. Moreover, such
treatment might not be appropriate for young children with advanced hydrocephalus
because these patients usually need a permanent diversion procedure.

It was estimated that children who have advanced hydrocephalus and children who are
younger than 3 years of age had persistant hydrocephalus which required a postoperative
shunt in about 80% of cases (Epstein, 1993). Approximately, one third of patients overall,
will eventually require placement of a shunt (Lee et al., 1994). Many factors have been
reported to be associated with required shunt placement including a young age (< 10 years),
midline tumors, more severe ventricular enlargement at diagnosis, incomplete tumor
resection, cerebrospinal fluid-related infection, prolonged use of external ventricular
drainage, cadaveric dural grafts, and persistent pseudomeningocele (Culley et al., 1994).

As long-term survival becomes more frequent in children with posterior fossa tumors,
issues pertaining to the quality of life, such as postoperative shunt dependency becomes
increasingly important and must be taken into consideration. It has been mentioned that
following tumor excision, the obstructive component of the hydrocephalus is relieved in
most of the patients, and the flow of cerebrospinal fluid will be restored, thus the shunt will
be no more necessary, but the patient now becomes shunt dependent (El-Ghandour, 2011).

Taking all these factors into consideration, a search for a better treatment option should be
expected. The obstructive nature of the hydrocephalus associated with posterior location of
the tumor, makes internal cerebrospinal fluid diversion to be a promising alternative. The
rational basis of endoscopic third ventriculostomy is provided by the obstructive nature of
hydrocephalus due to presence of blockage of cerebrospinal fluid pathways at the level of
fourth ventricle outlets or at the aqueduct of Sylvius. It has been mentioned that obstructive
hydrocephalus secondary to posterior fossa tumors in children with good absorption of
cerebrospinal fluid from the subarachnoid space is a good selection for endoscopic third
ventriculostomy (El-Ghandour, 2011).
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Endoscopic third ventriculostomy creates a communication between the ventricular system
and the subarachnoid space at the level of the third ventricle. There is only one comparative
study in the literature which compares both procedures; endoscopic third ventriculostomy
and ventriculoperitoneal shunt in the treatment of obstructive hydrocephalus due to midline
posterior fossa tumors in children. The author reported superiority of the endoscopic third
ventriculostomy over shunting because of the shorter duration of surgery, the lower incidence
of morbidity, the absence of mortality, the lower incidence of procedure failure, and the
significant adventage of not becoming shunt dependant (EI-Ghandour, 2011).

It is worthy to mention, that in selected cases of fourth ventricular tumors, biopsy can be
also taken endoscopically through the enlarged aqueduct of Sylvius. However, these tumors
are rarely amenable to endoscopic resection because of the limited space within the ventricle
(Gaab & Schroeder, 1998).

4. Endoscopic procedures
4.1 Endoscopic third ventriculostomy

Endoscopic third ventriculostomy is the standard and the most commonly performed
endoscopic procedure. As with any other surgical procedure, appropriate patient selection is
essential for successful outcome. Patients who present with classical signs of
noncommunicating hydrocephalus are ideal candidates. Unquestionably, patients with
aqueduct stenosis (congenital or acquired) are the best candidates. Although initially the role
of endoscopy has been limited to performing endoscopic third ventriculostomy in patients
with congenital aqueductal stenosis, the indications for this procedure are increasing rapidly.
Any patient presenting with a lesion causing obstruction of cerebrospinal fluid outflow at the
aqueduct of Sylvius is a candidate for this procedure (Jimenez 1998). Such lesions include
primary or secondary (metastatic) neoplasms of the midbrain, pons, medulla, posterior fossa
tumors or cysts, pineal region tumors, posterior third ventricular lesions, or ventricular
exophytic thalamic gliomas (Ray et al., 2005; El-Ghandour, 2011).

Another group of patients who can benefit from this procedure are those who present with
obstructive hydrocephalus secondary to arachnoid cysts of the deep cisternal system
(quadrigeminal plate or ambient system). Many published studies have included patients
with variety of symptoms, including those with communicating hydrocephalus (Jones et
al.,1990), and idiopathic normal pressure hydrocephalus (Gangemi et al., 2008). There is
much argument about spina bifida patients, whether considered to be candidates for such
procedure or not. These patients have significantly abnormal ventricular anatomy and
commonly present with a thick third ventricular floor, a small narrow foramen of Monro,
and a large massa intermedia (Jimenez, 1998).

Selection criteria remain the most controversial aspect of this procedure. The reason for this
is that there is no single or combined examination which can relatively predict who will
benefit from this operation. Cerebrospinal fluid infusion studies may help to select more
suitable patients, but false negative results can occur because the absorptive mechanisms
may take several hours or even days to accommodate for increased load of cerebrospinal
fluid, whereas the study itself extends over a significantly shorter time (Pudenz 1981).

Similarly, cerebrospinal fluid isotope clearance studies should theoretically accurately
predict the ability of the arachnoid villi to absorb cerebrospinal fluid. However, it also
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suffers from high false negative results, thereby denying some potentially suitable
candidates the opportunity to remain shunt independent. To support this contention,
clinically, some patients require several weeks before their symptoms resolve and their
imaging improves. This implication is that the subarachnoid space needs time to
accommodate for the increased cerebrospinal fluid load (Teo, 1998).

Surgical Technique

Following induction of general anesthesia, the patient is placed supine with the head
slightly flexed. A standard midpupillary coronal burr hole is used, but optimum localization
can be achieved by projecting the best angle to the floor of the third ventricle using
preoperative coronal and sagittal T1-weighted MR imaging. The frontal horn is cannulated
with a # 14-french peel-away sheath and stylet. After withdrawal of the stylet, a 2 mm-
diameter rigid lens (wide-angle, straight-forward, 0 degree) with angled eye piece and
working channel diameter of 3 mm, is inserted. The choroid plexus is identified and
followed anteriorly to the foramen of Monro. The endoscope is advanced into the third
ventricle through the foramen of Monro. Once the third ventricle is entered, the mammillary
bodies are usually visualized as well as the tuber cinereum and the infundibular recess.
Sometimes, the tuber cinereum has become thin and semitransparent, allowing
identification of the basilar artery.

Several methods are used to create the fenestration on the floor of the third ventricle such as
using the tip of rigid endoscope, small blunt probes, tip of a transluminal angioplasty
balloon catheter, tip of a contact laser fiber or bipolar electrode. An avascular area in the
floor of the third ventricle anterior to the mammillary bodies is chosen for fenestration, with
care taken to avoid injury of the basilar artery or any of its branches. The opening is then
enlarged gently by inflating the balloon of a # 3 french angioplasty balloon catheter in a
relatively atraumatic fashion. It is generally agreed that the opening should be 5-6 mm in
diameter inorder to prevent its reclosure. However, it is also well known that it is the
constant flow of cerebrospinal fluid through the fenestration that keeps it open and
working. In other words, it is the pressure gradient between the third ventricle and the
interpeduncular cistern, which exists in case of noncommunicating hydrocephalus, that
prevents the ventriculostomy from reclosure.

If extensive trabeculations are encountered, the fenestration has to be extended to include all
these trabeculae. Not uncommonly, a small amount of venous bleeding may be observed
from the edges of the ventriculostomy. This type of bleeding usually stops with gentle
irrigation or with reinflation of the balloon for 1-2 minutes. Navigation inside the
interpeduncular cistern is done to confirm successful creation of the ventriculostomy. The
endoscope and peel-away sheath are then removed. Unless there has been significant
bleeding, an external ventricular drain is not necessary, although some surgeons leave it in
place for 24-48 hours. This is done to monitor the intracranial pressure; the drain is removed
once the intracranial pressure has normalized. The wound is closed in a standard fashion. If
there are no complications, the patient can be discharged within 24-48 hours.

4.2 Choroid plexectomy

This treatment option is controversial and is not used nowadays by most neurosurgeons.
Those patients who have a choroid plexus papilloma or who produce an abnormally high
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amount of cerebrospinal fluid, may benefit from this procedure. Choroid plexectomy
appears to be indicated in a small group of patients who have normal communications and
intact absorptive mechanisms, but do not have the capacity to cope with an overwhelming
load of cerebrospinal fluid (Teo,1998).

Surgical Technique

The patient is placed in the prone position and bilateral occipital burr holes are placed 3 cm
from the midline at the level of the lambdoid sutures. The rigid endoscope is introduced
into the lateral ventricle and the choroid plexus is coagulated using monopolar, bipolar, or
Nd:YAG (neodymium-yttrium-aluminum-garnet) laser coagulation. Access to all three
horns of the lateral ventricle is possible through this approach. Care should be taken not to
coagulate the choroidal arteries, as this may result in retrograde occlusion of the proximal
perforating vessels.

4.3 Endoscopic opening of foramen of Magendie

This procedure is used in the treatment of patients with obstructive hydrocephalus due to
fourth ventricular outlet obstruction caused by idiopathic stenosis or membranous occlusion
of the foramina of Magendie and Luschka (Longatti et al., 2006; Mohanty et al., 2008).

Surgical Technique

The patient is placed supine and general anesthesia is induced. The frontal horn of the
lateral ventricle is cannulated through a precoronal burr hole (2 cm anterior to the coronal
suture and 2 cm from the midline). The flexible endoscope, with a diameter of 3.9 mm is
introduced and manipulated throughout the procedure using a free hand technique. At the
third ventricle, the scope is guided backward toward the opening of the aqueduct to the
midbrain. In case of tetraventricular hydrocephalus, the aqueduct is dilated and the scope
passes quite easily into the fourth ventricle. At this phase, free irrigation is stopped, because
the fourth ventricle is now completely trapped and additional liquid volumes can lead to
life-threatening episodes of bradycardia.

The scope is postioned posteriorly, the median sulcus of the fourth ventricle is seen, it leads
to the posterior triangle of the thomboid fossa. The lateral recesses appear enlarged and
both Luschka foramina are obstructed by thick membranes. A thick membrane is stretched
from the borders of the calmus scriptorious to the pyramid of the vermis, occluding the
foramen of Magendie. The membrane is perforated using monopolar coagulation or a
“saline torch”, and the opening is enlarged with the inflation of a Fogarty balloon. The
endoscope is advanced to the cisterna magna inorder to assess its extent and confirm
absence of adhesions. The endoscope is then carefully withdrawn with meticulous attention
inorder not to injure the aqueductal tip or columns of the fornix.

4.4 Septum pellucidotomy

The endoscopic procedure for treatment of isolated lateral ventricle is fenestration of the
septum pellucidum. The degree of difficulty of this procedure is grossly underestimated.
This is because most patients requiring this procedure have one collapsed ventricle and one
grossly dilated ventricle. It is so difficult to identify the septum in these patients that
stereotactic assistance is recommended. In uncomplicated cases, the results of septum
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pellucidotomy are excellent, obviating the need for two shunts, and in some cases, the need
for any shunting (Teo, 1998).

Surgical Technique

The patient is placed in the supine position with the head slightly flexed. The burr hole site
is placed more laterally than the standard coronal burr hole used for shunt placement (5-6
cm from the midline), so that the endoscope approaches the target at an angle more
perpendicular to the septum pellucidum. The surgeon is often faced with the dilemma of
which ventricle to enter when performing a septostomy. Some authors (Teo, 1998)
recommend working in the nondilated ventricle toward the dilated ventricle. Others (Abtin
& Walker, 1998) recommend working in the larger ventricle toward the smaller one, where
the surgeon can more easily maneuver the endoscope and instruments. The second
procedure is more risky, because the opposite ventricle is small and caution is necessary
inorder to avoid any direct or thermal injury to structures on the lateral wall of the
contralateral ventricle.

The rigid endoscope is then introduced into the lateral ventricle, and the septum pellucidum
is visualized. A safe target should be 1 cm above and 2 cm anterior to the foramen of Monro.
An area of about 1.5 to 2 cm is then fenestrated with laser or other instrumentation. The site
of fenestration is critical, if placed too high on the septum, the fenestration may open into
the interhemispheric fissure, with potential injury of the anterior cerebral arteries. If the
fenestration is made above the foramen of Monro, there is risk of injury to the fornix. If
placed posterior to the foramen, there is risk of injury to the genu of the contralateral
internal capsule, if the instrument used for fenestration penetrates too deeply. One should
also pay attention to variants such as cavum septum pellucidum inorder to achieve a
satisfactory septostomy (Abtin & Walker, 1998).

4.5 Endoscopic cyst fenestration

Multiloculated hydrocephalus is not uncommon in the hydrocephalic community,
especially in those infants whose shunts have been complicated by infection or whose
primary pathology was intraventricular hemorrhage. Both conditions cause fibrous
septations as a result of chemical or bacterial ventriculitis. Infants with this condition
usually require multiple shunts and therefore are subjected to the additive risk of complex
shunts mainly malfunctioning (Teo, 1998). These patients are excellent candidates for the
endoscopic procedure. The endoscope is used to communicate all the cysts and a shunt is
then left in the largest ventricle, using the same burr hole through which the procedure was
performed. Endoscopy offers a simple means of communicating isolated cerebrospinal fluid
spaces and ventricles by membrane fenestration. In a recent report, endoscopy has led to
avoiding, eliminating or simplifying the use of shunts, with a significant decrease in
postoperative shunt revision rate (El-Ghandour, 2008).

Surgical Technique

The approach is individually designed in each case separately depending on location of the
cysts, entry site of pre-existing ventricular catheter and the need for placement of a new
shunt. Cysts located anteriorly are approached through a standard midpupillary coronal
burr hole, whereas an occipital or posterior parietal route is used for posterior or temporal
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loculations. The burr holes are bevelled laterally to allow the endoscope to reach the
contralateral ventricle and the trajectory is planned to fenestrate the maximum number of
cysts. The ventricular system or cyst is cannulated with a # 14 french peel-away sheath and
stylet. Care is taken to prevent the release of cerebrospinal fluid before the endoscope is
introduced. After withdrawal of the stylet, a 2 mm diameter rigid lens (wide-angle, straight-
forward, 0 degree) with angled eye piece and working channel diameter 3 mm is inserted.

Cyst fenestration is performed in a relatively avascular segment of the cyst wall sharply
with bipolar electrocautery. The fenestration is widened to at least 1 cm in diameter to
prevent early reclosure. This is achieved sharply by widening the initial hole or connecting
multiple holes using the bipolar electrode. Devascularization of the cyst wall is done by
coagulating its vascular supply to prevent or retard its regrowth. Pulsed irrigation with
lactated Ringer’s solution is used to prevent thermal injury and collapse of the ventricles.
Any bleeding from the cyst wall usually stops with irrigation or coagulation. If there is
significant intraventricular bleeding, it is better to put an external ventricular drain and
postpone shunting procedure to a later date (EI-Ghandour, 2008).

4.6 Aqueductoplasty

There are few indications for this high risk procedure. Most cases of noncommunicating
hydrocephalus respond more favourably to third ventriculostomy. Some authors believe
that it can be used as an adjunct to third ventriculostomy in patients with adult onset
aqueductal stenosis (Oka et al., 1993). Patients who have an isolated fourth ventricle are
also excellent candidates for this procedure. Endoscopic reopening of the aqueduct of
Sylvius (aqueductoplasty) is considered to be the ideal treatment of isolated fourth
ventricle, because it re-establishes communication between the fourth ventricle and the
supratentorial ventricular system, equilibrating the transtentorial pressure and allowing a
single supratentorial shunt to control the patient’s hydrocephalus. However, endoscopic
aqueductoplasty cannot be performed in all cases, it can be only performed if a
membranous occlusion of the aqueduct is present in preoperative MR images. The
standard precoronal approach can be used only in cases in which the supratentorial
ventricular system is also dilated; in other cases a suboccipital approach should be used
(Cinalli et al., 2006).

4.6.1 Precoronal approach

The patient is positioned supine with the head lying in a horseshoe-shaped head rest. The
burr hole site is placed more anteriorly than the standard coronal burr hole used for shunt
placement (just behind the hair line, 4-5 cm anterior to the coronal suture). The right lateral
ventricle is cannulated with a peel-away sheath. A flexible endoscope is then inserted and
careful inspection of the frontal horn usually allows easy identification of the foramen of
Monro. The endoscope is then advanced through the foramen of Monro into the third
ventricle, where the obstructed aqueduct inlet is identified.

The aqueduct should not be confused with suprapineal recess, which is located above the
aqueduct and behind the posterior commisure. The membrane occluding the inlet of
aqueduct is perforated simply by probing the aqueduct with the aid of the smooth tip of a
Fogarty balloon catheter; this allows inspection of the cavity of the fourth ventricle. In short
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stenosis, the aqueduct is restored by gently inflating the balloon to a diameter of 3 mm. In
long stenosis, a stent may be inserted into the aqueduct to prevent later occlusion by
scarring (Schroeder & Gaab, 1999). However, implanting stents carries the risk of stent
dislodgement and migration (Mohanty, 2005).

4.6.2 Suboccipital approach

The patient is placed prone with the head lying in a horseshoe-shaped head rest. The head is
flexed as much as possible to create the best trajectory to the aqueduct. An infratentorial
burr hole is drilled 2-3 cm from the midline over the right cerebellar hemisphere. The
dilated fourth ventricle is cannulated with the aid of a peel-away sheath and then the
endoscope is inserted. After the aqueduct has been identified, the obstructing membrane is
perforated using a Fogarty balloon catheter while carefully avoiding any damage to the
periaqueductal gray matter. Inspection of the aqueduct permits the operator to visualize the
third ventricle. The limit of this approach is the lack of landmarks available for orientation
in the unusual and distorted anatomy of a trapped fourth ventricle, where recognition of the
inlet of aqueduct can be very difficult (Cinalli et al., 2006).

4.7 Endoscope-guided shunt placment

Although placement of a ventricular catheter using endoscopy has yet to be proven superior
to other methods, the tip of the ventricular catheter can be properly placed in the desired
position under direct visualization using small endoscope that passes through the shunt
catheter. Endoscope-guided shunt placement can be done either using free hand method or
by stereotactic assistance.

4.7.1 Free hand endoscopic shunt placment
Direct Placment

The ventricular catheter is “loaded” on an endoscope with the tip of the endoscope exposed
for visualization. The shunt may then be placed directly into the ventricle via the
appropriate trajectory. After placing the ventricular catheter into the ventricle, the operator
can look through the endoscope to confirm the shunt catheter’s position. If the ventricular
catheter is not in a proper position, the shunt is withdrawn and modification of the
trajectory can be done. The surgeon determines the preferred position of the shunt catheter,
but the general consensus is that it should be as far as possible from the choroid plexus, a
natural source of scar formation. Consequently, the frontal horn of the lateral ventricle has
become a favored position for catheter placement by most of the neurosurgeons
(Brockmeyer, 1998).

Peel-away Catheter

Another technique for endoscopic shunt placement, which applies to those neurosurgeons
using a rod lens endoscope system, involves placing an appropriate-sized peel-away
catheter into the ventricle, then inserting the endoscope through the peel-away catheter. In
this way, the potential shunt position is confirmed and the length of the ventricular catheter
can be estimated. Once the peel-away catheter is in an appropriate position, the endoscope
is withdrawn and the ventricular catheter is passed through the peel-away sheath to the
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predetermined location. The sheath is then peeled away while the ventricular catheter is
held gently with smooth forceps, leaving the ventricular catheter in place (Brockmeyer,
1998).

4.7.2 Stereotactic shunt placment

Applying stereotactic technology to endoscopic techniques has increased the safety and
accuracy of such procedures. The available frameless stereotactic systems may be coupled to
endoscopes and can be used to pass stereotactic probe to the target ventricle and then
withdrawn. A fiberoptic endoscope already loaded with a shunt catheter is then passed
down the probe tract under direct vision into the ventricle (Brockmeyer, 1998).

Endoscopic-assisted placement of a multiperforated shunt catheter into the fourth ventricle
guided by frameless stereotaxy, has been recently advocated by some authors for the
treatment of isolated fourth ventricle and multicompartmentalized hydrocephalus. The
procedure is performed via a frontal transventricular approach using the flexible endoscope
with dual-port intraventricular access for direct visualization and for mechanical
manipulation of the catheter (Upchurch et al., 2007).

4.8 Ventricular catheter retrieval

Endoscopic retrieval of a retained intraventricular catheter is an excellent application of
endoscopy in the management of hydrocephalus. The endoscope can be used to extract
catheters from inside the ventricle either they are “free” or “adherent” in scar tissue.
Adherent ventricular catheters are usually found in cases of multiloculated hydrocephalus.
It has been reported that retained pre-existing malfunctioning ventricular catheters in
multiloculated hydrocephalus could not be withdrawn safly without endoscopic assistance.
Such catheters have to be dissected gently and dislodged under direct endoscopic
visualization inorder to avoid the risk of hemorrhage and damage which can be induced if
the catheter is pulled without being dissected (EL-Ghandour, 2008).

Surgical Technique

Any endoscope with a working channel can be used for such technique. If the ventricular
catheter is “free” within the ventricle, a long grasping forceps is passed through the working
channel and the endoscope is navigated into an appropriate position. Obviously, knowledge
of the intraventricular anatomy is essential for navigating into correct position for catheter
retrieval. The retained catheter is then grasped with the endoscopic forceps and withdrawn
outside the ventricular system (Brockmeyer, 1998)

Endoscopy can be also used to remove adherent scarred-in ventricular catheters, and
consequently it plays an important role in simplification of complex shunts in
multiloculated hydrocephalus. One possible technique described by El-Ghandour, for
shunts initially placed via occipital burr hole, involves placing a separate burr hole 2-3 cm
above the old one, through which the endoscope is introduced parallel to the ventricular
catheter with slight inclination toward its tip. Bipolar electrode is then used to coagulate the
scarred-in choroid plexus and dislodge the shunt catheter, which can then be withdrawn
gently and safely without risking intraventricular hemorrhage (EI-Ghandour, 2008).
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Alternatively, the Nd:YAG laser can be used to coagulate the choroid plexus and cut along
the interface of the scar and silicone tubing inorder to dislodge the catheter. The adherent
ventricular catheter is then removed under endoscopic visualization and a new ventricular
catheter is placed in an appropriate position (Lewis et al., 1995).

4.9 Shunt revision

Intracranial neuroendoscopy can be very useful during routine shunt revision. It increases
the surgeon’s confidence that a ventricular catheter is placed in the appropriate position,
and it is useful in repositioning previously inserted malfunctioning shunts under direct
visualization.

Surgical Technique

After dislodging and removing the old ventricular catheter, a new ventricular catheter is
loaded on a fiberoptic endoscope and passed down the same tract. The tract may be
inspected for nests of scar tissue, membranes or webs. When the endoscope reaches an area
in the ventricle free of scar, choroid plexus or membrane, it is withdrawn back through the
ventricular catheter and cerebrospinal fluid flow is observed. The need for a longer or
shorter ventricular catheter is easily confirmed by the endoscope and demonstrated by the
presence or absence of cerebrospinal fluid flow. The flow of cerebrospinal fluid confirms the
intraventricular position of a shunt catheter. This technique allows the operator to avoid the
nest of scar tissue by direct visual confirmation inorder to place the new catheter in a more
appropriate position (Brockmeyer, 1998).

4.10 Resection of intraventricular tumors

With increasing experience and improved endoscopic instruments (such as bipolar
diathermy, laser instruments), an increasing number of tumors may be completely removed
without microsurgical brain dissection. In certain cases, a neuroendoscopic approach to
intraventricular tumors via a simple burr hole is as effective as microsurgery but less
invasive. During endoscopic procedures, brain retraction can be completely avoided, and
the tumor can be well visualized with the aid of endoscopy. The origin of the tumor and the
amount of blood supply can be recognized prior to tumor biopsy or resection. Only a few
publications in the neurosurgical literature address the endoscopic treatment of
intraventricular tumors. Most authors have not reported details regarding endoscopic
technique, complications or outcome (Gaab & Schroeder, 1998).

The ventricular enlargement provides sufficient space for manipulation with the endoscope
and instruments. However, if the ventricles are small or the tumor is located in the posterior
part of the third ventricle, it is advisable to use a guiding device to follow the ideal access
route to the target, thus avoiding unnecessary brain traumatization. Frameless stereotaxy or
neuronavigation has been used in conjunction with neuroendoscopy to increase the
accuracy in determining the approach. For treatment of intraventricular tumors, rigid
endoscopes are preferred because of the superior optical quality which maintains good
vision even when small hemorrhages occur. The operating endoscope (wide-angle, straight-
forward, 0 degree) with angled eye piece allows accurate guidance of the instruments in a
straight line.
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Using large operating sheath (approximately 6 mm in diameter) without separate working
channels, makes effective piecemeal resection of the tumor possible. However, in most
neuroendoscopes currently available, the working channel is no larger than 2.4 mm. It is
obvious that removal of intraventricular tumors, even if small in size, is a tedious, time-
consuming procedure with these scopes (Gaab & Schroeder, 1998). Some neurosurgeons
recommend the insertion of a second working portal, enabling the use of larger instruments
and thus accelerating tumor resection (Cohen, 1993; Jallo et al., 1996). Flexible endoscopes
can be applied for final inspection. Various endoscopic instruments should be available
inorder to make the procedure successful such as scissors, puncture needles, biopsy and
grasping forceps, balloon catheters, laser fibers and monopolar electrodes.

Surgical Technique
Lateral Ventricular Tumors

Tumors of the frontal horn and ventricular body are approached via a standard
midpupillary precoronal burr hole (3 cm paramedian and 2 cm precoronal). The tumor can
be biopsied or resected, and septostomy can be performed if there is unilateral
hydrocephalus. For tumors of the trigone, the burr hole is placed more anteriorly (4-6 cm
precoronal) inorder to reach the tumor in a straight line through the ventricular body. A
posterior approach can also be performed, it has the advantage that there is a shorter
distance from the cortical surface to the tumor when entering the ventricle posteriorly than
when entering it anteriorly. However, there is usually a very limited amount or almost no
cerebrospinal fluid-filled working space in front of the tumor, which makes inspection of the
lesion, orientation, and dissection extremely difficult or even impossible (Gaab & Schroeder,
1998).

Once the dura is opened, the operating sheath with trocar is inserted free hand or under
navigational guidance into the lateral ventricle and fixed with two retractor arms. The trocar
is then withdrawn and the rigid endoscope is introduced. The tumor is inspected and its
relationship to the choroid plexus and the feeding arteries is visualized. After exploration of
the tumor, the diagnostic scope is replaced by the operating scope. Before tumor dissection,
capsule vessels are coagulated by bipolar diathermy or Nd:YAG laser. Depending on the
tumor size, removal usually begins with intracapsular debulking or dissection in the plane
between the tumor and the normal brain tissue. During this dissection, feeding arteries must
be identified early and cauterized before bleeding obscures clear vision. If laser is used
during resection, it requires vigorous irrigation to avoid thermal damage to adjacent brain
tissue.

Hemostasis of small hemorrhages represents no problem as these usually stop
spontaneously after a few minutes of irrigation. Larger vessels which are at risk of being
torn during tumor resection, should be cauterized by the bipolar diathermy. After isolation
of the lesion from the surrounding brain tissue, the tumor is resected in a piecemeal fashion
with the aid of grasping and biopsy forceps. In general, the foramen of Monro is usually
patent after tumor resection. If the foramen is obstructed, a septostomy through the septum
pellucidum may be performed to release cerebrospinal fluid circulation. After successful
tumor removal, the region of resection is inspected again with the diagnostic scope to ensure
good hemostasis. The ventricles are vigorously rinsed to remove any clots and the operating
sheath is then withdrawn and the wound is closed.
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Third Ventricular Tumors

For tumors located in the anterior part of the third ventricle such as colloid cysts, the lesion
can be approached via a transcoronal burr hole. The burr hole should be placed (about 1 cm)
infront of the coronal suture and far laterally (5-7cm from the midline) in order to directly
visualize the cyst wall. Placing the burr hole too close to the midline will decrease
visualization of the cyst significantly. Also widening of the outer edges of the burr hole
provides a more conical opening which allows greater freedom in maneuvering the
endoscope with enough angulation to reach the contralateral ventricle. Laser is usually
essential to open the cyst wall and bipolar cautery is usually unsuccessful in opening the
tough cyst wall. Monopolar electrode was found to be equally effective like laser and it is
less cumbersome (El-Ghandour, 2009).

Devascularizing the outer layer of the colloid cyst is a crucial step that should be done in all
the cases. It shrinks the capsule to open the foramen of Monro, cuts off the nutrients to the
inner layer that secretes the colloid and prevents regrowth (Fig 1). Residual parts of the
capsule firmly attached to the roof of the ventricle should be coagulated rather than
vigorously removed, because pulling may cause severe venous bleeding. Re-establishing
cerebrospinal fluid pathways is an important step that should be performed in all the cases.
The aqueduct of Sylvius is visualized to ensure a clear pathway between the lateral, third
and fourth ventricles. The septum pellucidum is often fenestrated to ensure a balanced flow
of cerebrospinal fluid between the lateral ventricles. An external ventricular drain is not
required, unless uncontrolled bleeding has occurred. Most bleeding will stop with direct
irrigation at the bleeding site. Some neurosurgeons prefer inserting an external ventricular
catheter routinely to prevent aseptic ventriculitis that may be caused by free-floating colloid
material within the ventricular system (Hellwig et al., 2008).

For tumors located in the posterior third ventricle, such as pineal body tumors, an
endoscopic supracerebellar infratentorial approach has been used by some authors (Gore et
al., 2008). Nevertheless, this approach has considerable risks for many reasons; 1) A simple
burr hole is not sufficient to identify the transverse sinus and therefore a small craniotomy
has to be performed. 2) Thick arachnoid membranes often cover the pineal region, hindering
accurate orientation. 3) The superior cerebellar bridging veins and deep incisural veins are
at risk when inserting the endoscope (Gaab & Schroeder, 1998). Other neurosurgeons
recommend performing endoscopic third ventriculostomy for the management of the
associated obstructive hydrocephalus and obtaining tissue samples sufficient for
pathological diagnosis which can be taken endoscopically through the same transcoronal
burr hole (Chernov et al., 2006; Al-Tamimi et al., 2008).

5. Complications

The complications of endoscopic procedures can be grouped into three groups: general,
neurological, and vascular

5.1 General complications

This group includes wound infection, ventriculitis, cerebrospinal fluid leaks, and subgaleal
fluid collections. It is worth noting that the use of normal saline for irrigation is
contraindicated due to the fact that it is strongly acidic and it can lead to chemical
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Fig. 1. Intraoperative neuroendoscopic views. A, Photograph showing anterior colloid cyst
bulging through and obstructing the formen of Monro. B, Photograph of the same case
where monopolar electrode is used to open the cyst wall and shrink it to a tiny nonvascular
remnant. C, Photograph showing posterior colloid cyst causing a bulge in the floor of the
lateral ventricle. Note the formen of Monro is open in this case. D, Photograph of the same
case where the endoscope is introduced inside the third ventricle through the formen of
Monro. Note both mammillary bodies. The colloid cyst is seen at 7 o'clock. Endoscopic third
ventriculostomy was done in this case. [Reprinted with permission from El-Ghandour NM
(2009). Endoscopic treatment of third ventricular colloid cysts: a review including ten
personal cases. Neurosurg Rev,Vol. 32, No. 4, (October 2009), pp. 395-402, ISSN 0344-5607].
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ventriculitis. Lactated Ringer’s solution is considered to be the perfusate of choice because
its chemical composition is closest to cerebrospinal fluid. The irrigation rate should be
controlled inorder to prevent dangerous acute intracranial hypertension which may result in
significant postoperative neurological sequelae. Inorder to avoid such complication, care is
taken to maintain sufficient outflow of irrigating fluid (Jimenez, 1998).

5.2 Neurological complications

During the procedure of endoscopic third ventriculostomy or any other intraventricular
endoscopic surgery, injury to the fornix can occur, and it leads to transient deficit in short-
term memory. Oculomotor and other cranial nerve palsies can also occur due to incorrect
placement of the fenestration off the midline, in a lateral position. The oculomotor nerve can
be injured by laterally directing the endoscope while perforating the tuber cinereum.
Oculomotor palsy may be transient or permanent depending on the degree of damage that
occur during the endoscopic procedure.

Damage to the hypothalamus can occur due to traction injury associated with the use of the
tip of a large endoscope to create the fenestration on the floor of the third ventricle. This can
lead to hyponatremia, lethargy, diabetes insipidus, transient syndrome of inappropriate
antidiuretic hormone secretion and permanent or temporary weight gain. Midbrain injury
and hemiparesis have also been reported. Although seizures can occur following insertion
of a large peel-away or rigid introducers through the cortical mantle, this complication has
not been found to occur clinically after endoscopic procedures (Jimenez, 1998).

5.3 Vascular complications

The most dangerous complication during endoscopic surgery is injury to the superior
basilar artery complex, which is manifested intraoperatively by massive intraventricular
hemorrhage with complete obscuration of the endoscopic field. Although reported
previously (Schroeder et al., 2002), it is considered to be a rare complication. The bleeding is
usually profuse, however, it usually stops following persistent and vigorous irrigation.
Inorder to avoid this vascular injury, perforation of the floor of the third ventricle should be
performed in the midline, halfway between the infundibular recess and the mammillary
bodies, just behind the dorsum sellae.

Less serious although equally bothersome is damage to the ventricular veins, such as
thalamostriate, caudate, septal or internal cerebral veins. Bleeding associated with these low
pressure venous systems usually stops after few minutes of continuous irrigation.
Intraventricular clots can be easily removed with the use of grasping forceps and suction
(Jimenez, 1998).

6. Outcome and prognosis

A successful outcome following endoscopic third ventriculostomy is defined as resolution of
symptoms associated with increased intracranial pressure secondary to cerebrospinal fluid
flow obstruction. It should be highlighted that if there is no decrease in ventricular size in
postoperative imaging, it should not be taken as a nonsuccessful outcome, because a large
number of patients continue to demonstrate ventriculomegaly following successful
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endoscopic third ventriculostomy. This is particularly true in patients with long standing
hydrocephalus (Jimenez, 1998).

Postoperative MR imaging may show a decrease in ventricular size and/or improvement of
transependymal edema especially in acutely or subacutely developing hydrocephalus. It
should also demonstrate a flow void in the floor of the third ventricle, otherwise a cine MR
imaging is obtained for a better demonstration of systolic/diastolic cerebrospinal fluid flow
through the created fenestration (Jallo et al., 2005).

Reported success rates for endoscopic third ventriculostomy vary between 15% and 80%.
Several factors appear to be related to poor results and those include younger patients (< 2
years), a history of meningitis, intraventricular or subarachnoid hemorrhage, infants with
myelodysplasia, and a history of previous radiation therapy (Jimenez, 1998).

Endoscopic third ventriculostomy plays a crucial role in the treatment of obstructive
hydrocephalus secondary to tumors obstructing cerebrospinal fluid pathways. Excellent
results were obtained in a series of 32 pediatric patients with obstructive hydrocephalus
secondary to midline posterior fossa tumors (20 medulloblastomas, 12 ependymomas).
Intracranial hypertension symotoms improved postoperatively in 31 out of 32 cases (96.9%).
Ataxia improved in 4 out of 10 cases (40%), sixth nerve palsy improved in 6 out of 9 cases
(66.7%). All the 4 cases presented with deteriorated conscious level became fully conscious
(100%), immediately postoperatively. Improvement of hydrocephalus in postoperative
imaging occurred in 28 out of 32 cases (87.5%) (Fig 2) (El-Ghandour, 2011)

Endoscopy plays an important role in the treatment of complex hydrocephalus. Among 24
pediatric patients with multiloculated hydrocephalus operated by endoscopic cyst
fenestration, improvement of hyrocephalus occurred in 18 cases (75%), the need for shunt
insertion was avoided in 3 cases (12.5%), shunt revision rate was reduced from 2.9 per year
before fenestration to 0.2 per year after fenestration. During the overall mean follow-up
period (30 months), repeated endoscopic procedure was necessary in 8 cases (33%). Six out
of these 8 patients (75%) had already undergone shunt placement before endoscopy (El-
Ghandour, 2008).

Suprasellar arachnoid cysts, which cause hydrocephalus by obstructing the foramen of
Monro, can be marsupialized to the ventricular system endoscopically (Fig 3). Excellent
results have been obtained in a recent study including 25 pediatric patients operated by
endoscopy. In this study, patients were divided into 2 groups. Patients in group A (11
patients) underwent ventriculocystostomy with a mean follow-up 55 months, and those in
group B (14 patients) underwent ventriculocystocisternostomy with a mean follow-up of
64.7 months. Both procedures proved to be almost equally effective clinically and
radiologically.

The incidence of improvement of hydrocephalus-related symptoms was 63.6% in group A,
compared with 85.7% in group B. Improvement in cyst size and hydrocephalus after
ventriculocystostomy was 81.8% and 63.6% respectively, compared with 100% and 85.7%
respectively after ventriculocystocisternostomy (Fig 4). However because of the statistically
significant difference between the incidence of recurrence after ventriculocystostomy and
ventriculocystocisternostomy during the long-term follow-up (27.3% versus 0%, p < 0.05),
the author concluded that ventriculocystocisternostomy should be considered as the
procedure of choice in the treatment of these cases (El-Ghandour, 2011).
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Fig. 2. A: Magnetic resonance imaging T1 weighted sagittal view of a case of posterior fossa
tumor (medulloblastoma), demonstrating communication between third ventricle and
prepontine cistern after endoscopic third ventriculostomy . B: Preoperative axial CT scan
image showing severe obstructive hydroceophalus due to posterior fossa tumor. The
presence of massive periventricular edema signifies acutely occurring hydrocephalus. C:
Postoperative axial CT scan image obtained 3 days after endoscopic third ventriculostomy
showing mild reduction in ventricular size, resolution of periventricular edema, and
opening of subarachnoid space. [Reprinted with permission from El-Ghandour NM (2011).
Endoscopic third ventriculostomy versus ventriculoperitoneal shunt in the treatment of
obstructive hydrocephalus due to posterior fossa tumors in children. Childs Nerv Syst, Vol.
27, No. 1, (January 2011), pp. 117-126, ISSN 0256-7040].
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Fig. 3. Intraoperative neuroendoscopic views. A: Bluish-colored apical dome of surasellar
arachnoid cyst bulging through and obstructing the foramen of Monro. B: Opening of upper
cyst wall using bipolar electrode. C: Ventriculocystostomy, widening of the fenestration is
done by bipolar diathermy. D: Anatomical landmarks as seen through the cyst membrane; a
= abducent nerve; b = basilar artery; d = dorsum sellae; g = pituitary gland; p = pons; s =
pituitary stalk; arrow head = valve like structure. E: Suprasellar compartment showing
pituitary gland (g), pituitary stalk (s), dorsum sellae (d). F: Prepontine compartment as seen
through the cyst membrane, a = abducent nerve; b = basilar artery apex; t = trigeminal
nerve. G: Cystocisternostomy, a = abducent nerve; d = dorsum sellae; arrows = fenestration.
H: Shrinking of the cyst membrane by bipolar diathermy. I: At end of the procedure, the
aqueduct of Sylvius is patent [Reprinted with permission from El-Ghandour NM (2011).
Endoscopic treatment of suprasellar arachnoid cysts in children. | Neurosurg Pediat Vol. 8,
No. 1, (July 2011), pp. 6-14, ISSN 1933-0707].
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Fig. 4. A: Axial T1 weighted MR imaging showing a huge suprasellar arachnoid cyst with
marked obstructive hydrocephalic changes. B: Axial CT scan performed 3 months after
endoscopic ventriculocystocisternostomy showing apparent decrease in size of both the
cyst and hydrocephalus with opening of the subarachnoid space. C: Axial CT scan showing
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a huge suprasellar arachnoid cyst. A right sided ventriculoperitoneal shunt is seen, which
was inserted in an outside institution due to a misdiagnosis of aqueduct stenosis. D: Axial
CT scan performed 6 months after endoscopic ventriculocystocisternostomy and shunt
removal showing apparent decrease in size of both the cyst and hydrocephalus with
opening of the subarachnoid space [Reprinted with permission from El-Ghandour NM
(2011). Endoscopic treatment of suprasellar arachnoid cysts in children. | Neurosurg Pediat
Vol. §, No. 1, (July 2011), pp. 6-14, ISSN 1933-0707].

Although there is an arguement about the role of endoscopy in the management of normal
pressure hydrocephalus, some studies have reported good outcome. In a series including
110 patients with idiopathic normal pressure hydrocephalus operated by endoscopic third
ventriculostomy, postoperative clinical improvement occurred in 76 cases (69.1%). Among
the 34 patients who did not improve, 24 (21.8%) were unchanged and stable on the
postoperative follow-up examination, whereas 10 (9%) showed clinical progression despite
the endoscopic treatment (Gangemi et al., 2008).

Neuroendoscopic management of third ventricular colloid cysts is emerging as a safe,
effective alternative to microsurgery. Among 10 cases operated endoscopically in a recent
study, near-total excision of the cyst was achieved in 8 cases (80%), all of them were
anteriorly located within the third ventricle. In the remaining 2 cases (20%), excision was
subtotal, and remnants of the cyst wall were left obstructing the aqueduct of Sylvius. These
2 cases were located in the posterior part of the third ventricle, endoscopic third
ventridculostomy and septum pellucidotomy were performed in both of them (Fig 5).
Restoration of the foramina of Monro was achieved in all the patients (100%) (El-Ghandour,
2009).

Endoscopic third ventriculostomy and concomitant endoscopic biopsy has been reported by
many authors as the procedure of choice in the treatment of pineal region tumors. In cases
such as germinomas, establishing pathological diagnosis is quite sufficient, and it obviates
the need for open surgery, since these tumors are radiosenstive. In a series of 23 patients
with pineal tumors operated by such strategy, the obtained tissue sample was sulfficient for
pathological diagnosis in all the cases (100%) (Chernov et al., 2006). Endoscopic biopsy has
the advantage of being combined with endoscopic third ventriculostomy to treat
hydrocephalus and obtain cerebrospinal fluid for tumor markers and cytology, and allows
tissue bites to be taken under direct vision (Al-Tamimi et al., 2008).

7. Ventriculostomy versus shunting

There are many studies which discuss the role of endoscopic third ventriculostomy in the
management of noncommunicating hydrocephalus, but the comparison between endoscopic
third ventriculostomy and ventriculoperitoneal shunting has rarely been addressed in the
literature. A recent study compares both procedures in the management of obstructive
hydrocephalus due to posterior fossa tumors. It included 53 pediatric patients which were
divided into 2 groups: group A (32 cases) operated by endoscopic third ventriculostomy and
group B (21 cases) operated by ventriculoperitoneal shunting. Both procedures proved to be
almost equally effective clinically and radiologically.

Intracranial hypertension symptoms improved in 31 out of 32 patients (96.9%) included in
group A, and in all the patients (100%) included in group B. Improvement of hydrocephalus
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Fig. 5. A, Preoperative midsagittal MR imaging brain showing colloid cyst within the
anterior aspect of the third ventricle. B, Preoperative midsagittal MR imaging brain showing
colloid cyst within the posterior aspect of the third ventricle. C, Preoperative axial MR
imaging brain of the same patient with posteriorly located colloid cyst. D, Postoperative
axial MR imaging brain with gadolinium performed 1 year after endoscopic removal of the
colloid cyst. Improvement of hydrocephalus and remnant of the cyst wall are noted.
[Reprinted with permission from El-Ghandour NM (2009). Endoscopic treatment of third
ventricular colloid cysts: a review including ten personal cases. Neurosurg Rev, Vol. 32, No.
4, (October 2009), pp. 395-402, ISSN 0344-5607].

in postoperative CT scan occurred in 28 out of 32 patients (81.3%) included in group A (Fig
2) and in all the 21 patients (100%) included in group B. The mean duration of surgery in
group A was 15 minutes compared to 35 minutes in group B (p<0.01, highly significant).

The incidence of complications after ventriculostomy was 9.3% (3 out of 32 cases) and after
ventriculoperitoneal shunting was 38% (8 out of 21 cases). The difference in the incidence of
complications between both groups is statistically significant (p<0.05). In group A,
intraoperative bleeding occurred in 2 patients (it was minor and stopped spontaneously
within few minutes with irrigation), and cerebrospinal fluid leakage occured in 1 patient. In
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group B, shunt infection occurred in 2 patients, one of these 2 patients died 4.5 months
postoperatively from ventriculitis. Subdural collection occurred in 2 patients, and upward
brain herniation in 1 patient (Table 1).

Morbidity and mortality }iggcizz)p \gls Cgarsoeg) P value

Morbidity (Total) 3(9.3%) 8 (38%) 0.03
Bleeding 2 (6.2%) 0 -
CSF leak 1(3.1%) 0 -
Infection 0 2(9.4%) -
Subdural collection 0 2(9.4%) -
Epidural hematoma 0 1(4.7%) -
Upward herniation 0 1(4.7%) -
Pseudomeningocele 0 2(9.4%) -

Mortality (Total) 0 1(4.7%) 0.8
Hydrocephalus-related 0 1(4.7%) 0.8
Nonhydrocephalus-related 0 0 -

Table 1. Morbidity and mortality in 53 pediatric patients with obstructive hydrocephalus
due to posterior fossa tumors

ETV = endoscopic third ventriculostomy; VPS = ventriculoperitoneal shunt. [Reprinted with
permission from El-Ghandour NM (2011). Endoscopic third ventriculostomy versus
ventriculoperitoneal shunt in the treatment of obstructive hydrocephalus due to posterior
fossa tumors in children. Childs Nerv Syst, Vol. 27, No. 1, (January 2011), pp. 117-126, ISSN
0256-7040].

Recurrence of hydrocephalus occurred in 2 out of 32 patients (6.2%) operated by endoscopic
third ventriculostomy, at 6.5 and 14 months postoperatively respectively (both patients had
intraoperative bleeding at initial surgery). Among 21 patients operated by
ventriculoperitoneal shunting, shunt revision was performed 15 times in 8 patients. The
incidence of recurrence of hydrocephalus was 6.2% among ventriculostomy patients,
compared to 38% among shunt patients (p < 0.01, highly significant) (Table 2). All the 32
patients included in group A were shunt free among the mean follow-up duration of 27.4
months, whereas all the 21 patients included in group B were shunt dependent among the
mean follow-up duration of 25 months.

The number of revisions per patient (among the 8 patients with postoperative failure
included in group B) was 1.8, and the mean duration which lapsed between the shunting
procedure and the first revision procedure was 5.6 months. Kaplan-Meier survival curve for
both groups shows a more progressive decrease of the cumulative survival in the
ventriculoperitoneal shunt group. The mean survival time in group A is higher than in
group B (logrank test is highly significant, p < 0.01) (Fig 6).

The author concluded that endoscopic third ventriculostomy is superior than
ventriculoperitoneal shunting because of the shorter duration of surgery, the lower
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incidence of morbidity, absence of mortality and the lower incidence of procedure failure. It
renders the patient independent from a failure-prone shunt system, and offers a good
opportunity to become shunt free. It is a preliminary, simple, safe, effective, minimally
invasive and physiological method of bypassing obstruction in cerebrospinal fluid
circulation in cases of obstructive hydrocephalus (EI-Ghandour, 2011).
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Fig. 6. Kaplan-Meier survival curve plotted for endoscopic third ventriculostomy (group
A) and ventriculoperitoneal shunt (group B) showing a more progressive decrease
of thecumulative survival in the ventriculoperitoneal shunt group. There is a
higher mean survival time for endoscopic third ventriculostomy as compared to
ventriculoperitoneal shunt (the logrank test is highly significant, p<0.01) [Reprinted with
permission from El-Ghandour NM (2011). Endoscopic third ventriculostomy versus
ventriculoperitoneal shunt in the treatment of obstructive hydrocephalus due to posterior
fossa tumors in children. Childs Nerv Syst, Vol. 27, No. 1, (January 2011), pp. 117-126, ISSN
0256-7040].
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ETV group VPS group
Results of outcome (32 cases) (21 cases) P value
Improvement of symptoms
Intracranial hypertension 31/32(96.9%) 21/21(100%) 0.2
Gait ataxia 4/10(40%) 2/8(25%) 0.8
Sixth nerve palsy 6/9(66.7%) 3/6(50%) 0.9
Conscious level 4/4(100%) 2/2(100%) -
Bulbar symptoms 0/2(0%) 0/3(0%) -
Improvement of hydrocephalus (in o o
postoperative C.T. scan) 28/32 (87.5%) 21/21(100%) 0.2
Duration of follow-up in months
(mean + SD) 274 (+20.5) 25(+19.7) 0.6
Postoperative failure 2(6.2%) 8 (38%) 0.003
g;)n;e to first failure in months (mean + 10.3(+53) 5.6(+ 4.6) 0.2
Shunt free patients 32 (100%) 0 -
Shunt dependent patients 0 21 (100%) -
Number of revisions in postoperative
failure patients (mean + SD) 1 18(+08) 02

Table 2. Results of outcome in 53 pediatric patients with obstructive hydrocephalus due to

posterior fossa tumors.

ETV = endoscopic third ventriculostomy; VPS = ventriculoperitoneal shunt.; SD = standard
deviation [Reprinted with permission from El-Ghandour NM (2011). Endoscopic third
ventriculostomy versus ventriculoperitoneal shunt in the treatment of obstructive
hydrocephalus due to posterior fossa tumors in children. Childs Nerv Syst, Vol. 27, No. 1,

(January 2011), pp. 117-126, ISSN 0256-7040].

8. Conclusions

A significant advance in the treatment of hydrocephalus has been the evolution of
endoscopy. Hydrocephalus represents the classic indication for a mneuroendoscopic
approach. Currently, hydrocephalus remains the most frequent intracranial disease treated
endoscopically. The success of neuroendoscopy in recent years has relied heavily on the
success of endoscopic third ventriculosromy in the treatment of obstructive hydrocephalus.
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Endoscopic third ventriculostomy has become a well established procedure for the
treatment of noncommunicationg hydrocephalus. In our experience, third ventriculostomy
has been successful in controlling obstructive hydrocephalus caused by posterior fossa
tumors, and it was much more superior than shunting in terms of morbidity and incidence
of procedure failure.

The role of endoscopy in the treatment of complex hydrocephalus is indispensable. Our
results of using endoscopy in the treatment of these cases are encouraging. Endoscopic cyst
fenestration has led to avoiding or eliminating the need for shunts in some cases,
simplification of complex shunts and reduction of shunt revision rate. It can be also used as
an adjunct to shunting. It improves the results of shunting, and it plays a crucial role in
shunt revision and retrieval of malfunctioning ventricular catheters.

In addition to tumor biopsy sampling, the endoscope has been used for the resection of
colloid cysts and other intraventricular lesions. Our results of using endoscopy in the
treatment of these cases are excellent. The use of the neuroendoscope provides the unique
ability to perform tumor resection, tumor biopsy sampling, restoration of obstructed
cerebrospinal fluid pathways (e.g. foramen of Monro and aqueduct of Sylvius), performing
endoscopic third ventriculostomy, and cerebrospinal fluid sampling, all can be done in a
single procedure.

Over the last few years, the field of neuroendoscopy has been expanded to treat a wide
array of neurosurgically managed conditions. A seemingly limitless number of
neurosurgical applications await the endoscope. In the future, one can expect routine use of
the endoscope in the management of hydrocephalus, either as the primary surgery or as an
adjunct. The continued evolution of this modality will rely on new technological advances,
improved understanding of endoscopically demonstrated neurosurgical anatomy, discovery
of new applications, and the training of neurosurgeons. Endoscopy is expected to become a
routine procedure in modern neurosurgical practice and training. Pediatric neurosurgeons
should acquire the needed skill in using endoscopy inorder to manage one of the most
common neurosurgical problems in children, which is hydrocephalus.
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1. Introduction

Neonatal hydrocephalus is characterised by an excessive accumulation of cerebrospinal
fluid with enlargement of cerebral ventricles, that occurs as aresult of disturbance of
production, flow or resorption of cerebrospinal fluid.

The pathophysiological changes of progressive neonatal hydrocephalus include: increased
intracranial volume of cerebrospinal fluid, progressive dilatation of cerebral ventricles,
decreased intracranial compliance, raised intracranial pressure, alteration of cerebral
circulation and subsequent secondary brain tissue damage (decreased cerebral blood flow,
hypoperfusion, ischaemia), alteration of energy metabolism (tissue acidosis, higher lactate
concentration), changes in neurotransmiter systems, damage of white matter, associative
tracts and cerebral cortex. The primary target of injury are periventricular axons and myelin.
Secondary changes in neurons reflect the compensation to the stress or ultimately the
disconnection (De Riggo et al., 2007).

Transcranial color coded Doppler sonography provides a bedside noninvasive and
repeatable method of monitoring of the cerebral circulation with good clinical applications.
Progressive hydrocephalus leads to the stretching, displacement and compression of
cerebral vessels with increased vascular resistance. Doppler parameters reflect good the
changes of cerebral circulation. In generall, there is a good corelation between the increase of
intracranial pressure and changes in Doppler curve parameters, mainly decreased end-
diastolic blood flow velocity and increased resistive index and pulsatility index. The mean
cerebral blood flow velocity is mainly determined by diastolic blood flow. In the cases of
intracranial hypertension, the arterial blood flow is more affected during diastole than
during systole, resulting in an increase of resistive index and pulsatility index. Transcranial
Doppler ultrasonography can be used as a noninvasive method for the indirect monitoring
of intracranial pressure and dynamics in newborns with hydrocephalus.

2. Transcranial Doppler ultrasonography

The introduction of transcranial Doppler ultrasonography by Aaslid et al., in 1982 offered a
noninvasive method for the assessment of cerebral blood flow velocity in the major
intracranial arteries (Aaslid et al., 1982). This new method was used also in the examination
of children with hydrocephalus. Neonatal Doppler studies date from 1979 (Bada et al., 1979).
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2.1 Transcranial color coded Doppler ultrasonography

Transcranial color coded Doppler ultrasonography, first performed by Schoning et al. in
1989, allows direct visualization at basal cerebral arteries and demostrates cerebral blood
flow easily because of the color coding (Schoning et al., 1989).

During the examination of newborn by transcranial Doppler ultrasonography is important
to comply with precise method of examination. The examiner should not to upset the child.
The newborn has to lie calm, the vessel cross-sectional area and the position of sample
volume in the vessel should be constant. Also an inadequate rotation of head could decrease
the venous outflow and change the real Doppler parameters of cerebral vessels. Color
coding enables visualization of the selected segment of cerebral vessels and detection of
blood flow direction. The measurement of the blood flow velocity depends upon the angle
between the Doppler beam and the longitudinal axis of the vessel. The angle of insonation
should be kept as close to zero as posssible. The measurement of Doppler curve parameters
is made by the software equipment.

In neonatal transcranial Doppler studies are used following acoustic windows:

- transfontanellar - through the anterior fontanelle, mainly for the visualization of
anterior cerebral artery, internal carotid artery and basilar artery (Fig. 1)

- transtemporal - through the temporal bone, for the visualization of middle cerebral
artery and posterior cerebral artery (Fig. 2)

- suboccipital - through the foramen magnum, visualization of distal segments of
vertebral arteries and basilar artery

- transorbital and submandibular - are used only occasionally

Fig. 1. Transcranial Doppler ultrasonography - examination of the newborn,
transfontanellar acoustic window (photo - authors)
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Fig. 2. Transcranial Doppler ultrasonography - examination of the infant, transtemporal
acoustic window (photo - authors)

2.2 Doppler curve and parameters

The cerebral circulation is a low-resistive vascular system, which is typicall for organs with
the need of constant high minute blood flow. Therefore Doppler curve of cerebral vessels
has the positive blood flow during systole and also during diastole (Fig. 3).

Several factors influence the shape and parameters of Doppler curve. The pressure gradient
in arteries is produced by myocardial contractility. The systolic peak of Doppler curve is
related to the pressure gradient, arterial elasticity and blood viscosity. The shape of diastole
is determined mainly by distal vessels resistance, but can be influenced also by systematic
arterial, venous and intrathoracic pressure. In the cases of increased peripheral vessels
resistance, the diastolic blood flow velocity is decreased. The zero or reverse end-diastolic
blood flow is always pathological.

The mainly used Doppler curve parameters are:

- peak systolic blood flow velocity (Vsyst) - the maximal velocity during systole (m/s,
cm/s)

- end-diastolic blood flow velocity (Ved) - the blood flow velocity at the end of diastole
(m/s, cm/s)

- mean flow velocity (Vmean) - the mean value of blood flow velocity between the
begining of systole and the end of diastole.

Analysis of Doppler curve enables the calculation of qualitative Doppler parameters, which
are less influenced by the angle of insonation and local turbulent flow in arterial lumen. The
mainly used qualitative Doppler curve indices are:
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Fig. 3. Doppler curve of pericallosal artery: PI - pulsatility index, RI - resistive index, PSV -
peak systolic blood flow velocity, EDV - end-diastolic blod flow velocity, MnV - mean
blood flow velocity, FlowT - flow time (figure - authors)

- resistive index (RI, Pourcelot, 1975) - reflects the blood vessel resistance. Is defined as:

RI = Vsyst - Ved / Vsyst

- pulsatility index (PI, Gosling et al., 1974) - the value of pulsatility index is higher than
resistive index. The assessment of pulsatility index is helpfull in the situation of zero or
reverse diastolic blood flow, when the calculation of resistive index or S/D ratio is
impossible. Pulsatility index is defined as:

PI = Vsyst - Ved / Vmean
- S/Dratio (S5/D index, Stuart et al., 1980) - is defined as:

S/D = Vsyst / Ved

- trans-systolic time - reflects the time-related changes of the cerebral blood flow
velocities (Hanlo et al., 1995a)

The basal Doppler parameters are measured at first. There is only a light contact between
sonographic probe and the surface of anterior fontanelle through the layer of gel. Than
anterior fontanelle compressive test is performed - the Doppler parameters are measured
during the compression of anterior fontanelle using sonographic probe. The compression of
anterior fontanelle by means of ophtalmodynamometer allows exact determination of
applied pressure (g/cm2). The Doppler parameters could be measured through
transtemporal acoustic window (Taylor et al., 1994; Taylor et al., 1996, Westra et al., 1998). If
the value of basal resistive index increased more than 25% or the value of compressive
resistive index is more than 0,90, the compressive test is considered to be positive (Westra et
al., 1998).
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2.3 Reference values of Doppler parameters

There were published several studies with the analysis of reference values of Doppler
parameters of cerebral vessels in newborns and children (Babikian & Wechsler, 1993; Bode,
1988; Bode & Wais, 1988; Brouwers, 1990; Deeg & Rupprecht, 1989; Hayashi et al., 1992;
Horgan et al., 1989; Ozek et al., 1995; Schoéning et al., 1996).

The determination of generally accepted normal Doppler parameters of the cerebral
circulation have some limitations:

- use of different sonographic technique

- the changes in the quality of sonographic equipment

- sometimes unclear method of examination

- ununiformity of documentation and results presentation.

Therefore the presented data can not be generally used for each institution. In our
institution, the reference values of Doppler parameters of selected cerebral vessels were
determined by Minarik (2000) using transcranial color coded Doppler ultrasonography:
ultrasonographic equipment Aloka Color Doppler SSD-830, probes 3,5 and 5 MHz for B-
picture, 2 MHz for CW (continuous wave Doppler) and PW (pulsed wave Doppler). The
analysis of Doppler signal was performed using Fourier transformation with the spectrum
visualization. The sample volume was 1 mm3 and low frequency filter 100 kHz was used.
The adjustment of alliasing and the angle of insonation was performed. The reference values
of Doppler parameters of selected cerebral vessels in the first year of life determined by
Minarik (2000) are presented in the Table 1, Table 2 and Table 3.

There is a linear corelation between the gestational age and the blood flow velocity of all
cerebral arteries during the first 21 days of life. The cerebral blood flow velocity is increased
by increasing gestational age. In generally, the preterm newborns have decreased cerebral
blood flow velocity and increased value of resistive index (Table 4). The main changes of
cerebral blood flow velocity occur during first hours and days after delivery, when the
increase of blood flow velocity and decrease of resistive index is most rapid. The
prematurity and low birth weight is associated with the changes of end-diastolic blood flow
velocity (Minarik, 2000).

1. month |1. month |3. month | 3. month | 6. month |6. month 12 12

month | month

Al A3 Al A3 Al A3 Al A3

Vsyst 67-82 | 56-69 | 7487 | 6477 | 81-90 | 68-85 | 95-104 | 87-96
(cm/s)

Ved 19-28 | 1827 | 2134 | 2031 | 26-34 | 25-33 | 25-44 | 33-40
(cm/s)

Vmean | a0 00| 9940 | 3654 | 3050 | 4658 | 3854 | 5767 | 51-63
(cm/s)

RI 0,65-0,730,60-0,69|0,59-0,71 | 0,59-0,69 | 0,62-0,68 | 0,58-0,65 | 0,57-0,63 | 0,58-0,62

Table 1. The reference values of Doppler parameters of A1l and A3 segment of anterior cerebral
artery during the first year of life (Minarik, 2000). Published with author’s permission.
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1. month |1. month |3. month [ 3. month | 6. month |6. month 12 12

month | month

M1 M3 M1 M3 M1 M3 M1 M3

Vsyst 75-86 | 65-80 | 80-90 | 70-79 | 91-100 | 83-92 | 104-115 | 95-106
(cm/s)

Ved 20-30 | 19-28 | 2435 | 2232 | 32-40 | 28-36 | 41-49 | 36-45
(cm/s)

Vmean | 5o o | 3549 | 4660 | 4155 | 5668 | 5165 | 6480 | 6174
(cm/s)

RI 0,65-0,740,63-0,73 | 0,61-0,70 | 0,60-0,70 | 0,60-0,65 | 0,59-0,66 | 0,55-0,61 | 0,56-0,62

Table 2. The reference values of Doppler parameters of M1 and M3 segment of right middle
cerebral artery during the first year of life (Minarik, 2000). Published with author’s permission.

1. month |1. month |3. month |3. month | 6. month |6. month 12. 12.
month | month
M1 M3 M1 M3 M1 M3 M1 M3
Vsyst | s es | 6479 | 8090 | 70-82 | 91-99 | 8190 |103-112 | 96-106
(cm/s)

Ved (ecm/s)| 20-29 19-28 23-34 22-30 32-40 29-37 41-48 38-45

Vmean
(cm/s)
RI 0,65-0,7310,62-0,710,63-0,68 | 0,60-0,68 | 0,59-0,65 | 0,56-0,68 | 0,56-0,61 | 0,57-0,64

39-51 35-49 48-62 40-56 57-68 50-66 64-80 57-72

Table 3. The reference values of Doppler parameters of M1 and M3 segment of left middle
cerebral artery during the first year of life (Minarik, 2000). Published with author’s permission.

< 33. gestational week 0,77 £0,09
> 34. gestational week 0,70 +£0,07

Table 4. The reference values of resistive index of Doppler curve in the vertical segment of
pericallosal artery before the genu corporis callosi in preterm newborns (Bode, 1988;
Chadduck & Seibert, 1989; Westra et al., 1998) (table - authors)

2.4 Factors that influence Doppler parameters of cerebral circulation

The values of Doppler parameters are influenced by several factors that change mainly
diastolic, but also systolic part of Doppler curve. The significant fluctuation of qualitative
indices during the examination is the sign of alteration of cerebral autoregulation.

The crying and restlessness of newborn, unequale and unadequate compression of anterior
fontanelle by the sonographic probe, influence the Doppler parameters of cerebral
circulation (Hadac, 2000).

Interindividual changes - the method of examination and technical parameters of
sonographic equipment have to be taken in the consideration. When the conclusion of
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sonographic examination is not unambiguous, it is better to assess the dynamic
intraindividual trends (Myers et al., 1987).

The studies of several authors showed the influence of physical and mental activity on the
cerebral blood flow (Diehl et al., 1998; Roberts & McKinney, 1998; Owega et al., 1998). There
is a significant increase of systolic, diastolic and mean blood flow velocity in proximal and
distal segments of cerebral vessels during the period of increased mental activity of child.
The value od resistive index is not significantly changed (Minarik, 2000).

The manipulation and suction from orotracheal tube can influence the cerebral blood flow
velocity (Perlman & Vople, 1983). The cerebral circulation is affected also by bradycardia
and apnoic pauses (Perlman & Volpe, 1985).

The review of extracranial and intracranial factors that influence Doppler parameters of the
cerebral circulation is presented in Table 5.

2.4.1 Pathologic conditions with increased resistive index

- hypocapnia - decreased value of paCO2 leads to the vasoconstriction of cerebral arteries
with subsequently decreased cerebral blood flow. The loss of CO2 vasoreactivity corelates
with the severity and prognosis of clinical status of infant (Klingelheofer & Sander, 1992;
Miller et al., 1992). The decrease of paCO2 leads to the decrease of end-diastolic blood flow
velocity and increase of resistive index. Sometimes the end-diastolic blood flow velocity can
be zero. During the extreme decrease of paCO2, also the decrease of systolic blood flow
velocity occurs (Macko et al.,, 1993; Menke et al., 1993; Vergesslich et al., 1989; Wyatt et al.,
1991).

- hyperoxia - increased value of paO2 leads to mild cerebral vasoconstriction and decreased
cerebral blood flow. The paO2 cerebral vasoreactivity is more uniform than paCO2
vasoreactivity.

- acute intracranial hypertension - in brain injury, cerebral oedema or active hydrocephalus
negatively affects the cerebral blood flow. End-diastolic blood flow velocity is decreased and
resistive index increased. The systolic blood flow velocity is changed in relationship to the
systemic arterial blood pressure adaptation response. Blood flow during the diastole is
affected first. When the value of intracranial pressure is the same than diastolic blood
pressure, the end-diastolic block occurs (Barzo et al., 1991; Czernicki, 1992; Hanlo et al,,
1995b; Kopniczky et al., 1995).

- intraventricular haemorrhage - in the brain tissue near intracerebral or intraventricular
haemorrhage is resistive index increased because of cerebral vasoconstriction. In the cases of
severe intraventricular haemorrhage, the vasoconstriction could occur also in all main
cerebral arteries (Bada et al., 1979).

- brain infarction - typically there is no detectable blood flow in the occluded segment of
cerebral artery, in proximal part of the artery is detected decreased end-diastolic blood flow
velocity and increased resistive index (Babikian & Wechsler, 1993).

- congenital heart disease with left-right shunt - for example persistent arterial duct or
truncus arteriosus, affects cerebral blood flow. Typically, the persistent arterial duct leads to
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the decrease or reverse diastolic blood flow with increased resistive index. The extent of the
cerebrovascular changes is related to the hemodynamic severity of left-right cardiac shunt
(Bissonnette & Benson, 1998; Wright, 1988). When the compensation mechanisms are
sufficient, there is no decrease of cerebral blood flow under the ischaemic border. In the case
of the combination with another pathological findings, the status of achieved hemodynamic
equilibrium could be lost with the potential ischaemic damage of brain tissue (Shortland et
al., 1990).

- blood hyperviscosity - polyglobulia is associated with the decrease of absolute values of
cerebral blood flow velocity, the value of resistive index is increased only slightly. The
vascular changes are seen in proximal and distal segments of cerebral arteries. The changes
of haematocrit, blood viscosity and rheological properties of blood lead to the alteration of
Doppler parameters.

- indomethacin - the administration of indomethacin leads to the cerebral vasoconstriction
with the increase of resistive index. Inadequate use of indomethacin can cause ischaemic
damage of brain tissue (Lundel et al., 1986).

- critically ill newborns - in severe arterial hypotension with decreased cardiac output the
diastolic blood flow is more affected than systolic blood flow and therefore resistive index of
cerebral vessels is increased.

- brain death - the Doppler curve demonstrates diastolic block or reverse diastolic blood
flow at cerebral arteries.

2.4.2 Pathologic conditions with decreased resistive index

- hypercapnia - leads to the vasodilatation of cerebral vessels and increased cerebral blood
flow. End-diastolic blood flow velocity is increased and resistive index is decreased. When
the value of paCO2 is more increased, also the systolic blood flow velocity increases (Fisher
& Truemper, 1993; Menke et al., 1993).

- hypoxemia, hypoxia - decrease of paO2 causes the cerebral vasodilatation (Ausina et al.,
1998; Curz et al., 1998; Dings et al., 1996).

- seizures - increased brain metabolism leads to the cerebral vasodilatation

- inflammation - inflammatory brain congestion and the cerebral vasodilatation cause
decrease of resistive index.

- asphyxia - hypercapnia, hypoxia, tissue hypoperfusion and acidosis have negative
influence on the cerebral circulation. The alteration of cerebral autoregulation is presented.
The Doppler curve parameters changes include decrease of resistive index and increase of
end-diastolic blood flow velocity.

- idiopathic respiratory distress syndrom - the combination of hypoxia, hypercapnia and
arterial hypotension decreases the resistance of cerebral arteries, resistive index is decreased

- increased cardiac output, hypervolemia

- increased central venous pressure - for example pnemothorax and right sided cardiac
failure can decrease resistive index of cerebral arteries
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- cerebral arteriovenous malformation - the cerebral blood flow is ussualy bidirected with

increased end-diastolic blood flow velocity and decreased resistive index.

EXTRACRANIAL
FACTORS

INTRACRANIAL
FACTORS

hypocapnia, hyperoxia,
congenital heart disease
with left-right shunt
(persistent arterial duct,
truncus arteriosus), blood

acute intracranial
hypertension (brain injury,
cerebral oedema, active
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iﬁgﬁiASED RESISTIVE hyperviscosity, increased hydrocephalus), brain
hematocrit, polyglobulia, infarction, intraventricular
indomethacin, severe and intracerebral
arterial hypotension, haemorrhage
decreased cardiac output,
brain death
hypercapnia, hypoxemia,
hypoxia, seizures, asphyxia,
idiopathic respirator . N
dis tiss syn drl(j)m ianease d inflammatory brain tissue
DECREASED RESISTIVE . ’ congestion, cerebral
cardiac output, .
INDEX arteriovenous

hypervolemia, increased
central venous pressure
(pnemothorax , right sided
cardiac failure)

malformation, seizures

Table 5. Extracranial and intracranial factors that influence Doppler parameters of the
cerebral circulation (table - authors)

3. The assessment of cerebral circulation by means of transcranial Doppler
ultrasonography in neonatal hydrocephalus

The analysis of Doppler parameters of the cerebral circulation in neonatal and pediatric
hydrocephalus remains still disputable. In recent years, the main interest is focused on the
monitoring of intracranial biomechanics, analysis of pressure-volume relationship,
intracranial compliance, intracranial pressure and changes of cerebral circulation in
hydrocephalus. The knowledge and clinical application of pathophysiological mechanisms
of hydrocephalus is the base for the improvement of treatment of newborns and children
with hydrocephalus.

In generally, there is a good corelation between resistive index, pulsatility index of cerebral
vessels and intracranial pressure. The population of newborns is heterogenous. Because of
different gestational age and biomechanical properties of head the analysis of relationship
between resistive index and intracranial pressure in different subgroups is needed.
Imporant is the fact, that during the progression of hydrocephalus occur not only the
enlargement of cerebral ventricles and increase of intracranial pressure, but also the main
cerebral arteries are stretched, compressed or distorsed (Finn et al., 1990).
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The relationship between intracranial pressure and Doppler parameters of cerebral arteries
is of a complex nature. Many extracranial and intracranial factors may influence the cerebral
blood flow.

The relationship between increased resistive index and increased intracranial pressure in
preterm infants with posthaemorrhagic hydrocephalus was first described by Bada et al.
(Bada et al., 1982).

The changes of resistive index of anterior cerebral artery in newborns with hydrocephalus
was assessed by Hill & Volpe (1982). In 9 from 11 cases with raised intracranial pressure, the
dilatation of cerebral ventricles was presented. In all cases the resistive index was increased.
The significant decrease of resistive index after the successful drainage procedure was
detected.

The study of Fisher & Livingstone (1989) showed increased pulsatility index, significantly
decreased end-diastolic blood flow velocity and slight decrease of peak systolic blood flow
velocity in anterior cerebral circulation (anterior cerebral artery, middle cerebral artery,
internal carotid artery) in pediatric hydrocephalus. The values of Doppler parameters after
the drainage procedure with functional internal drainage system were normal. The
dilatation of cerebral ventricles (except the width of third ventricle) persisted also after the
drainage procedure. There was found no corelation between the size of cerebral ventricles
and peak systolic blood flow velocity. The relationship between end-diastolic blood flow
velocity and the size of cerebral ventricles was intraindividual. Pulsatility index showed the
highest level of corelation with the size of cerebral ventricles. The width of third ventricle
seems to be the most sensitive morphological parameter of intracranial volume changes.
Anterior cerebral artery and middle cerebral artery are the most sensitive cerebral vessels to
the intracranial dynamics (Aaslid, 1984; Fisher & Livingstone, 1989). Also the studies of
another authors confirmed the significant increase of pulsatility index of cerebral vessels
before the drainage operation and significant decrease of pulsatility index after the drainage
procedure (Jindal & Mahapatra, 1998; Nadvi et al., 1994).

Nishimaki et al. (1990) were interested in the changes of resistive index of anterior cerebral
artery and basilar artery in children with hydrocephalus. There was increased resistive
index of both arteries before the drainage procedure. The successful drainage operation led
to the significant decrease of resistive index of anterior cerebral artery and basilar artery.
The decrease of resistive index of anterior cerebral artery was significantly higher than
decrease of resistive index of basilar artery. Normal values of resistive index of anterior
cerebral artery in children are lower than the values of resistive index of basilar artery. The
difference between the haemodynamic changes of anterior cerebral artery and basilar artery
can be caused by the anatomical localisation of vessels. The anterior cerebral artery has close
relationship to the lateral cerebral ventricles and third ventricle, basilar artery is localised in
pontine cistern. In most cases of pediatric hydrocephalus, the progressive dilatation of
lateral cerebral ventricles and third ventricle is greater than the dilatation of fourth ventricle.
Therefore authors suggest, that the enlargement of cerebral ventricles in hydrocephalus
affects more haemodynamic parameters of the anterior cerebral artery than basilar artery.

Quinn & Pople (1992) in their study confirmed increased pulsatility index in the cases of
malfunction of ventriculoperitoneal shunt in children with hydrocephalus. After revision
surgery the pulsatility index decreased. The change of the dilatation of cerebral ventricles
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was detected only in 10 from 32 patients with malfunction of ventriculoperitoneal shunt. In
spite of stable dilatation of cerebral ventricles, there were presented clinical signs of
intracranial hypertension and an increase of pulsatility index before the revision surgery.

Goh et al. (1991) studied the corelation between resistive index of cerebral arteries and
intracranial pressure in newborns and children with hydrocephalus. There was found good
intraindividual corelation between the resistive index and intracranial pressure in
newborns, whereas in older children the corelation between resistive index and intracranial
pressure was good in generally. The differences between age groups are probably caused by
highly individual volume-pressure compensation mechanisms in newborns in different
stages of hydrocephalus and different compliance of neonatal head (biomechanical and
fibroelastic properties of bones, sutures and soft tissue of head). The intracranial dynamics
in older children is more uniform, therefore the corelation of resistive index of cerebral
arteries and intracranial pressure is generally good. There was found significant decrease of
resistive index and increase of end-diastolic blood flow velocity after the drainage
procedure in all age groups, but only in newborns was detected moderate increase of peak
systolic blood flow velocity and mean blood flow velocity. The same haemodynamic
Doppler changes of cerebral vessels were found in the cases of shunt malfunction and after
the successful revision surgery.

Goh et al. (1995) in their study confirmed, that there was no increase of resistive index of
cerebral vessels in newborns with hydrocephalus in the cases of stable dilatation of cerebral
ventricles. The results of the study suggest, that the increase of resistive index of cerebral
arteries is caused by raised intracranial pressure and not by enlargement of cerebral
ventricles alone.

In spite of detection of increased values of resistive index of cerebral vessels there was found
also altered CO2 cerebral vasoreactivity in children with hydrocephalus with the need of
drainage procedure. After the insertion of shunt or revision surgery for shunt malfunction,
the improvement of CO2 cerebral vasoreactivity was confirmed (De Oliveira & Machado,
2003).

Vajda et al. (1999) found the significant decrease of pulsatility index of middle cerebral
artery in children with obstructive hydrocephalus after successful endoscopic third
ventriculostomy in relationship to the preoperative value. The function of ventriculostomy
was confirmed by the detection of cerebrospinal fluid flow by means of magnetic resonance
imaging. The clinical symptomatology improved in 17 from 22 patients. There was found no
corelation between the pulsatility index and the age and sex of children. The results of this
study show the role of transcranial Doppler sonography in the indirect assessment of the
function of endoscopic third ventriculostomy in the early postoperative period.

Cosan et al. (2000) analysed the haemodynamic changes of cerebral circulation in neonatal
rats with progressive communicating hydrocephalus by means of transcranial Doppler
ultrasonography. There was confirmed, than in the acute phase of hydrocephalus, the
dilatation of cerebral ventricles was not accompanied by the alteration of Doppler
parameters of cerebral vessels (the value of pulsatility index was normal). During the
progression of communicating hydrocephalus an increase of the size of cerebral ventricles
and an increase of pulsatility index occured. The enlargement of cerebral ventricles alone in
the initial phase of communicating neonatal hydrocephalus did not lead to the changes of
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pulsatility index of cerebral vessels. The alteration of Doppler parameters of cerebral vessels
(increased pulsatility index, decreased end-diastolic blood flow velocity) occured in the
phase of progression with increased intracranial pressure. In this phase, the cerebral
circulation is more affected by increased intracranial pressure than by the dilatation of
cerebral ventricles. The raised intracranial pressure leads to the compression of brain
capillaries and increase of vascular resistance of cerebral arteries with increased pulsatility
index (Cosan et al., 2000; Seibert et al., 1989). In the chronic phase of hydrocephalus, the
enlargement of cerebral ventricles and haemodynamic changes of cerebral circulation are
accompanied by several pathologic changes (Del Bigio, 1993).

Taylor et al. (1994) analysed the anterior fontanelle compressive test as a part of the
examination of newborns with altered intracranial compliance by means of transcranial
Doppler sonography. Basal and compressive values of resistive index of middle cerebral
artery were measured. The basal resistive index in the preterm newborns and term
newborns with altered intracranial compliance was significantly higher than in healthy term
newborns. There was only a minimal change of basal resistive index during the anterior
compressive test in healthy preterm and term newborns. In newborns with altered
intracranial compliance, the value of resistive index during the compressive test was
increased. In newborns with hydrocephalus with increased intracranial pressure, increased
values of basal resistive index were detected. After the drainage procedure, the
haemodynamic response on anterior fontanelle compression was improved.

In another study Taylor et al. (1996) assessed the haemodynamic response of anterior
cerebral artery on anterior fontanelle compression in newborns with hydrocephalus. The
results suggest, that the significant increase of resistive index was found in newborns with
increased intracranial pressure with the need of drainage procedure.

Also the study of another authors confirmed increased basal and compressive values of
resistive index of anterior cerebral artery in children with hydrocephalus in the cases of
increased intracranial pressure. After the successful drainage procedure, the significant
decrease of basal and compressive values of resistive index was found. The borderline value of
basal resistive index of anterior cerebral artery was defined as 0,70, for positive anterior
compressive test as 0,90 or increase of basal resistive index more than 25% (Westra et al., 1998).

Gera et al. (2002) were interested in the assessment of Doppler parameters of anterior
cerebral artery in newborns and children with hydrocephalus in relationship to the need of
drainage procedure. There was found a significant increase of basal and compressive
resistive index in patients with the need of drainage operation. After the drainage
procedure, the significant decrease of basal and compressive resistive index was detected.
The results of the study suggest significant increase of intracranial compliance after the
drainage procedure. There was no significant change of head circumference after surgery.
The importance of the assessment of resistive index of anterior cerebral artery in newborns
and children with hydrocephalus in relationship to the need of drainage procedure was
defined: basal resistive index - sensitivity 72,5%, specificity 80%, diagnostic accuracy 75%,
false negativity 25%, compressive resistive index - sensitivity 75%, specificity 100%,
diagnostic accuracy 83,3%, false negativity 25%.

The asessment of Doppler parameters of cerebral vessels in premature newborns with
hydrocephalus is still disputable. The results of published studies are sometimes different
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and incoherent. The reason for this discrepancy can be the use of different type of
sonographic equipment, method of sonographic examination, heterogenity of the group of
premature newborns (gestational age, weight, extracranial factors, medication, number of
patients) and different indication for drainage procedure.

Perlman & Volpe (1982) analysed the Doppler parameters of anterior cerebral artery in 32
premature newborns with intraventricular haemorrhage. The gestational age of premature
newborns was in the range from 26 to 34 weeks. There was found no corelation between
intraventricular haemorrhage and resistive index of anterior cerebral artery. In 29 cases, the
intraventricular haemorrhage was not accompanied by the decrease of cerebral blood flow
velocity. There was no corelation betwen the time of the onset of intraventricular
haemorrhage and the value of resistive index. In 9 cases with pneumothorax, the significant
decrease of resistive index was detected. Another authors described increased value of
resistive index (more than 0,90) of cerebral arteries in premature newborns with
intraventricular haemorrhage.

Van Bel et al. (1988) analysed the Doppler parameters of anterior cerebral artery in 10
premature newborns with posthaemorrhagic hydrocephalus. There was found a
significantly increased pulsatility index and peak systolic blood flow velocity before the
drainage procedure. After the drainage procedure, a significant decrease of pulsatility index
and peak systolic blood flow velocity was detected. The values of postoperative pulsatility
index were normal. There were found no significant changes of end-diastolic blood flow
velocity and mean blood flow velocity before and after the drainage procedure. The increase
of pulsatility index before the surgery was caused by an increase of peak systolic blood flow
velocity. The reason for the earliest indication of drainage procedure was the reduction of
the damage of cerebral circulation. The indication criterion included the progressive
dilatation of cerebral ventricles with increased size more than 97th percentil. The same
results were published by Alvisi et al. (1985). Authors suggest, that the increase of peak
systolic blood flow velocity before the drainage procedure is caused by the dislocation and
compression of anterior cerebral artery by enlarged cerebral ventricles. The transport of
cerebrospinal fluid into the white matter also causes the loss of transmural pressure gradient
(Alvisi et al., 1985; Weller & Shulman, 1972; Wozniak et al., 1975).

The frequency and timing of intermitent drainage of cerebrospinal fluid in newborns with
posthaemorrhagic hydrocephalus is still the topic of discussion. One of the aims of
intermitent drainage of cerebrospinal fluid is the prevention of negative influence of raised
intracranial pressure on cerebral circulation.

Kempley & Gamsu (1993) assessed the changes of intracranial pressure and Doppler
parameters of anterior cerebral artery in the group of 6 newborns with posthaemorrhagic
hydrocephalus before and after the drainage of cerebrospinal fluid (23 drainage
procedures). There was found significant decrease of intracranial pressure after the
derivation of cerebrospinal fluid. The decrease of intracranial pressure was accompanied by
an increase of mean blood flow velocity and decrease of pulsatility index. The results of the
study suggest, that the derivation of cerebrospinal fluid in newborns with posthaemorrhagic
hydrocephalus leads to the significant improvement of haemodynamic parameters of
cerebral circulation. Authors recommend, that the alteration of Doppler parameters of
cerebral vessels should be taken in the consideration in the indication and timing of
drainage procedure in newborns with posthaemorrhagic hydrocephalus.
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Also the results of the study by Nishimaki et al. (2004) confirmed an increase of resistive
index of anterior cerebral artery before the drainage procedure in newborns with
posthaemorrhagic hydrocephalus. The drainage procedure, lumbar punction or punction of
subcutaneous reservoir, with the aspiration of cerebrospinal fluid (5-10 ml/kg) led to the
significant decrease of resistive index.

Maertzdorf et al. (2002) analysed the Doppler parameters of anterior cerebral artery and
middle cerebral artery in premature newborns with posthaemorrhagic hydrocephalus. The
authors performed repeated aspiration of cerebrospinal fluid from the subcutaneous
reservoir. The increased resistive index and decreased end-diastolic blood flow velocity was
confirmed in the cases of increased intracranial pressure (= 6cm H2O) before the aspiration
of cerebrospinal fluid. After the derivation of cerebrospinal fluid with a decrease of
intracranial pressure (£ 6cm H20), a significant increase of end-diastolic blood flow velocity
and decrease of resistive index was found. There was no significant change of peak systolic
blood flow velocity after the drainage procedure. The results of the study suggest a good
intraindividual corelation between the resistive index of anterior cerebral artery and middle
cerebral artery and intracranial pressure in premature newborns with posthaemorrhagic
hydrocephalus.

The qualitative indices of Doppler waveform (resistive index, pulsatility index) have certain
disadvantages. Both indices are influenced by the heart rate and have a broad range of
reference values, especially in children. Hanlo et al. (1995a) presented a hydrodynamic
model, which showed the effects of raised intracranial pressure on the cerebral circulation.
The authors defined a new Doppler index, the trans-systolic time, reflecting specific changes
in the Doppler waveform induced by changes in the intracranial pressure.

Leliefeld et al. (2009) analysed the relationship between the trans-systolic time of Doppler
waveform of middle cerebral artery and intracranial pressure in infants with hydrocephalus.

There was found significant decrease of the intracranial pressure after the drainage
procedure (p<0.005), accompanied by the significant increase of trans-systolic time
(p<0.005), significant decrease of pulsatility index (p<0.05) and significant decrease of
resistive index (p<0.05). Trans-systolic time has a strong correlation with the intracranial
pressure (p<0.005). Trans-systolic time reflects the relative changes in the cerebral blood
flow velocity caused by intracranial dynamics changes. The results of the study suggest, that
the trans-systolic time has a closer relation to intracranial pressure than the pulsatility index
and the resistive index.

The changes of Doppler parameters of pericallosal artery before and after the drainage
procedure in preterm newborn with posthaemorrhagic hydrocephalus are shown in Figures
4-7.

Transcranial Doppler ultrasonography plays an important role in the management of
newborn with hydrocephalus. Is widely used because of it’s noninvasivity, repeatability and
the possibility of bedside examination. The clinical applications of transcranial Doppler
ultrasonography in the management of neonatal hydrocephalus include:

- the indication and timing of drainage procedure
- monitoring of the efficacy of the drainage procedure - shunts, external ventricular
drainage, derivation of cerebrospinal fluid from subcutaneous reservoir in
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Fig. 4. Basal Doppler parameters of pericallosal artery in preterm newborn with
posthaemorrhagic hydrocephalus before the drainage procedure: decreased end-diastolic
blood flow velocity, increased resistive index, increased pulsatility index (figure - authors)
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Fig. 5. Positive anterior fontanelle compressive test, compressive Doppler parameters of
pericallosal artery in preterm newborn with posthaemorrhagic hydrocephalus before the
drainage procedure -reverse end-diastolic blood flow (figure - authors)
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Fig. 6. Basal Doppler parameters of pericallosal artery in preterm newborn with
posthaemorrhagic hydrocephalus after the drainage procedure: increased end-diastolic
blood flow velocity, decreased resistive index, decreased pulsatility index (figure - authors)

Fig. 7. Negative anterior fontanelle compressive test, compressive Doppler parameters of
pericallosal artery in preterm newborn with posthaemorrhagic hydrocephalus after the
drainage procedure (figure - authors)



Transcranial Doppler Ultrasonography in the Management of Neonatal Hydrocephalus 147

posthaemorrhagic hydrocephalus (frequency and the volume of derivated
cerebrospinal fluid), endoscopic third ventriculostomy

- monitoring of the function and the detection of malfunction of internal (shunts) and
external drainage systems (external ventricular drainage) and endoscopic third
ventriculostomy

- detection of shunt-dependency of newborn with hydrocephalus - the change of external
ventricular drainage or subcutaneous reservoir to the shunt, the need of revision
surgery of the shunt with malfunction

4. Conclusion

Increased intracranial pressure in progressive neonatal hydrocephalus leads to the alteration
of cerebral circulation (decreased cerebral blood flow, hypoperfusion and ischaemia).
Transcranial color coded Doppler sonography provides a noninvasive method of
monitoring of the blood flow velocities in cerebral vessels. In generall, there is a good
corelation between the increase of intracranial pressure and changes in Doppler curve
parameters. Before the drainage procedure there was confirmed increased basal and
compressive values of resistive index and pulsatility index of cerebral arteries. After the
successful drainage procedure, the significant decrease of basal and compressive values of
resistive index and pulsatility index was found.

The published studies and clinical experiences confirm, that transcranial Doppler
ultrasonography can be routinely used as a noninvasive method for the monitoring of
cerebral circulation, indirect monitoring of intracranial pressure and compliance with good
clinical applications in the indication of drainage procedure or the monitoring of the
function of drainage systems and endoscopic third ventriculostomy in newborns with
hydrocephalus.
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1. Introduction

In general, cerebrospinal fluid (CSF) shunt valves control the intracranial pressure rather
than fluid flow or other aspects. 1+ There are various kinds of shunt valves including fixed
pressure and programmable valves. Fixed pressure valves usually have low, medium or
high pressure settings. The choice of valve pressure is based on preoperative intracranial
pressure, clinical course, cerebral ventricle size, age, and the lifestyle of the patient.>8

Programmable valves with or without anti-siphon devices were subsequently developed. 16
CSF flow is regulated by adjusting the pressure via a magnetically-controlled valve.
However, CSF dynamics are complicated because production and absorption rates of CSF
may vary in any given patient. Consequently, the existing shunt systems cannot correspond
to each of these situations. With regard to intracranial pressure; treatment in vivo involves
not only setting the shunt’s valve pressure but also taking into consideration the CSF flow
rate; which is a very important parameter.17. 1. Even with anti-siphon devices attached to
some valves, despite their advantages, there is still no perfect valve system in neurosurgery
as devices with these attachments still fail to adequately control pressure requirements as
well as CSF flow rates at the same time. Practically, we sometimes experience a patient with
over-drainage problem even using an anti-siphon device.

To overcome the difficulties of the existing shunt valve systems in achieving adequate CSF
pressure and flow control, we contrived a novel tandem shunt valve system. We performed
in vitro experiments using a manometer, and report the first clinical application of the novel
tandem shunt system in humans.

2. Material and methods

An in vitro system with a manometer was built to measure pressure and flow rates of water
in open and closed systems using the Codman (Codman; Johnson & Johnson Co., Raynham)
Hakim programmable valve (CHPV) and the STRATA programmable valve (Medtronic, Inc,
Minneapolis) as shown in figures 1 and 2, respectively. Single (Fig. 1a and Fig. 2a) and two
single shunt valves (Fig. 1b and Fig. 2b) connected in series (the tandem shunt system) were
connected to the manometer to check the pressure.
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Water bath Manometer:M1

a)
400 mm

— x

Valve1:V1

Water bath Manometer:M1

b)
400mm

ST T, Sy x
Valve1:V1 Valve2:V2

Top (1a): single shunt valve setup with clamp to close the system.

Bottom (2b): closed setup with two shunt valves connected in series (tandem shunt valve system) with
clamp to close the system.

Fig. 1. In Vitro closed system with Codman (Codman; Johnson & Johnson Co., Raynham)
Hakim programmable valves (CHPV)

2.1 In vitro closed system with water bath (Fig. 1)

In the closed single shunt valve system experiment, as shown in figure 1a, we measured the
pressure in the original bath to be 400 mmH>O with a closed valve (V1). We conducted 3
changes to V1, the valve pressure of the CHPV, and took 5 measurements each at V1=50,
V1=100 and V1=200. Figure 1b shows the setup in a closed tandem shunt valve system. If
we set V1=50 and V2=50, the total pressure setting of the valves (V) is V1 + V2 = 100. Other
combinations of V1 and V2 were taken and six are reported below.

2.2 In vitro open system with manometer (Fig. 2)

An open system represents the real world environment. Unlike figure la and figure 1b,
figure 2 does not have a clamp at the endpoint to keep the system closed. In our experiment
we have the STRATA valve directly connected to the manometer and a scale at the other
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a)
400mm
Manometer
b)
400mm
Electric volume meter
Manometer

Electric volume meter

Top (2a): Manometer connected to the single shunt valve with a scale on the opposite end to measure
volume of water over time.

Bottom (2b): the inclusion of another STRATA shunt valve connected in series was the only change
made to the system.

Fig. 2. In Vitro Open system with STRATA programmable valves (Medtronic, Inc,
Minneapolis)

end to measure the volume of water as seen in figure 2. In our single valve open system
experiment the manometer was set to 400 mmH,O and the STRATA valve used had 5
programmable settings (0.5, 1.0, 1.5, 2.0, and 2.5). These are referred to as performance levels
(PL) by STRATA and we took manometer readings at each PL. An electric flow meter was
also used to measure the volume of water every 30 seconds for each PL. The same
measurements for the open tandem shunt valve system (Fig. 2b) were also taken but for
different combinations of PLs. This experiment helped us illustrate the effects of a tandem
shunt valve system in hydrocephalus cases.
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3. Results
3.1 In vitro closed system with water bath

In the single shunt valve system experiment, when V1 was adjusted to 50, the final
measurement in the manometer equaled around 350 mmH>O (Fig. 3a). When V1=100, the
final manometer reading was around 300 mmH,O. Subsequently a V1 adjustment of 200
resulted in a final manometer reading of around 200 mmH>O. Based on these results, we can
conclude that the original water bath pressure = V1 pressure value + final manometer value
(M1) as shown in figure 3a, where the average results of 5 measurements at (V1=50, 100 and
200) were taken. In the closed tandem shunt valve system experiment, when the final
manometer reading was 300 mmHO, the sum of V1 + V2 always equaled around 100. We
conducted further experiments that measured five manometer readings at different
combinations of V1 and V2 such that (V1 + V2 = 100, 150, 200, 250, 300 and 400) and
averaged the results as summarized in figure 3b. Based on our experiment, the final
manometer pressure is the original water bath pressure minus (V1+V2). This principal holds
for any value of V1 and V2. In conclusion, when two valves (Fig. 1b) are connected in series,
regardless of whether one is higher than the other, their sum will always behave in the same
way as the one valve in the closed system as shown in figure 1a.

3.2 In vitro open system with manometer

In an open system, at any value of V1, the manometer represents the same value as V1. At
PL of 0.5 on the STRATA valve the final manometer reading was approximately 30mmH,O
after we had allowed the system to run for some time. Subsequent PL settings were
measured and their final pressure manometer readings are as follow: 1.0=40 mmH,O;
1.5=100 mmH>0O, 2.0=170 mmH>O, and 2.5=200 mmH>O as seen in the legend of figure 4.
Figure 4 also shows the calculated flow rate (ml/min) curve over time. At the highest PL
setting of 2.5 we achieved a lower flow rate as expected.

Figure 2b shows two valves connected in series in an open system (tandem system). In our
tandem valve open system experiment we varied V1 and V2 and measured the final
manometer readings for each combination and a summarized table of results is shown in
Table 1. Interestingly, in the tandem system, the final pressure was almost equal to the
highest pressure setting of one of the valves in the system. In a single valve system the flow
rate changed depending on the valve pressure (Fig. 4). On the other hand, the flow rate in
the tandem system depends on the total pressure of each shunt valve setting (Fig. 5).
Furthermore, based on our experiments, we concluded that in an open system, along with
reducing the flow rate, we discovered that we could control pressure because the final
pressure reading on the manometer was always equal to the highest pressure value of either
V1or V2.

We assessed all combinations of tandem shunt valve pressures. The result was that the flow
rate depended on the total valve pressure in the system (Fig. 5). Of considerable significance
in table 1 is the experiment with STRATA performance level (1.0 + 1.0) and STRATA
performance level (2.0). We would expect the final manometer pressure to be the same for
these two experiments (because the PL totals are the same) but they are actually 50 mmH0
and 170 mmH;0, respectively. There are two significant points here 1) flow rate and 2) final
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Demonstrating that the original water bath pressure = V1 pressure + final manometer reading (M1).
With two valves connected in series, the following relationship continues to exist: original water bath

pressure = (V1 pressure + V2 pressure) + final manometer reading (M1).

Fig. 3. (a) Single shunt valve experiment results for the closed system (b) Tandem shunt

valve experiment results for the closed system
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Performance level  Final pressure

ﬁ\\ —--0.5 30mmH20
-=-1.0 40mmH20

6 t\\ 3 1.5  100mmH20

5 =20  170mmH20
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4 25 200mmH20
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(min)

Each performance level setting on the STRATA valve corresponds to a final pressure reading as shown
in the legend. Flow rate depends on shunt valve pressure setting.

Fig. 4. Single shunt valve experiment results for the open system

Single Valve Tandem Valve System

V1 (STRATA PL) V2 (STRATA PL) Final pressure
0.5 - 30mmH20
1.0 -
1.0 1.0
1.5 - 100mmH20
2.0 - 170mmH20
2.0 0.5 180mmH20
2.5 - 200mmH20

PL : performance level

Table 1. Results comparing the Single shunt valve with Tandem shunt valve in the Open
system. In the tandem system, with V1 at 1.0 and V2 at 1.0 the final pressure (50 mmH2O0) is
always close to the final pressure (40 mmH20) when V1 is at 1.0 in a single valve system.
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pressure. From figure 5, if we compare the rate of decrease between the two experiments we
find that the curves follow similar flow rates, which indicates that even at different pressures
we can control the flow rate. In fact, at PL (1.0 + 1.0), the final pressure of 50 mmH>0 is quite
similar to that of a single valve with PL (1.0), where pressure is 40 mmH0 as shown in table 1,
but exhibits flow rates similar to PL (2.0). Similarly compare the experiments where
performance level (2.0 + 0.5) with performance level (2.5) and the same property exist.

(ml/min)

6
\ Performance Level Final pressure
--15 100mmH20
20 170mmH20

5
: %\ -+ 10+1.0 50mmH20
‘\?\‘\%\ =25 200mmH20

-20+05 180mmH20

Vo

When the total performance levels are the same, the flow rates are similar. However, flow rates can
decrease while maintaining final pressures.

Fig. 5. Tandem shunt valve experiment results for the open system

In conclusion, we can decrease flow rate without a major change in pressure using a tandem
shunt valve system. After obtaining these in vitro results, we implemented tandem shunt
valve systems in two shunt cases where problems associated with shunt implants such as
slit like ventricle and or intractable hydrocephalus were present.

Case 1

A 6-year-old girl with a malignant glioma underwent bilateral ventricle-peritoneal (V-P)
shunt (CHPV) for obstructive hydrocephalus. Although the patient’s intracranial pressure
was controlled by the shunt system (valve pressure was 150 mmH,0O), hydrocephalus
developed during chemotherapy and radiotherapy. The lateral ventricle size and abdominal
circumference increased due to a peritoneal fluid collection caused by tumor tissue
dissemination through the V-P shunt tract. The shunt valve pressure was adjusted from 150
to 180 mmH>O to solve this over-drainage problem. However this caused acute
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hydrocephalus with deteriorating consciousness. The shunt valve pressure was decreased
from 180 to 140 mmH,O. Although the ventricular size decreased and her consciousness
improved, the fluid collection in the peritoneal cavity rapidly increased, which caused
dyspnea due to high peritoneal pressure. We informed her parents about the two
paradoxical problems that needed to be solved simultaneously, 1) finding the best V-P shunt
valve pressure to prevent the hydrocephalus, and 2) reducing the amount of peritoneal fluid
collection containing the brain tumor tissue and debris. To solve the opposing problems of
obtaining sufficient CSF drainage to treat the hydrocephalus but not so much that it would
cause peritoneal fluid collection, we tested the therapeutic possibility of the tandem shunt
system by adding another adjustable valve (CHPV) with anti-siphon to the current setup.
The new tandem shunt system was a connection from the lateral ventricle CHPV (1st valve)
connected to the CHPV (2nd valve) with siphon guard to the peritoneal cavity. The
performance level of the new tandem shunt system was adjusted to 140 mmH,O for the 1st
valve and 100 mmH;O for 2nd valve. Hydrocephalus remarkably improved without
peritoneal fluid collection and the patient was able to walk soon after the implant.

Case 2

A one and a half-year-old boy infected with Group B Streptococcus during pregnancy, born
prematurely in July, 2007 at the gestational age of 28 weeks and weighing 1230g presented
with progressive enlargement of head circumference as compared with his body size.
Ultrasonography and CT scans revealed hydrocephalus caused by subependymal
hemorrhage and periventricular leukomalacia. After controlling intracranial pressure using
the Ommaya reservoir, a V-P shunt (Programmable STRATA non siphon control (NSC)
Valve) was implanted at the age of 98 days (42 weeks gestation). The intracranial pressure
was well controlled at the programmable performance valve level of 1.5. However, the
performance level was changed to 2.5 (maximum pressure), because a CT scan showed slit
lateral ventricles 6 months after the first shunt placement. After a temporary slight increase
in size of the lateral ventricle, the patient was unable to keep a head-up position, which was
judged to be a symptom of slit ventricles. Although an anti-siphon device (Delta chamber,
Medtronic, Inc.,, Minneapolis) was added to the shunt system, which resulted in
improvement of his symptoms for a month, he continued to suffer from depressed mood
and loss of appetite in the head-up position. Moreover, he presented with acute
hydrocephalus one day after the transient ligation of the shunt system to check the shunt
system dependency. His parents were informed about the details of CSF over-drainage
symptoms and the therapeutic possibility of tandem shunt valve system connection surgery.
An extra adjustable STRATA NSC valve was connected to the previous shunt system. The
final whole view of the tandem shunt valve system was a connection from the lateral
ventricle to the STRATA NSC programmable valve (Ist valve) connected to the STRATA
NSC programmable valve (2nd valve) with anti-siphon system (Delta chamber) to the
peritoneal cavity. The performance level of the new tandem shunt system was adjusted to
2.5 (1st valve) and 0.5 (2nd valve) but there was no remarkable change in his condition. After
a few days, his second shunt valve performance level was adjusted from 0.5 to 1.0 and his
general condition improved dramatically and he was able to keep head-up position over
several hours.
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4. Discussion

Intra-ventricular cerebrospinal fluid, shunt valve opening pressure, and intra-abdominal
pressure are, through common use in neurosurgery and convention, called ICP, valve
pressure and abdominal pressure, respectively. If we also consider the tube connecting the
head to the abdominal, a difference of water pressure is present, conventionally referred to
as hydrostatic pressure. If we assume (ICP + hydrostatic pressure) - (valve pressure +
abdominal pressure) = 0, then this simplifies to ICP = (valve pressure + abdominal pressure)
- hydrostatic pressure.

The difference in pressure causes fluid flow, however, other parameters to consider include
the coefficient of viscosity caused by protein in the CSF, resistance between inner wall shunt
tube and CSF flow (tube diameter), the positioning of the shunt valve (forehead or back of
the head) and the intra-abdominal tube length and so on. All these parameters contribute to
complicated flow dynamics, but a simpler approach is to only use pressures to help us
describe fluid flow in a shunt system. In our in vitro experiment, we kept all other
parameters the same and only changed pressure via valve settings and in the tandem shunt
valve system, an additional shunt valve. This tandem system allowed us to precisely control
the pressure and flow rate. Until now, CSF flow rate was always the result of the shunt’s
valve pressure but there has been no study to control the CSF flow rate and ICP
individually. Our in vitro experiment showed that the tandem system was able to control
CSF flow rate and ICP independently of each other.

Intracranial pressure automatically changes when the position of the head and abdominal
changes (e.g. compare heights of standing versus sleeping person); these changes cause a
siphon effect, which makes it extremely difficult to control ICP with only a single shunt
system. 19-21

Even with an anti-siphon system in place, controlling CSF flow is still difficult. However,
with the tandem shunt valve system in place we were able to create a low CSF flow rate
environment without increasing the intracranial pressure. In a single valve shunt system it
was impossible to create such an environment while maintaining a constant ICP even with
an anti-siphon system installed, because, as shown in our experiments, CSF flow is always
directly related to the pressure setting at the valve. However, in the tandem valve shunt
system, the most significant finding was that the final pressure was equal to the highest
valve pressure of the two valves (Fig. 6). This means that in practice, this system has the
possibility to control the intracranial pressure without increasing the pressure that is
required by the patient.

Figure 6 demonstrates the mechanism behind the tandem shunt valves. It is used to show
that the final pressure is equal to the highest valve pressure of the two tandem valves. M, V1
and V2 represent ICP in the human body, and the pressure settings at the shunt valve
respectively. In M1 and M2 we add two walls V1 and V2 as shown in figure 6. It shows that
regardless of where the highest wall is placed, the final water level at the highest wall will
always be the same as the water level in column M. This demonstrates that the final
pressure always equals the final pressures setting of either V1 or V2 (Fig 6a, b).

In terms of pressure management in the brain, when there are two valves present in a
tandem shunt valve system, ICP pressure is controlled at the highest valve setting at the
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a)

b)

Top (6a): Liquid filled column system with two walls V1 and V2. Water level at M equals water level of
V2 demonstrating that final pressure equals the pressure setting at the shunt, or in this case, height of
the wall. M gauges pressure in this system, and represents ICP in the body.

Bottom (6b): Liquid filled column system with two walls V1 and V2 heights reversed. Water height at
the highest wall is the same as the water height at M. Regardless of the ordering of V1 or V2, the final
pressure will always equal to the highest pressure setting of either V1 and or V2. In real life ICP is
controlled by the height of the highest setting of the two shunts.

Fig. 6. Controlling ICP - a special mechanism of tandem shunt valves
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shunt, while CSF flow rate is controlled by adjusting the valve settings. Until now, shunted
patients in a single valve system have always been treated with respect to pressure. That is,
we do not attempt to control the flow rate but attempt to control the pressure setting at the
valve and flow rate is just a consequence of the pressure setting at the valve; that is higher
pressure, lower CSF flow and vice versa. We have shown here that we can control CSF rate
and ICP independently in the tandem shunt valve system.

Assume a performance level of 3.0 was required of a patient in a single shunt valve system
using the STRATA valve. We could only do this by using 2 STRATA valves; the first (V1)
connected to another STRATA (V2) shunt valve with the following V1 + V2 patterns
available: (2.5 + 0.5, 2.0 + 1.0, 1.5 + 1.5). Each of these patterns result in 1) achieve the
performance level of 3.0 and 2) set up the final ICP so that it would be controlled at 2.5, 2.0,
and 1.5 (the highest valve pressure of the two valves). With only a single valve, the
performance level of 3.0 would not be possible because the maximum performance level is
2.5. Furthermore, we were able to control the pressure while changing the flow rate with the
tandem shunt valve system using the STRATA valves.

While the STRATA valve has only 5 settings, the CHPV has settings from 30 to 200 at
increments of 10. If we try to create a 250 environment with the CHPV, as required by the
patient, it would be impossible to do so with only one valve. In a tandem system there are
eight patterns available: (200 +50, 190 +60, 180 +70, 170 +80, 160 +90, 150+100, 140 +110, and
130 +120) with the CHPV shunt valve connected to another CHPV directly; creating a
tandem shunt valve system. Each pattern could set up the final ICP controlled at 200, 190,
180, 170, 160, 150, 140, and 130, respectively. These results would be the same condition as
the STRATA example, that is, flow rate would be adjustable while keeping ICP controlled to
the highest pressure setting of either V1 or V2. Because of the different combinations
available we could select the best shunt valve pressure pair depending on the condition of
the patient.

With the above mechanism, the tandem shunt valve systems (performance level (2.5+1.0))
prevent intracranial pressure to increase thereby decreasing cerebrospinal fluid flow as
opposed to the single valve system performance level (2.5); which is extremely significant
for treating slit-like ventricle. We can prevent an increasing ICP and limit flow rate at the
same time, which is especially substantial for treating cases of over drainage. Our case
studies have demonstrated that this control is only possible with a tandem shunt valve
system in place and not a single valve system.

Given the associated problems that come with the usage of a single shunt, there will be a
firm requirement for a shunt with tandem shunt valve properties in the future. Our mission
is to assist development in this area is through the establishment of a new tandem shunt
valve which contains two programmable valves in one device/chassis allowing for the best
CSF flow and final ICP combination condition (Figure 7) in hydrocephalus patients. Since
there have already been two successful clinical cases further studies to investigate clinical
performance will only benefit hydrocephalus cases. The new tandem shunt valve system
described here will provide future opportunities to achieve ICP pressure and CSF flow
control in hydrocephalus and other related conditions requiring the prevention of pressure
fall and fluid flow management at the same time.
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The best combination of the CSF flow and the final ICP condition is through a tandem shunt valve
containing two programmable valves. This tandem shunt valve is compact and about the same size as
today’s single shunt valve.

Fig. 7. The new tandem shunt valve idea model
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1. Introduction

Hydrocephalus arising from intraventricular septations is known as complex or loculated
hydrocephalus. Many synonyms for complex hydrocephalus have been used in the
literature such as compartmentalized or loculated hydrocephalus. Complex hydrocephalus
remains a challenging neurosurgical problem. Definitive treatment is surgical, yet the
approach remains controversial. Traditional treatment consisted of shunting, often requiring
the placement of multiple shunt systems and multiple revisions (Ross et al., 1994; Schultz &
Leeds 1973).

Some neurosurgeons advocated stereotactic aspiration of the cysts and communication of
the compartments (Mathiesen et al, 1993; Ross et al., 1994), others recommended
microsurgery with lysis of intraventricular cysts. Good results are reported after using the
transcortical approach (Sandberg et al., 2005) or the transcallosal approach (Nida & Haines,
1973). Early experience with neuroendoscopic management is promising. Endoscopy offers
a simple means of communicating isolated cerebrospinal fluid spaces and ventricles by
membrane fenestration. This can be done through the same burr hole as that for the
placement of a ventricular catheter. In some cases, neuroendoscopy has led to eliminating or
avoiding the need for shunting (EL-Ghandour, 2006, 2008).

2. Historical perspectives

Before the advancement of neuroendoscopy, microsurgery was the primary method for
fenestration of intraventricular cysts. In 1972, Rhoton and Gomez reported a case of
multiloculated hydrocephalus which was operated by microsurgical fenestration (Rhoton &
Gomez, 1972). In their case, multiloculated hydrocephalus was converted to a univentricular
system via a small corticectomy using the microsurgical technique. The hydrocephalus was
then managed by a single shunt with good short term results.

In 1982, Kleinhaus et al reported the first successful endoscopic fenestration procedure in a
child who had a ventricular cyst. In their case, the bronchoscope has been used as the
neuroendoscope (Kleinhaus et al., 1982). In 1986, Powers performed endoscopic fenestration
of ventricular cyst using a flexible steerable endoscope and argon laser (Powers, 1986). In
1992, Powers used the same technique and performed successful fenestration in five out of
seven patients (Powers, 1992).
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Saline torch was used for ventricular cyst fenestration by Heilman and Cohen in 1991
(Heilman & Cohen, 1991) and by Manwaring in 1992 (Manwaring 1992). In 1993, Nida and
Haines reported their experience in treating 6 patients with multiloculated hydrocephalus
by transcallosal fenestration of intraventricular septations with significant decrease in
postoperative shunt revision rate (Nida & Haines, 1993). Lewis et al in 1995 published the
first report including a group of patients with loculated hydrocephalus (21 uniloculated and
13 multiloculated) operated by endoscopy (Lewis et al., 1995).

In 2008, EL-Ghandour reported the largest group of patients with multiloculated hydrocephalus
(24 pediatric patients) operated by endoscopic cyst fenestration resulting in avoiding,
eliminating or simplifying the use of shunts, with significant decrease in postoperative shunt
revision rate. The results reported in this study is comparable to or even much better than those
obtained previously by using the microsurgical technique. However, the endoscopic procedure
has the advantage of being minimally invasive (EL-Ghandour 2008).

3. Classification

Complex hydrocephalus is classified as either uniloculated or multiloculated. Uniloculated
hydrocephalus means the presence of a single cyst inside the ventricular system, whether
supratentorial (isolated lateral ventricle) or infratentorial (isolated fourth ventricle).
Multiloculated hydrocephalus means the presence of multiple cysts or locules isolated by
multiple intraventricular septations. Uniloculated hydrocephalus is generally congenital
with unaffected cerebrospinal fluid pathways, whereas multiloculated hydrocephalus is
generally postinfectious or postinflammatory with obliterated subarachnoid spaces.

The distinction between both types is important because their pathogenesis, success of
treatment and prognosis markedly differ. Consequently, it has been concluded that the 2
divergent types of complicated hydrocephalus should not be included in a single study (EI-
Ghandour, 2006, 2008).

4. Etiological factors
4.1 Uniloculated hydrocephalus

Many designations for uniloculated hydrocephalus have been used such as unilateral
hydrocephalus or isolated lateral ventricle. Many types of cysts can exist within the
ventricular system. Uniloculated hydrocephalus occurs if the lateral ventricle becomes
trapped due to obstruction of foramina of Monro by noncolloid neuroepithelial cysts such as
ependymal, choroid plexus or arachnoid cysts (Abtin & Walker, 1998). Arachnoid cysts
although typically extradural, can present within the ventricles, as well as choroid plexus
cysts, neoplastic cysts, and parasitic cysts (hydatid and cysticercotic cysts).

It has also been described in shunted myelodysplastic children who were treated by low
pressure shunt inserted in the contralateral ventricle. The ipsilateral ventricle continues to
overdrain through the low pressure shunt, whereas the contralateral or the remainder of the
ventricular system becomes dilated. Most of these patients remain asymptomatic and
require no treatment. However, if the patient shows progressive enlargement of the lateral
ventricle contralateral to the shunt and symptoms occur, further treatment is necessary.
Upgrading the shunt valve pressure or simply adding shunt to the contralateral side, has
been recommended (Berger et al., 1990).
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The most common presentation of uniloculated hydrocephalus is found in the shunted
patients. Inflammatory and reactive changes related to shunt catheters, bleeding, infection
and scar tissue formation can lead to obstruction or occlusion at the foramen of Monro, thus
providing an isolated ventricle. Congenital anatomical causes may be present as well. (Abtin
& Walker 1998).

The fourth ventricle can also become isolated due to obstruction of cerebrospinal fluid at the
level of the aqueduct of Sylvius and the fourth ventricle outlets, in patients in whom a shunt
has already been placed for postmeningitic or posthemorrhagic hydrocephalus. The
cerebrospinal fluid produced from the choroid plexus gradually accumulates, resulting in
progressive dilatation of the fourth ventricle followed by compression of the brain stem and
cerebellar parenchyma. A well functioning lateral ventricular shunt not only decreases the
supratentorial pressure, but also reduces the pressure needed inorder to keep the aqueduct
open, which occasionally leads to aqueductal collapse. Consequently, the lateral and third
ventricles become decompressed, thus leaving the fourth ventricle dilated.

Conventionally, isolated fourth ventricles have been managed by insertion of a
ventriculoperitoneal shunt into the fourth ventricle or by craniotomy and microsurgical
aqueductal canalization or microsurgical fenestration of the outlets of the fourth ventricle.
With the advent of endoscopy in neurosurgery, isolated fourth ventricle is more often
treated by endoscopic procedures such as endoscopic third ventriculostomy and aqueductal
reconstruction by aqueductoplasty with or without aqueductal stenting (Mohanty, 2005).

4.2 Multiloculated hydrocephalus

Multiloculated hydrocephalus has many synonyms such as multilocular hydrocephalus,
polycystic hydrocephalus, polycystic brain disease or intraventricular septations. The
ventricular system may become trabeculated or encysted following bacterial meningitis or
germinal matrix hemorrhage (Eller & Pasternak 1985; Schultz & Leeds 1973). Predisposing
factors include a low birth weight, premature birth, perinatal complications and congenital
central nervous system malformations (Albanese et al., 1981). In a study including 24
pediatric patients with multiloculated hydrocephalis operated by endoscopic cyst
fenestration, neonatal meningitis was the most common cause (9 cases), followed by
intraventricular hemorrhage (6 cases), postoperative gliosis due to previous shunt infection
(6 cases) and multiple neuroepithelial cysts (3 cases) (EL-Ghandour, 2008).

In another study including 34 cases of complex hydrocephalus operated by endoscopy,
among 21 cases of uniloculated hydrocephalus, 15 cases (71%) were caused by noncolloid
neuroepithelial cysts, 3 cases (14%) by choroid plexus cysts, 2 cases (10%) by postoperative
gliosis, and 1 case (5%) by meningitis. Among the 13 cases of multiloculated hydrocephalus
included in the same study, 4 cases (31%) were caused by intraventricular hemorrhage, 4
cases (31%) by multiple neuroepithelial cysts, 3 cases (23%) by meningitis and 2 cases (15%)
by postoperative gliosis (Lewis et al., 1995).

5. Incidence

Complex hydrocephalus is mainly detected in children especially neonates, without any
significant variable incidence between boys and girls. The incidence of neonatal meningitis
ranges from 0.13% to 0.37% in full-term infants, and from 1.36% to 2.24% in preterm infants.
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Hydrocephalus as a sequela of neonatal meningitis is well described, with an incidence of
up to 31% (Albanese et al., 1981; Kalsbeck et al., 1980).

Only few reports exist on the rarer subgroup that develop multiloculated hydrocephalus.
Many patients with bacterial meningitis also develop ventriculitis, reported as many as 92%
of cases on autopsy and 100% of cases seen clinically (Albanese et al., 1981). Postmeningitic
hydrocephalus is often believed to be communicating in nature due to an insult at the
arachnoid granulations. Based on the pathological findings, however, components of both
communicating as well as obstructive hydrocephalus may be present.

6. Pathophysiology

The pathogenesis is still unclear, but believed to be secondary to inflammatory changes and
gliosis after ventriculitis, especially commom when caused by Gram-negative organisms
(Kalsbeck et al., 1980). It seems that the common link between neonatal meningitis, shunt
infection and intraventricular hemorrhage is the resultant ventriculitis. It is believed that the
septations giving rise to multiple loculations probably represent the organization of
intraventricular exudates and debris produced by ventriculitis, regardless of whether it is
chemical or infectious in origin. An inflammatory response at the ependymal surface could
encourage proliferation of subependymal glial tissue, upon which exudates and debris
organize and serve as a nidus for the formation of septations that span the ventricles.

The septations not only alter the ventricular anatomy, but also disrupt the normal flow of
cerebrospinal fluid leading to its accumulation within a loculated cavity with progressive
dilatation and mass effect (Nida & Haines, 1993). Grossly, the usual findings are ventricular
dilatation, and compartmentalization by membranes. The membranes appear translucent
and vary in thickness. Microscopically the septations are composed of fibroglial elements
with round and polymorphonuclear cells. The characteristic findings of chronic ventriculitis
are frequently present, such as subependymal gliosis, small areas of denuded ependyma,
and glial tufts extending through the denuded ependyma into the ventricular lumen
(Schultz & Leeds, 1973).

7. Clinical features

Presenting symptoms are mainly those related to increased intracranial pressure leading to
macrocephaly in infants and headache in older children. Other symptoms include seizures,
gait ataxia, and hemiparesis. Developmental delay is reported to be more common in
multiloculated than uniloculated cases. It has been mentioned that neurological status in
this patient population is extremely poor.

Patients with multiloculated hydrocephalus are notoriously difficult to treat, and are often
compromised intellectually. In a study including 33 pediatric patients who underwent
craniotomies for fenestration of progressive multiloculated hydrocephalus, 29 patients
(87.9%) were severely delayed or vegetative. Many patients were nonverbal or minimally
verbal, nonambulatory, had significant motor deficits, had significant spasticity and
experienced seizure disorders (Sandberg et al., 2005).

In a study including 10 pediatric patients with multiloculated hydrocephalus caused by
neonatal meningitis, ventriculitis or intraventricular hemorrhage, who were treated
surgically (6 patients underwent craniotomy and trancallosal fenestration and 4 patients
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were treated by shunting), most of the patients were found to be seriously affected. The
children reported in this study had detectable cognitive deficits, ranging from profound
psychomotor retardation to mild learning disability (Nida & Haines, 1993).

In a study including 34 patients with complex hydrocephalus operated by endoscopy (21
uniloculated and 13 multiloculated), the presenting symptoms were headache in 14 cases
(41.2%), developmental delay in 11 cases (32.4%), macrocephaly in 6 cases (17.6%), seizures
in 5 cases (14.7%), gait ataxia in 2 cases (5.9%), and progressive hemiparesis in 2 cases (5.9%)
(Lewis et al., 1995).

In another study including 24 pediatreic patients with multiloculated hydrocephalus (21
cases were infants younger than 2 years of age), operated by endoscopic cyst fenestration, all
patients (100%) presented with head enlargement, 18 patients (75%) presented with
developmental delay, 4 patients (16.7%) with epilepsy, and 2 patients (8.3%) with
hemiparesis (El-Ghandour, 2008).

8. Diagnostic studies
8.1 Ultrasound

The use of ultrasound is a well established diagnostic method for neonates and patients
with open fontanel (Machado et al.,, 1991). It is useful in the evaluation of patients with
complex hydrocephalus, often demonstrating the cyst walls and revealing any
compartmentalization that has occurred. Its advantages include that it is nonradiating,
noninvasive, gives a multiplanar view and patients don’t require sedation. Nevertheless, it
is operator-dependant and it couldn’t be considered a definitive preoperative diagnostic
modality.

8.2 Computed tomography scan

Plain CT scan shows disproportionate hydrocephalus, and can be used for screening of
patients. However, the cysts usually have a density similar to that of cerebrospinal fluid,
and the walls are usually transparent making it usually difficult to visualize the cyst walls
accurately. Often CT scan shows transversely oriented septations of varying thickness and
nonuniform distribution, changing the ventricular system into one of irregular contour.

Although the septations may not be visible in the early disease process, retrospective
temporal review often delineates pattern of progressive compartmentalization and
asymmetrical hydrocephalus. The initially documented ventricular pattern gradually
becomes unrecognizable, so that ultimately the cerebral mantle encloses a large single
multiloculated cavity. In advanced stages, it may be difficult to recognize the ventricles and
other anatomical structures of the brain (Nida & Haines, 1993). However, CT scan is unable
to identify communication or noncommunication between cavities.

8.3 Magnetic resonance imaging

Magnetic Resonance Imaging with gadolinium is considered to be the diagnostic method of
choice for patients with complex hydrocephalus. Its advantages over the CT scan include
the multiplanar view providing a detailed picture in three different planes (axial, coronal,
sagittal), and it is more sensitive in revealing septations. The difference in protein content of
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these cysts may delineate them from the cerebrospinal fluid containing ventricular system. It
can also occasionally show the etiological factor as well, such as a neuroepithelial cyst.
However, MR imaging fails to provide accurate information on communication or
noncommunication of the compartments in multiloculated hydrocephalus.

8.4 Contrast CT ventriculography

Contrast material injected into the ventricular system or the cyst verifies noncommunication
of the cyst with the ventricular system and defines the margins of the compartments. It can
be done by injecting 1-2 ml of metrizamide directly into the proximal catheter of a pre-
existing shunt system, by cannulating the cyst with a 22-gauge spinal needle, or by placing
an external ventricular drain. The patient’s head is then rotated back and forth inorder to
allow the contrast matrial to spread inside the -cavity, thereby showing any
comartmentalization. A second CT scan is usually done 30-60 minutes after the contrast
injection.

Contrast CT ventriculography, provides absolute confirmation of noncommunicating
loculations, and allows direct visualization of sequestrated ventricular compartments.
However, in multiloculated hydrocephalus, it requires multiple punctures for different
compartments inorder to delineate the presence or absence of communication among them.
Simultaneous sampling of cerebrospinal fluid for analysis of protein content may also
indirectly support the presence of noncommunicating cysts (Nida & Haiens, 1993).

9. Surgical management

The definitive treatment of complex hydrocephalus is surgical. However, a high proportion
of patients have a history of prematurity and/or central nervous system infection, and
require medical treatment not only for intraventricular hemorrhage but also for any
associated co-morbidities. The goals of surgery are to control hydrocephalus, simplify
complex shunts (that is, replacing multiple shunts with a single shunt comprising only 1
intraventricular catheter, 1 reservoir, and 1 peritoneal catheter), reducing shunt revision
rate, avoiding implanting shunts if possible, and decreasing operative morbidity.

9.1 Ventricular shunting

The basic underlying pathophysiological problem is that ventricular compartmentalization
interferes with the proper drainage of the dilated ventricular system, making therapeutic
shunting difficult. Consequently, placement of multiple shunt systems should be done inorder
to drain loculated ventricular compartments that do not communicate with each other (Kaiser,
1986). The disadvantage of additional proximal shunt catheters is that multiple
noncommunicating ventricular compartments are often present, and a second or even a third
ventricular catheter may not adequately drain cerebrospinal fluid from all the compartments.

The greater the number of operative procedures and hardware placed, the greater will be
the risk of infection. Moreover, when a shunt malfunction or infection is suspected in a
patient with complex shunt systems, both diagnosis and surgical treatment can become
quite complicated. Consequently, such procedure is usually followed by multiple shunt
revisions and is associated with high morbidity and mortality rates. In one series a 54%
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mortality rate was reported with the remaining patients severely impaired (Kalsbeck et al.,
1980). For these reasons it is better to avoid multiple shunt systems if possible (Sandberg et
al., 2005). Insertion of multiperforated ventricular catheter together with puncture of the
membranes has also been suggested for control of compartmentalization (Kalsbeck et al.,
1980), however, this has not proven to be a reliable method.

9.2 Stereotactic procedure

Many reports stress the operative simplicity and low complication rate of the stereotactic
procedure in the treatment of intraventricular cysts. However, the initial enthusiasm for
stereotactic aspiration has been tempered by its lack of success in treating some patients. In
some patients, a mobile cyst with tough outer capsule may be pushed away by the needle
and become resistant to stereotactic puncture (Ross et al., 1994).

Moreover, stereotactic aspiration is considered to be a blind technique (i.e. there is lack of
intraoperative visual control) (Hellwig et al., 2008). Most importantly, simple aspiration may
lead to high recurrence rate (up to 80%), because the stereotactic procedure fails to
devascularize the cyst or to create a large window (>1 cm) in the cyst wall (Mathiesen et al.,
1993).

9.3 Microsurgical treatment

Reports of complex hydrocephalus treated by craniotomy and lysis of ventricular cysts have
been infrequent and include small groups of patients. Good results were reported in a series
of 6 patients operated by transcallosal approach (Nida & Haines, 1993), and in a series of 31
patients operated by transcortical approach (Sandberg et al., 2005). Advocates for using the
microsurgical procedure say that adequate hemostasis can be confidently achieved because
the intraventricular septations are dissected under direct visualization. Bleeding can be
more easily controlled during microsurgery, which permits the bimanual use of the
standard instrumentation, such as bipolar cautery, regulated suction, with the ability to
apply topical hemostatic agents (Levy et al., 2003).

They also claim that the creation of multiple wide fenestrations can be easily performed
during the microsurgical procedure because the surgical microscope provides better
visualization of the various compartments and membranes under higher magnification
(Sandberg et al., 2005). The stereoscopic view provided by the surgical microscope, gives the
surgeon a superior depth perception, particularly during deep dissection. The familiarity of
traditional microsurgical techniques makes open procedures more accessible to most
neurosurgeons, avoiding the potentially hazardous learning curve needed for endoscopy
(Levy et al., 2003).

Nevertheless, there are many drawbacks for this procedure. First, the transcallosal surgery is
technically demanding and carries the risks of sagittal sinus thrombosis, venous infarction
from division of bridging veins, inadvertant damage to the pericallosal arteries, and injury
to the fornix with cognitive sequelae (Jeeves et al., 1979). Second, the transcortical approach
is sometimes associated with seizures and may lead to subdural collection postoperatively,
because the cortical mantle is often thinned out from hydrocephalus (Kalsbeck et al., 1980).
Third, the loss of cerebrospinal fluid during cyst decompression leads to collapse of the
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ventricular walls (Powers, 1992). Finally, a second craniotomy may be required to reach
additional cysts within the fourth ventricle, or to place a shunt.

9.4 Endoscopic treatment

The significant potential morbidity of microsurgical technique and the high failure rate of
ventriculoperitoneal shunting, prompted neurosurgeons to search for an alternative
procedure. The ability of the endoscope to bring into communication isolated loculated
compartments within the ventricular system with minimal cortical disruption has been
recently advocated as an alternative to the use of complex shunt systems or microsurgery.
The endoscope is an ideal instrument for exploration of fluid-filled cavities, and the
intraventricular location of these cysts makes them accessible for the endoscopic procedure.
Endoscopy is a safe and effective treatment option for complex hydrocephalus, it is less
invasive and offers greater operative simplicity than microsurgery. Patients recover on the
ward after endoscopic fenestration of ventricular cysts and can be discharged the following
day if there are no associated medical problems; in comparison, patients spend at least 1 day
in the intensive care unit after the microsurgical procedure (Lewis et al., 1990).

Endoscopic fenestration combines both advantages, the minimal invasiveness of stereotactic
fenestration, and the effectiveness of microsurgery. A single burr hole provides rapid access
to the entire ventricular system and avoids the pitfalls of transcallosal approach. In cases of
uniloculated hydrocephalus, ventriculocystostomy offers the best chance for treating these
patients. Septum pellucidotomy or septostomy can be also performed endoscopically to
treat isolated lateral ventricles. Fenestration of the septum pellucidum to connect the two
lateral ventricles in patients with isolated lateral ventricle will preclude the need for two
shunts in the majority of patients. Isolated fourth ventricle can be also treated
endoscopically by aqueductoplasty and/or aqueductal stenting (Cinalli et al., 2006). In cases
of multiloculated hydrocephalus, endoscopic cyst fenestration provides wide
communication between the ventricular compartments and offers the greatest possibility of
avoiding the need for additional shunt catheters (El-Ghandour, 2008).

9.4.1 Endoscpic tools

Flexible endoscopes have been preferred by some neurosurgeons (Lewis et al., 1995), due to its
flexibility and steerability which provides increased maneuverability. However, it requires a
significant amount of expertise and its main role in multiloculated hydrocephalus in the
author’s view is navigating the ventricular system and performing aqueductoplasty in cases
with isolated fourth ventricle. The author prefers rigid endoscopes because they have greater
light intensity and superior optics which allow better visualization. The limited
maneuverability of the rigid endoscopes is usually offset by careful selection of the burr hole
placement site and by widening the outer edge of the burr hole which provides greater freedom
in maneuvering the endoscope and selecting different trajectories (El-Ghandour, 2008).

9.4.2 Endoscopic trajectory

The approach is individually designated in each case depending on location of the cysts,
entry site of the pre-existing ventricular catheter, and the need for the placement of a new
shunt. Cysts located anteriorly are approached through a standard midpupillary coronal
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burr hole, whereas an occipital or posterior parietal route is used for posterior or temporal
loculations. The burr holes are bevelled laterally to allow the endoscope to reach the
contralateral ventricle, and the trajectory is planned to fenestrate the maximum number of
cysts, this can be achieved by projecting the best angle with the aid of preoperative coronal
and sagittal MR imaging. Sometimes it is not possible to fenestrate all intraventricular cysts
because of the high risk of damaging important neural structures during septostomies. The
ventricular system or the cyst is cannulated with a 14-F peel-away sheath and stylet. Care is
taken to prevent the release of cerebrospinal fluid before the endoscope is introduced. After
withdrawal of the stylet, a 2 mm-diameter rigid lens (wide-angle, straight-forward, 0
degree) with angled eye piece and working channel diameter of 3 mm is inserted. In severe
cases with more areas of hydrocephalus, working through multiple burr holes (multiportal)
ensures more successful localization (El-Ghandour, 2008).

9.4.3 Cyst localization

Intraoperative ultrasonography has proven to be extremely useful both in localization, and
assisting in directing the endoscope to the desired location providing an ongoing
intraoperative orientation. It gives live feedback of the surgical progress. It is also useful in
determining depth of the cysts and presence of any solid structures beyond the cyst walls, as
well as any shift of internal contents during or after the fenestration. One can make
evaluation concerning successful fenestration and communication between various
compartments by viewing saline jet bubbles flowing from one cyst to another as seen on
ultrasound. However, its disadvantages include its operative dependability, requirement of
a window in the cranial vault, and potential crowding of the operating suite (Abtin &
Walker, 1998).

Frameless stereotaxy or neuronavigation has increased the accuracy and safety of
endoscopy, and it can be used in conjunction with endoscopy inorder to overcome the
problem of distorted anatomy. However, the disadvantage of frameless technology is that
the patient is often a young child and the head cannot be secured to the operating table by a
3-pin holder. Without rigid fixation, the head cannot remain in a constant position with
respect to the stereotactic arc after markers are registered; consequently a high percentage of
errors may occur and the patient may need to undergo re-registering. Recently,
simultaneous image-guided MR imaging and endoscopic navigation without rigid cranial
fixation (pinless frameless stereotactic assembly) has been used in infants. However, errors
may still occur as a result of shifting of intracranial structures after ventricular or cystic
access. The frameless system, as opposed to intraoperative ultrasound, is not real time.
Consequently, both systems can be used during the same procedure inorder to take
advantage of the strengths of both (Abtin & Walker, 1998).

There are not many data on the role of neuronavigation in conjunction to neuroendoscopy
in the treatment of multiloculated hydrocephalus in the published literature. In a recently
published study, 16 children with multiloculated hydrocephalus were operated by
endoscopically navigated procedure. In all children, sufficient drainage of the
multiloculated ventricular system was reported. In this series, the authors mentioned that
they didn’t encounter significant problems with the occurrence of intraoperative brain shift.
They attributed this observation to 2 reasons: 1) The majority of opened compartments were
small, and each by itself constituted only a small portion of the whole compartmented
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ventricular system. 2) Continuous irrigation has been used throughout the procedure,
thereby maintaining the existing anatomy and dimensions of the penetrated cysts and parts
of the ventricular system as much as possible (Schulz et al., 2010)

9.4.4 Operative findings

In most cases, it is difficult to recognize the ventricle and other anatomical structures of the
brain due to severe anatomical distorsion. Differentiation between the ependyma and cyst
wall is crucial, the latter is usually light blue in color, variable in thickness (translucent in
early cases), and usually mobile with cerebrospinal fluid pulsations. A yellow
discolouration of the ependyma due to previous intraventricular hemorrhage is
sometimes noticed, and glial tufts extending into the ventricular lumen are frequently
present. All patients with complex hydrocephalus who presented in an advanced stage, had
more ventricular distortion and thicker membranes. Consequently long delays before
fenestration is usually accompanied by progressive loculation and worse prognosis (EI-
Ghandour, 2008).

9.4.5 Endoscopic cyst fenestration

Different methods of fenestrating intraventricular cysts have been reported such as steerable
fiberscope, argon laser, Nd:YAG (neodymium:yttrium-aluminum-garnet) laser, saline torch,
and bipolar cautery. Cyst fenestration is performed in a relatively avascular segment of the
cyst wall. The fenestration is widened to more than 1 cm in diameter to prevent early
reclosure. This is achieved sharply by widening the initial hole or connecting multiple holes
by using the bipolar electrode. A very wide fenestration has been advocated by some
authors (EL-Ghandour, 2008), because of the high incidence of reclosure of small openings
due to the low pressure differential across cyst walls as well as the inflammatory origin of
the disease (Figs. 1A & B). Devascularization of the cyst wall is done by coagulating its
vascular supply to prevent or slow its regrowth. Pulsed irrigation with lactated Ringer
solution is used to prevent thermal injury and collapse of the ventricles. Any bleeding from
the cyst wall usually stops with irrigation or coagulation. After completion of cyst
fenestration, real-time ultrasound can be used while injecting saline into the cyst to confirm
successful communication with the ventricular system (Lewis et al., 1995).

9.4.6 Septum pellucidotomy

It is a well recognized, minimally invasive technique that is used in the treatment of isolated
lateral ventricle, obviating the need for two shunts, and in some cases, the need for any
shunting. Finding and fenestrating the septum in a patient with both lateral ventricles
dilated is a simple task, but unfortunately, most patients requiring this procedure have one
collapsed ventricle and one grossly dilated ventricle. It is extremely difficult to identify the
septum pellucidum in these patients, that frameless stereotaxy or neuronavigation is
recommended.

The burr hole is placed more lateral to the standard position, approximately 5-6 cm lateral
from the midline. A rigid endoscope is then passed into the nondilated lateral ventricle and
through the septum pellucidum under direct vision. Reaching the septum by introducing
the endoscope through the dilated ventricle is risky, because the opposite ventricle is often
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Fig. 1. A, intraoperative photograph showing bipolar electrode coagulating the cyst wall
and making initial perforation. B, very wide fenestration is done in order to avoid reclosure.
Note yellow discolouration due to previous intraventricular hemorrhage. C, preexisting
ventricular catheter is seen obstructed by adherent membranes. D, tip of the catheter after
being dissected so that it can be withdrawn safely without risking intraventricular
hemorrhage. [Reprinted with permission from El-Ghandour NM (2008). Endoscopic cyst
fenestration in the treatment of multiloculated hydrocephalus in children. | Neurosurg
Pediatr, Vol 1, No. 3, (March 2008), pp:217-222, ISSN 1933-0707].

small and penetrating into the opposite ventricular wall is a potential complication.
Significant delay between entering the lateral ventricle and piercing the septum may cause
excessive cerebrospinal fluid to escape and this can result in an error due to the theoretical
risk of brain shift.
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The septum contains relatively avascular tissue, and generous septostomy can be performed
safely, taking care to avoid injuring the fornices or corpus callosum. The precise anatomical
position of the thinnest part of septum pellucidum is above and infront of the foramen of
Monro. The use of lasers or cautery is extremely valuable in performing the septum
fenestration, because it allows the surgeon an opportunity to make a larger opening. Large
vessels should not be encountered during the procedure. If vessels are seen through the
endoscope or if there is significant hemorrhage, this means that the endoscope is passing
through or above the corpus callosum (Teo, 1998).

9.4.7 Endoscopic third ventriculostomy

It is a challenge to do endoscopic third ventriculostomy in cases of complex hydrocephalus
especially in multiloculated cases, due to the changes in the ventricular architecture to the
extent that the third ventricle could not be identified in most of the cases. It has been
reported that the role of endoscopy is limited to fenestration, and patients (especially
infants) will still need shunts to treat hydrocephalus because of immaturity of the
subarachnoid cerebrospional fluid dynamics. Moreover, the pathophysiological mechanism
that initially caused the septations are likely responsible for the deficiency of the absorptive
capacity of the subarachnoid space due to scarring of arachnoid granulations (Teo, 1998).
Nevertheless, performing endoscopic third ventriculostomy and eliminating the need for
placing shunts in patients with multiloculated hydrocephalus has been reported recently by
some authors (El-Ghandour, 2006, 2008).

9.4.8 Aqueductoplasty

The ideal candidate for this procedure is the premature neonate who has an isolated fourth
ventricle. When the fourth ventricle expands through the tentorial incisura, endoscopic
fenestration into the trigone or occipital horn of the lateral ventricle is possible. However,
when a symptomatic isolated fourth ventricle remains within the posterior fossa,
aqueductoplasty with or without a silastic stent becomes the procedure of choice.

The procedure is performed using the flexible endoscope which is introduced through a
standard midpupillary coronal burr hole into the lateral ventricle, and hence into the third
ventricle. Once the aqueduct is identified, the glial membrane, which invasively covers the
orifice, is punctured with a 5-F transluminal angioplasty balloon catheter and dilated to a
balloon inflation diameter of 3 mm. Cerebrospinal fluid should be observed flowing through
the dilated canal. A small length of silastic tubing may be left in the aqueduct to maintain
patency.

However, implanting stents carries the risk of stent dislodgement and migration (Mohanty,
2005). Manipulation of the aqueduct may also traumatize the tegmentum of the midbrain
ventrally and the tectal plate dorsally. The clinical manifestation of this traumatization is the
development of postoperative dysconjugate eye movements that usually resolve with time
(Teo, 1998).

9.4.9 Endoscopic shunt retrieval

Removal of old malfunctioning ventricular catheters under endoscopic guidance is
considered to be one of the most important roles of endoscopy in the treatment of complex



Complex Hydrocephalus 179

hydrocephalus. Ventricular catheters embedded in scar tissue or adherent to the choroid
plexus, which previously could not be withdrawn safely without risking intraventricular
hemorrhage, can now be removed under direct vision with endoscopic assistance. The YAG
laser can be used to coagulate the choroid plexus and to cut along the interface of the scar
and the silicone tubing in order to dislodge the catheter. Because pulsed irrigation causes
movement of the choroid plexus and cyst wall, irrigation is discontinued when firing the
laser. The laser is used in a fluid medium to avoid thermal injury to the surrounding
structures. When removing an embedded ventricular catheter that has been placed through
an occipital approach, a coronal or anterior frontal approach is preferred because the laser
can be used at a trajectory perpendicular to the catheter tubing (Lewis et al., 1995).

In another study including 6 patients with pre-existing malfunctioning shunts who had
previously undergone shunt drainage through occipital burr holes, another burr hole was
done 2-3 cm above the old one through which the endoscope was introduced parallel to the
ventricular catheter with slight inclination towards the area of scarred-in catheter tip. Four
out of these 6 patients (67%) had complex shunts and simplification was performed in 3 of
them (50%). The obstruction was proximal due to the presence of adherent membranes. The
author found it very difficult to retrieve a pre-existing ventricular catheter in 2 out of these
6 patients (33%) which necessitated the use of bipolar diathermy probe to dissect and
dislodge the tip of the catheter from adherent surrounding membranes (Figs.1C & D), so
that it can be withdrawn gently and safely without risking intraventricular hemorrhage. It
has been concluded that retained pre-existing malfunctioning ventricular catheters in
multiloculated hydrocephalus could not be withdrawn safely without endoscopic assistance
(El-Ghandour, 2008).

9.4.10 New shunt placement

Some neurosurgeons prefer placing an external ventricular drain routinely after endoscopic
cyst fenestration and postponing shunting procedure to a later date (Abtin & Walker, 1998).
The author doesn’t put an external drain routinely except if there is intraventricular
bleeding, and prefers to place a new shunt during the same session of endoscopic cyst
fenestration. It has been reported that external drainage might lead to cyst collapse and
initiate or accelerate early closure of the cyst fenestrations due to interference with the
already existing cerebrospinal fluid pressure gradients (EI-Ghandour 2008).

After removing the old catheter, the surgeon places a new catheter in the optimum position
under direct endoscopic visualization. Both shunt retrieval and placement of new shunt can
be performed during the same session of endoscopic cyst fenestration, provided there is no
intraventricular bleeding. However, if there is bleeding it is better to insert an external
ventricular drain and postpone the shunt procedure until a later date, to avoid its
malfunctioning by the bloody cerebrospinal fluid (El-Ghandour, 2008).

There are many techniques which can be used for endoscopic shunt placement. The
ventricular catheter may be loaded on an endoscope with the tip of the endoscope exposed
for visualization. The shunt may then be placed directly into a ventricle through the
appropriate trajectory, while looking through the shunt with the endoscope to confirm the
shunt catheter position. If the ventricular catheter tip is in an inappropriate position, the
shunt is withdrawn and modification of the trajectory may be made.
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Another technique, which applies to neurosurgeons using a rod lens endoscope system,
involves placing an appropriate-sized peel-away catheter into a ventricle, then placing the
endoscope through the peel-away catheter. In this way, the potential shunt position is
confirmed and length of the ventricular catheter can be estimated. Once the peel-away
catheter is in a satisfactory position, the endoscope is withdrawn and the ventricular
catheter is passed into the desired depth. The peel-away catheter is then removed while the
ventricular catheter is held gently with a smooth forceps, leaving the ventricular catheter in
the appropriate place (Brockmeyer, 1989).

9.4.11 Repeated endoscopic procedure

In a study including 24 pediatric patients with multiloculated hydrocephalus operated by
endoscopic cyst fenestration, a repeat endoscopic procedure was necessary in 8 out of 24
patients (33%), among the mean follow-up period (30 months). At the second procedure
persistent cysts unrecognized from the first operation were encountered in 5 patients (21%)
and reclosure was found in the remaining 3 patients (12.5%). It was also noticed that
patients in whom shunts were placed before endoscopic cyst fenestration had a 7.5 risk of
having a repeat endoscopic procedure more than patients in whom endoscopic cyst
fenestration preceded shunt placement (EI-Ghandour, 2008).

While another contributing factor may exist which is the increased severity of
multiloculated hydrocephalus in the former group of patients that might increase the
incidence of repeat procedure, the difference in incidence between both groups is still highly
significant. The incidence of 13% repeat rate detected in patients where endoscopic cyst
fenestration was performed prior to shunting is comparable to the 16% incidence reported
in a group treated by craniotomy (Nida & Haines, 1993).

The statistically significant difference between the increased incidence of a repeat
endoscopic procedure in patients who were shunted before endoscopic cyst fenestration as
compared to patients on whom endoscopic cyst fenestration preceded shunt placement
(p<0.001, highly significant), makes it clear that early diagnosis and fenestration is critical in
obtaining the best results in treating these patients. This better prognosis in the latter group
can be explained by the thinner ventricular septations with easier fenestration, less vascular
cyst wall and less likelihood for postoperative reclosure (El-Ghandour, 2008).

10. Complications

There is no much information about complications connected with the use of
neuroendoscopic procedures in the treatment of complex hydrocephalus in the published
clinical data. Major complications of cyst fenestration and septostomy include ventricular
hemorrhage, ventriculitis, injury to adjacent neural tissue, and cerebrospinal fluid leakage.
Hemorrhage and ventriculitis may lead to further loculations. The risk of injury to adjacent
neural tissue can be minimized by careful planning of the surgical approach and by having
a knowledge of the neural structures beyond the point of fenestration. Consequently,
orientation is critical and the intraoperative use of ultrasound and stereotaxis in conjunction
with endoscopy are so helpful (Abtin & Walker, 1998).

It has been mentioned that the surgeon’s ability to control unexpected hemorrhage during
endoscopic fenestration of ventricular cysts is suboptimal and could lead to catastrophic
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complications (Nida & Haines, 1993). However, recent studies didn’t report any significant
bleeding during endoscopic treatment of complex hydrocephalus. In a study including 24
pediatric patients with multiloculated hydrocephalus operated by endoscopic cyst
fenestration, minor intraoperative arterial bleeding was encountered in 2 patients (8%), but
terminating the procedure was not necessary, and the bleeding stopped within few minutes
with irrigation. None of the patients required craniotomy nor suffered a postoperative
neurological deficit or seizures. There was no deaths (0%) and morbidity was minimal. It
included cerebrospinal fluid leakage in 2 patients (8%) which stopped spontaneously within
3 days (El-Ghandour, 2008). Among 34 cases of complex hydrocephalus (21 uniloculated
and 13 multiloculated) operated by endoscopic procedure, cerebrospinal fluid leakage
occurred in 1 case (3%) and central nervous system infection occurred in 1 case (3%) (Lewis
etal., 1995).

11. Outcome and prognosis

The outcome depends on the surgical procedure adopted, as well as the type of complex
hydrocephalus. The outcome is evaluated by the incidence of improvement of
hydrocephalus in postoperative MR imaging, avoiding or eliminating the need for shunting,
simplifying complex shunt systems, and reducing shunt revision rate. Uniloculated
hydrocephalus is easier to treat endoscopically than multiloculated hydrocephalus and
consequently, it carries a better prognosis. It has been reported that 84% of patients
undergoing endoscopic cyst fenestration for unilateral hydrocephalus have either remained
shunt free or not required additional shunt placement (Abtin & Walker, 1998).

In a series of 6 patients with multiloculated hydrocephalus operated by transcallosal
fenestration of intraventricular septations, a significant decrease in the rate of shunt revision
per year was reported from a mean of 2.75 shunt revision per year (over an observation
period of 44.5 months) to 0.25 per year (over a median follow-up period of 27 months) (Nida
& Haines, 1993).

Successful communication between the isolated cavities can be confirmed postoperatively
by contrast-enhanced CT ventriculography (Fig. 2). In a series of 24 pediatric patients with
multiloculated hydrocephalus operated by endoscopic cyst fenestration, improvement of
hydrocephalus was detected in postoperative imaging in 18 patients (75%), where there was
an apparent decrease in the cyst size or ventricular size and restoration of normal
ventricular architecture (Figs. 3-5). The need for shunt was avoided in 3 patients (12.5%)
who were treated by endoscopic cyst fenestration and endoscopic third ventriculostomy (EI-
Ghandour, 2008).

In a group of 6 patients with malfunctioning pre-existing shunts included in the same study,
endoscopy reduced the shunt revision rate from 2.9 per year before fenestration (among a
mean observation period of 12.3 months) to 0.2 per year after fenestration (among a mean
follow-up period of 27.3 months) (P<0.01, highly significant) (Table 1). Four of these 6
patients had complex shunt systems, and simplification was performed in 3 of them (75%).

However, all the 6 patients required a single repeated endoscopic procedure, endoscopic
cyst fenestration was repeated in all of them (100%), and shunt revision was done in 3
patients (50%). Patients in whom shunts were placed before endoscopic cyst fenestration,
more frequently needed a repeat endoscopic cyst fenestration (6 out of 6) than patients in
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whom endoscopic cyst fenestration preceded shunt placement (2 out of 15) with a relative
risk ratio 7.5:1 ( p<0.001, highly significant). In these 2 patients, endoscopic cyst fenestration
was repeated without shunt revision. In other words, none of the 15 patients (mean age 9.1
months) in which endoscopic cyst fenestration preceded shunting, required shunt revision
among the mean follow-up period of 30.7 months.

Fig. 2. A, Preoperative CT scan axial view of a 5 months old male patient with
multiloculated hydrocephalus. B, postoperative CT ventriculography performed 1 week
after surgery showing the contrast material evenly filling the entire ventricular system
confirming communication among all cavities. The presence of air within the cyst is an
indication of successful fenestration [Reprinted with permission from El-Ghandour NM
(2008). Endoscopic cyst fenestration in the treatment of multiloculated hydrocephalus in
children. | Neurosurg Pediatr, Vol.1, No. 3, (March 2008), pp:217-222, ISSN 1933-0707].
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Fig. 3. A, preoperative CT scan of a 1 year old male patient with severe multiloculated
hydrocephalus due to gliosis secondary to shunt infection. Note complex malfunctioning
shunts. B, preoperative sagittal MR imaging of the same case. C, axial MR imaging
performed 3 months after surgery. D, axial MR imaging performed 1 year after surgery
showing improvement of hydrocephalus, increase in cerebral mantle, and restoration of
ventricular architecture [Reprinted with permission from El-Ghandour NM (2008).
Endoscopic cyst fenestration in the treatment of multiloculated hydrocephalus in children. |
Neurosurg Pediatr, Vol.1, No. 3, (March 2008), pp:217-222, ISSN 1933-0707].
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Fig. 4. A, B, preoperative axial MR imaging of a 7 months old male patient with
multiloculated hydrocephalus due to intrauterine toxoplasmosis infection. C, axial MR
imaging performed 3 months after surgery showing improvement of hydrocephalus. D,
axial MR imaging performed 1 year after surgery showing complete resolution of
hydrocephalus [Reprinted with permission from El-Ghandour NM (2008). Endoscopic cyst
fenestration in the treatment of multiloculated hydrocephalus in children. | Neurosurg
Pediatr, Vol.1, No. 3, (March 2008), pp:217-222, ISSN 1933-0707].
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Fig. 5. A, preoperative CT scan axial view of a 1.5 years old female patient with
multiloculated hydrocephalus. B, postoperative CT scan performed 3 months after surgery
showing improvement of hydrocephalus, increase in cerebral mantle, opening of
subarachnoid space, and restoration of ventricular architecture. This patient has been
operated through a biportal technique (left coronal + left occipital burr holes) [Reprinted
with permission from El-Ghandour NM (2008). Endoscopic cyst fenestration in the
treatment of multiloculated hydrocephalus in children. | Neurosurg Pediatr, Vol.1, No. 3,
(March 2008), pp:217-222, ISSN 1933-0707].
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Age at Observation Period No of Revisions No of Revisions /
Case No. ECF (mos) year
(mos) Pre ECF | Post ECF | Pre ECF | Post ECF | Pre ECF | Post ECF
1 12 9 36 4 0 5.33 0
2 24 18 21 4 1 2.66 0.57
3 16 9 9 1 0 1.33 0
4 36 15 42 3 1 2.40 0.28
5 8 5 26 1 0 2.40 0
6 36 18 30 5 1 3.33 0.39
Mean 22.0 12.3 27.3 3 0.5 291 0.21
S.D. 12.1 54 11.6 1.7 0.55 1.34 0.24
Median 20.0 12.0 28.0 3.5 0.5 2.54 0.14

Table 1. Age, observation period in months (mos), and shunt revision rates before and after
endoscopic cyst fenestration (ECF), in 6 patients with multiloculated hydrocephalus
presented with preexisting shunts. [Reprinted with permission from El-Ghandour NM
(2008). Endoscopic cyst fenestration in the treatment of multiloculated hydrocephalus in
children. | Neurosurg Pediatr, Vol.1, No. 3, (March 2008), pp:217-222, ISSN 1933-0707].

12. Conclusions

Complex hydrocephalus is a challenging problem in pediatric neurosurgery. Early diagnosis
and treatment is the key for a better prognosis, therefore a high threshold of alertness is
needed among pediatricians in dealing with patients having meningitis or intraventricular
hemorrhage or premature infants. Multiplanar MR imaging is the preferred diagnostic
modality. The definitive treatment is surgical, yet the approach remains controversial. Cyst
fenestration is the main strategy of treatment, and it can be done either microsurgically or
endoscopically, aiming at improving hydrocephalus, reducing number of shunts and shunt
revision rate. However, the endoscopic treatment has the advantage of being minimally
invasive. It is worthy to mention, that multiloculated hydrocephalus carries a worse
prognosis than uniloculated hydrocephalus.
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1. Introduction

There are great difficulties in clinical practice to differentiate between normal pressure
hydrocephalus (NPH) and brain atrophy (Tans 1979, Galia at al. 2005). The consequences of
inaccurate diagnosis are serious therefore we observe steady searching of new non-invasive
or minimal-invasive diagnostic methods.

The purpose of this study is to quantify the characteristics of the postural sway and
locomotion in NPH patients in two states: before and after shunt implantation and to
compare posture and gait features among: NPH, brain atrophy patients and healthy
persons.

Assessment of stability and balance system consist in quantitatively measuring and
analysing movements of the centre of foot pressure (COP). Position of COP steadily changes
due to the so called postural sways, and of course due to voluntary moves. Enlarged sways,
observed in normal pressure hydrocephalus, are not however specific and cannot give
simple diagnosis. Postural balance can be impaired due to pathology in various organs
including vestibular and cerebellar disorders and various forms of ataxia (Mohan at al.
2009), Parkinsonism (Bloem at al. 1995, Stolze at al. 2001, Jagielski at al. 2006), multiple
sclerosis (Kessler at al. 2011) and even alcohol dependence (Wober at al. 1998) and muscle
fatigue or aging (Btaszczyk and Michalski 2006).

Evaluation of gait relates to postural stability in standing upright position. The gait
disturbance is probably the most prominent clinical feature of NPH and it is often the first
NPH symptom to develop (Radvin 2008). Gait disturbances are part of so called Hakim triad
(Hakim & Adams 1965). NPH gait disturbances are very characteristic and rely on shuffling
manner of walking, without raising the feet as if they were glued to the floor. This kind of
gait is called also magnetic. Gait disturbances are still not fully described quantitatively due
to lack of reliable, specific parameters measuring most typical features of gait in NPH.
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Some papers related to postural stability and gait evaluation in NPH have already been
published by Szczepek and Czerwosz (Szczepek at al. 2008, Czerwosz at al. 2008, 2009). The
current study is trying to summarize some of our results.

2. Methods

Recently rapid development of precise methods of quantitative measurements of body
position while standing or walking has been observed. Two techniques used by us in our
investigations should be discussed here:

1. static posturography - measurement of body sways while standing on a force plate,
2. dynography - measurement of gait.

In both systems the resultant force - feet pressure acting on the horizontal surface (XY) is
calculated on the basis of some number of pressure sensors. The most important is the point
of application of this force. This point is called Centre of foot/feet Pressure (COP). In static
conditions the COP point is a projection of the Centre of Gravity (COG) position - on the XY
horizontal plane. COM and COG signals are highly correlated (Btaszczyk 2008). It has been
documented that COG signal can be extracted from COP by low-pass filtering (Benda et al.
1994). The high frequency component comes in dynamic and realistic conditions from
inertia forces that influence COP instantaneous location. Inertia forces arise from
accelerations of the body while it is swaying or moving - losing and recovering balance
(Newton’s second law of motion).

2.1 Posturography

The instantaneous COP xy position can be calculated on the basis of instantaneous values of
pi(t), p2(t), pa(t), pa(t) forces measured on four corners of the square plate; d is a length of it’s
side. In case of our device: d=40 cm.

X(t) == (=P1 () + P2 () + P3(t) = Pa(t) / (P1(t) + P2 (t) + P3(8) + P4 (t)) "
1

y(O) = (+p1(t) + P2(t) = p3(H) = P4(t)) / (P1(H) + P2 (t) + P3 (1) + P4(t)

NN

To obtain the exact position of COP, the pn forces must be reduced by tare weights
measured independently on each corner. The real force plate is shown on Figure 1; p, forces
are pointed and orientation of xy plane is given by X and Y axes. All py(t) values, and
therefore x(t) and y(t) change in time. In practice we collect them in 0.01 seconds intervals
(sampling frequency 100 Hz) in digital form with 12 bit accuracy. Data were low-pass
filtered (15 Hz cut-off frequency). Trajectory can be observed on-line and off-line in an
analogue way on a chart called posturogram or stabilogram.

A single measurement on a force plate takes usually 30-60 seconds. The resultant time had
to be reduced due to some artefacts related to unsolicited activity of the patient such as his
movement or speaking influencing the outcomes. Removing artefacts is still an unresolved
problem in posturography due to questionable difference between unsolicited movement
and essential balance restoration, especially in case of large sways.
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Fig. 1. Force plate.

There are four sensors measuring forces on each corner: p1, p2, p3, p4.

Y represents forward-backward, anterior-posterior sways, in sagittal plane,
X represents left-right, mediolateral sways, in frontal plane.

2.2 Examples of posturographic measurements

Figure 2 shows six examples of posturographic measurements with eyes open (EO) or
closed (EC). The two first trajectories belong to NPH patient in acute state, before shunt
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Fig. 2. Examples of measurements - from top: NPH BEFORE - NPH patient before shunt
implantation measured with eyes open (EO - left) and closed (EC- right), NPH AFTER -
NPH patient after surgery. CONTROL - healthy person.
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implantation. The next two were measured after surgery; the last two belong to a healthy
person. As one can see, there are big differences in the shapes of the trajectories, especially
NPH patient before surgery demonstrates very large sways - both, with eyes open and
closed. Sways of the NPH patient are very large both for EO and EC. After surgery sways
are reduced but they are still larger than in a healthy person.

2.3 Posturography parameters

COP trajectory represents sways of an object standing in upright position for some time.
There is some number of various metrics developed that evaluate average or typical
“behaviour” of the curve in many aspects (Baratto at al. 2002, Raymakers at al. 2005).

The starting point of our analysis was to define the global parameters expressing the “size”
of sways. We have taken into consideration:

- R-average COP sway Radius,
- A - Area of developed surface of COP trajectory, AS - Area Speed
- L - Length of COP trajectory, V - Velocity.

An average Radius of sway is a simple average of distances between curve samples and (0,0)
point on XY plane - coordinate origin. Actually all points of the curve have been shifted by
(x,y) vector beforehand and thus (0,0) turns into the “centre of gravity” of all samples ( x
denotes average value of all x;). This simple way of calculating R has been applied by
Czerwosz and Szczepek in their papers (Czerwosz at al. 2008, 2009, Szczepek at al. 2008) and
also Mraz at al. 2007, Bosek at al. 2005, Kubisz at al. 2011.

Calculation of developed area bases on all available samples. The developed surface consists
of triangles created from every two consecutives COP positions sampled every 0.01 second
and the coordinate origin (0,0). Let's compare this surface to wooden pencil shavings when
sharpening a pencil. Figure 3 shows the idea of the calculation on a piece of COP curve. The
area depends on the number of samples - thus it depends on measurement duration. It is
easy to normalize it dividing the area by measurement duration. In this way we are
obtaining Area Speed (AS) in mm?2/sec.

The length of COP trajectory is calculated as a simple sum of consecutives segments
between COP positions sampled every 0.01 second. Length after division by measurement
duration becomes a Velocity (V) in mm/sec.

Fig. 3. Graphical explanation of how the developed Area of COP trajectory is calculated. k is
a serial number of xy sample - COP position at time ty, (0,0) is coordinate origin.



Recognition of Posture and Gait Disturbances in Patients
with Normal Pressure Hydrocephalus Using a Posturography and Computer Dynography Systems 193

Each parameter can relate to two measurement conditions: eyes either open (EO) or closed
(EC). In order to express change in value of some parameters due to different conditions one
can use simple difference (2). For computational reasons in advanced statistical analysis sum
of the same parameters (3) has been introduced.

D, =X —Xpo ©)

S, =Xpe + Xpo ®)
where X canbe R, A, AS,L, or V.

A derived parameter - the vision index (4) has been developed on the basis of Radius, Area,
Area speed, Length or Speed to express difference of chosen parameter in relation to its
mean value. Index is an absolute, dimensionless number with theoretical range [-100%,
100%]. Zero means no difference. One should notice that I is bigger for bigger D, and
smaller S, and vice versa: I, gets smaller for smaller D, and bigger S.. A similar index related
to the parameters measured in two different conditions have been introduced by Mraz as
ICOP (Mraz at al. 2007).

Ix = (XEC _XEO)/(XEC +XEO)*100% )
where X can be R, A, AS, L, or V. EC means ,eyes closed”, EO - ,eyes open “, while
measurement has been performed. We have made use of vision indices related to radius, area
and length. Notice that the index related to area is equal to the index related to area speed (Ias
= I4) and the index related to length is equal to the index related to velocity (Iv = Ir).

Let’s take sight index of radius as an example. Exact way of calculation Ik is given below:

IR = (REC _REO)/(REC +REO) *100% ©)

2.4 Dynography

Computerized dynography (Infotronic 2007) is a gait analysis system which consists of two
soles containing sensors sensible to a foot pressure acting on the ground. These sensors
measure the vertical ground reaction forces and their distribution during walking. It's a
good alternative to much less quantitative gait scale - for measuring gait impairment of
NPH patients (Boon at al. 2007). Another alternative is camera based system but then the
only information that is provided are body parts positions and angles without any data
related to forces. Walking on a treadmill gives just the speed of gait; to measure more gait
features some extra instrumentation should be added. In this study we don’t take advantage
of forces explicitly, but our system (see below) uses them internally to determine gait
phases. Other alternative method of gait evaluation can be performed on two or more joined
force plates. This method limits gait to only few steps because of size. It can easily be used
for gait analysis in small animals (Voss at al. 2007).

Special boot for dynography is presented in Figure 4 (on the left side). There are eight
sensors inside each sole located as shown in the middle picture. Actually eight histograms
are shown here on the sole, not sensors, but they are distributed just as sensors. Histogram
height expresses instantaneous or average force acting on a sensor. The picture on the right
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shows how the point of application of the resultant ground reaction force is being displaced
while stance phase of gait cycle. This point is the Centre of foot/feet Pressure (COP) and its
position changes during each step. The overall load, the value of resultant ground reaction
changes due to inertia forces as well.

Fig. 4. Left: A boot for dynography with eight sensors inside its sole. Middle: Histograms
express instantaneous or average force acting on each sensor. Right: displacement of
resultant ground reaction force along a foot. (Pictures from Ultraflex system - Infotronic
Company 2007).

The displacement of COP presented in Figure 4 relates to single foot only. In this case COP
position is calculated on the basis of eight sensors. Figure 5 presents so called gait-lines
where successive COP positions of each step are drawn overlapped. Gait-lines of each foot
are calculated independently. Pictures on the right side are averaged over all gait cycles of
20 seconds walking. Gait-line represents stance phase of gait from initial contact, while a
heel touches the ground till toe off moment (Perry & Burnfield 2010). COP can also be
calculated on the basis of 16 sensors enclosed in two soles - from both feet. Cyclogram arises
if connecting successive COP positions of each step and drawing the lines overlapped. They
are presented in Figure 6. Pictures on the right side are averaged over all gait cycles. During
double support the COP position lies somewhere between the feet depending on the load
ratio and its position changes from one side to another. During single support COP is
located within single foot boundary.

Let there be N sensors. N = 8 or N = 16. Let i be the number of a sensor: 1 <i < N. Let the
position of sensor i be (x;, y;). Let Fi(t) be the force at moment t acting on sensor i.

Coordinates of the COP at moment t can be calculated from equations (6) - see Jeleri at al.
2008.

N N
x(t) = ZE(t) *x; /ZE(t)

R . ©
y®=D EO*yi/ D F()

Equations (6) are very similar to (1) related to force plate, only the number of sensors (N = 4)
and its positions are different. The gait-lines and cyclograms are normalised and related to
dimensionless foot length, therefore all distances and speed can be calculated only if the
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total distance that the person has walked has been entered. Data is sampled with the
frequency equal to 100 Hz.

2.5 Examples of dynography measurements

Pictures in Figure 5 show examples of gait-lines; pictures in Figure 6 - cyclograms obtained
for NPH patient before and after shunt implantation and for healthy person. Gait-lines and
cyclograms show gait in compact way. The symmetry of gait and regularity of cycles can
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Fig. 5. Examples of gait-lines. The left pictures Fig. 6. Examples of cyclograms. The left
show overlapping gait cycles measured by 8  pictures show overlapping gait cycles
sensors in each foot. Pictures on the right side measured by 16 sensors in both feet. Pictures
are averaged. The upper gait-lines represent  on the right side are averaged. Successive
NPH patient before shunt implantation (NPH panels are: NPH patient before shunt
BEFORE). Gait-lines in the middle belong to  implantation (NPH BEFORE), NPH patient

NPH patient after surgery (NPH AFTER). after surgery (NPH AFTER), healthy person
Lower gait-lines have been measured in (CONTROL). Lines representing the Single
healthy person (CONTROL). Lines and Double Support gait phases are
representing the Stance gait phase are annotated in the bottom picture.

annotated in the bottom picture.
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easily be observed. One can notice shuffling gait of NPH patient (before surgery) - there is
almost no single support phase - the patient only slightly rises his feet. The whole stance
phase is consisting of double support.

2.6 Dynography parameters

After data collection CDG software recognizes gait phases and calculates gait parameters.
Gait was described in our research as a duration of a single (SSUP) and double support
(DSUP) and duration of a stance phase (STANCE). These measures relate to the left and
right leg independently. The phases are shown in Figure 7.

Initial Double  Single
contact Toe off sUppart suapor
| ! i }
1 1
. 0 I
] —
I I
1 1

ST

1' Stance f Gait direction

Fig. 7. Phases of gait cycle.

2.7 Hardware and software usage

For posturographic measurements Pro-Med (Poland) force plate (Olton & Czerwosz 2006)
was used by us. The software for data collection and analysis has been written by the author
(Leszek Czerwosz).

For measurement of ground reaction forces in walking we used the Ultraflex Computer
DynoGraphy system from Infotronic Company (Netherlands). Applications of CDG system
in NPH are not aware. Explanations of usefulness of this system are provided by Bhargava
at al. 2007, Majumdar at al. 2008, Jelen at al. 2008.

2.8 Statistical methods

Wilcoxon matched pairs test for intragroup and Mann-Whitney U test for between-group
comparisons were performed in our studies (Czerwosz at al. 2008, 2009, Szczepek at al.
2008). Non-parametric ANOVA Kruskal-Wallis test (Kruskal & Wallis 1952) was used while
comparing more cohorts and then Bonferroni correction (Dunn 1961) for post-hoc comparisons.

There is much confusion related to the application of corrections if performing post-hoc
comparisons, especially if testing schema is a priori established. It is hard to accept the fact
that the result of one statistical test, i.e. while comparing statistically the NPH and
CONTROL groups, can be influenced by other tests, while collecting some extra data, for
example ataxia group and by performing other comparisons. We will of course change the
level of significance required for rejection the null hypothesis to p<0.016 in case of three
group analysis that we perform in this study. And we are introducing pattern recognition
methods for differentiation of groups to avoid purely academic arguments.
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All the nonparametric analyses were conducted using Origin software (OriginLab
Corporation) and PASW Statistics (IBM-SPSS Statistics).

We applied pattern recognition algorithms - two advanced statistical methods: Dicriminant
Analysis (DA) and k-Nearest Neighbour method (K-NN) (Devijver and Kittler 1982, Duda at
al. 2001). DA calculations were performed by means of PASW Statistics. For K-NN
calculations (J6zwik at al. 2011, Sokotowska at al. 2009) a computer programme developed
by Adam Jézwik was used.

The K-NN classifier is a pattern recognition algorithm for recognizing classes of objects.
Objects are just vectors of features which values can be measured in patients. Thus an object
represent a patient in n-dimensional space, where n is a number of features - measured
parameters for each patient. The k-NN algorithm requires a reference set of objects with
known class membership. Class means the same as patient group. Any new object, from
outside the reference set, is assigned to the class most frequently represented among its k
nearest neighbours, searched in the reference set. The leave-one-out method is used to
experimentally establish the best value of k giving minimal misclassification rate.

The DA and K-NN methods differ absolutely because DA is a strictly parametric method
related closely to the analysis of variance (ANOVA) and produces, among other, linear
combination of features (parameters or variables). There is a fundamental assumption that
all independent variables have to be normally distributed. In our case - there is no proof for
normal distributions, therefore DA outcomes may not be reliable. For the K-NN method it is
not important whether distributions are normal.

Pattern recognition methods have already been used in relation to some gait parameters
(Bertrani at al. 1999). They should not be mixed with the pattern recognition of gait
(Maduko). Discriminant analysis and neural networks were used for gait classification
(Kaczmarczyk at al. 2009).

3. Material

After ethical approval by a local Ethics Committee, posturographic and dynographic
recordings were taken from NPH patients and from healthy volunteers. Patients with brain
atrophy were also recorded to obtain a comparison group to test the power of calculated
parameters and statistical methods in differentiation NPG and atrophy (Tans 1979, Galia at
al. 2005).

NPH diagnosis was based on the following criteria

1. Enlargement of brain ventricles seen on CT or MR - Evans’ ratio above 0.3 (Evans 1942),
2. Neurological symptoms (Hakim triad - minimum two of three symptoms),

3. Mean intracranial pressure > 10 cmH,0,

4. Resorption resistance R > 11mmHg/ml/min.

Infusion test (Sliwka at al. 1984, Czernicki at al. 1984, Czosnyka at al. 1988) is performed on
the basis of cerebrospinal intracranial fluid pressure measurement with simultaneous
infusion of physiological saline in L4, L5, and S1 regions. Infusion test seems to be the most
important and limitative qualification for shunt implantation.

In all cases balance disturbances and impairment of gait was observed.
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The ATROPHY group has been formed according to the following inclusion criteria:

Enlargement of brain ventricles seen on CT or MR (Evans’ ratio above 0.3),
Both subcortical and cortical atrophy,

No characteristic neurological symptoms,

Mean intracranial pressure < 10 cmH>O,

Resorption resistance R <11 mmHg/ml/min.

SAESESINS S

Balance disturbances and some impairment of gait were observed in atrophy patients.

Posturography and dynography evaluations were performed in NPH cases before shunt
implantation and shortly after the surgery (within seven days).

3.1 Subjects for posturography study

There were 18 NPH diagnosed patients with spontaneous postural sways measured (9
males and 9 females, range: 32-82 y. o., mean: 64.1 + 13.2 y. 0.). The same group was
evaluated twice: before and after shunt implantation forming two cohorts: NPH BEFORE
and NPH AFTER.

CONTROL group consisted of 47 healthy subjects, aged 60-69, mean: 59.9 + 7.0 y. o. The data
have been collected by Katarzyna Dmitruk (doctor thesis 2005, partially published in
Czerwosz at al. 2009).

ATROPHY group was composed from 36 patients (32-75y. 0., mean: 57.0 £14.1y. o.)

3.2 Subjects for dynography study

CDG measurement was performed in 15 patients with the NPH (8 males and 7 females, age
range: 32-82 y. 0., mean: 63.1 + 14.3 y. 0.) The same group was evaluated twice: before
and after shunt implantation forming two cohorts: NPH BEFORE and NPH AFTER but they
are not identical with posturography groups, only 11 patients were examined by two
methods.

CONTROL group consisted of 24 healthy subjects (5 males, 19 females).

ATROPHY group was composed from 35 patients (21 males, 14 females, range: 32-79 y. o.,
mean: 64.1+12.3y.0.).

4, Results

A number of results have been obtained in the posture and gait study. Posturography and
dynography results will be reported separately because so far no joined analysis has been
made.

4.1 Simultaneous comparison of three groups — posturography

To compare three groups: NPH BEFORE, ATROPHY, and CONTROL non-parametric
ANOVA Kruskal-Wallis test was used. The results are in Table 1. The groups differ
significantly for all parameters. This allows post-hoc comparisons in pairs of groups,
applying Bonferroni correction.
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NPH AFTER group was not taken into account in above comparison because it is the same
group as NPH BEFERE but evaluated in different condition and it should be compared to
NPH BEFERE group by means of paired test.

Parameter 2 K-W p
Radius - eyes open Rgo 55.9 <0.001
Radius - eyes closed Rec 45.2 <0.001
Radius Sum of radiuses Sg 55.0 <0.001
Difference of radiuses Dr 9.8 <0.007
Vision index related to radius Ir 10.5 < 0.005
Area speed - eyes open ASgo 59.9 <0.001
Area Area speed - eyes closed ASgc 48.0 <0.001
speed Sum of area speeds Sas 56.8 <0.001
Difference of area speeds Das 7.7 <0.021
Vision index related to area Ia 10.2 <0.006
Velocity - eyes open Vro 575 <0.001
Velocity - eyes closed Vgc 41.3 <0.001
Velocity | Sum of velocities VL 50.6 <0.001
Difference of velocities Dy 8.6 <0.014
Vision index related to velocity Iv 11.6 <0.003

Table 1. Results of non-parametric ANOVA Kruskal-Wallis test for three groups: NPH
BEFORE, ATROPHY, and CONTROL. The significance p was reported as <0.000 in the
original SPSS results meaning that only subsequent, not displayed decimal digits can differ
from zero; to avoid confusion the true outcome has been approximated to 0.001.

Similar three-group analysis was done for NPH AFTER, ATROPHY, and CONTROL. These
groups differ significantly for parameters provided in Table 2. There are no significant
differences for Dg, Da, and Dy differences as well as for the vision indices: I, Ia, I.. This is
quite obvious if you compare left and right columns in each pair of columns in CONTROL,
ATROPHY, and NPH AFTER groups in Figure 8 - in the upper column chart. Only one
chart - the radius chart is presented here. The lower column chart shows vision indices.
Indeed CONTROL, ATROPHY, and NPH AFTER columns are very similar.

Parameter 2 K-W p
Radius - eyes open Rgo 38.0 <0.001
Radius Radius - eyes closed Rgc 26.9 <0.001
Sum of radiuses Sr 32.8 <0.001
Area Area speed - eyes open ASgo 42.5 <0.001
speed Area speed - eyes closed ASgc 32.2 <0.001
Sum of area speeds Sas 38.1 <0.001
Velocity - eyes open Vio 42.8 <0.001
Velocity | Velocity - eyes closed Vic 33.2 <0.001
Sum of velocities Vi, 38.0 <0.001

Table 2. Results of non-parametric ANOVA Kruskal-Wallis test for three groups: NPH
AFTER, ATROPHY, and CONTROL. Other parameters differentiate not significantly.
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4.2 Comparison of groups in pairs — posturography

All collected posturographic data related to the Radius are exhibited in Figure 8. There are
four groups here; each one consists of EO and EC measurements. Individual values of the
Radius in EO and EC measurements are shown overlapped to respective columns.
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Fig. 8. Upper column chart: Sway Radius - R in CONTROL, ATROPHY, and NPH groups -
in patients before and after shunting. Individual values of the Radius are also shown - the
lines connect measurements performed with eyes open (EO) or closed (EC). The lower chart
expresses vision indices related to radius. Columns represent mean values. Standard
deviations are shown as vertical lines.

For comparisons among three groups in pairs see Tables 3, 4, 5, 7, and 8. Nonparametric
Mann-Whitney U test with Bonferroni correction was used.

One can notice that NPH BEFORE patients reach largest sways, both with EO and EC (see
Table 3 and 4 respectively). CONTROL group exhibits the smallest sways, both with EO
and EC. The same effect can be observed on sums of corresponding parameters (Sx, where X
can be R, AS, or V, see Table 5). All tested differences of Xro, Xgc, and Sx parameters are
significant but only Vec and Sy parameters do not differentiate NPH BEFORE and ATROHY
pair of groups (Tables 4 and 5).



Recognition of Posture and Gait Disturbances in Patients
with Normal Pressure Hydrocephalus Using a Posturography and Computer Dynography Systems 201

EO CONTROL ATROPHY | NPH BEFORE
AV:SD  mm 12+14 66+25 13938
Radius Reo CONTROL p < 0.001 p < 0.001
ATROPHY p < 0.001
Arca speed | AV ESD_mm?/sec | 133102 561+845 | 1595 % 104.65
e CONTROL p < 0.001 p < 0.001
ATROPHY b <0.001
. AV £SD mm/sec 92+44 232+234 355+17.7
Velocity CONTROL <0.001 <0.001
VEo — -
ATROPHY b < 0.001

Table 3. Comparisons among three groups in pairs; measurements were performed with
eyes open. Average values(AV) with standard deviations (SD) and significances p of Mann-
Whitney U test are given in appropriate table cells. All groups differ in respective pairs of

groups.
EC CONTROL ATROPHY NPH BEFORE
AV 5D mm 4917 82£39 124 £39
Radius Rec CONTROL p <0.001 p <0.001
ATROPHY p <0.008
Area speed AV £SD mm?2/sec 22.7+226 107.8 £175.6 140.8 £92.2
ASuc CONTROL p <0.001 p <0.001
ATROPHY p <0.011
. AV+SD mm/sec 13.5+£87 33.5+32.0 352+174
Velocity
Vi CONTROL p <0.001 p <0.001
ATROPHY n.s.

Table 4. Comparisons among three groups in pairs of groups; measurements were
performed in eyes closed condition. All EC parameters but one differentiate these groups.
Only average velocity Vgc is similar in NPH BEFORE and ATROHY groups.

Sums CONTROL ATROPHY NPH BEFORE
AV £SD mm 91+29 14.7+5.7 264+6.3
Radius Sr CONTROL p <0.001 p <0.001
ATROPHY p <0.001

Area speed AV £5SD mm?/sec 36.1+30.3 163.8 + 255.1 300.3 +152.9

Sis CONTROL p <0.001 p <0.001
ATROPHY p <0.001
AV+SD mm/sec 22.8+12.6 56.8 +54.1 70.7£31.8
Velocity Sy CONTROL p <0.001 p <0.001

ATROPHY p <0.020 =n.s.

Table 5. Comparisons among three groups in pairs of groups. All sums of parameters but
one differentiate the groups. Only the sum of average velocities Sy is similar in NPH
BEFORE and ATROHY groups.
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4.3 Effect of shunt implantation on posturography parameters

One can see in Figure 9 that radius of sways measured in both conditions: EO and EC in a
NPH group before shunt implantation treatment exceeded corresponding values measured
in the same patients after surgery.

There is a full set of parameters included in Table 6 - average values, standard deviation
and significance level of nonparametric Wilcoxon paired test. The NPH BEFORE and NPH
AFTER groups differ in relation to almost all parameters. The most powerful is radius with
EO (Rko) - see also Figure 9.

Sways with eyes opened before shunting is much bigger than after surgery.

Parameter NPH BEFORE NPH AFTER p
Reo mm 13.9+£38 6.7+17 <0.001
Rec mm 124+3.9 8327 <0.002
Radius Sr mm 264+6.3 14.9+3.6 <0.001
Dr mm -1.49 £ 448 1.62+£2.78 <0.007
I % -6.09 £18.9 9.26+7.3 <0.008
ASko mm?/sec 159.5 +104.6 379+17.1 <0.001
ASgc mm?2/sec 140.8 £92.2 794 +779 n.s.
Areaspeed |Sas mm?/sec 300.3 +152.9 117.2 +88.4 <0.001
Das mm?/sec -18.7 £124.6 41.5+70.1 <0.043
Ias % -52+347 15.6 +37.7 <0.025
Vio mm/ sec 355+17.7 183+74 <0.002
VEc mm/ sec 352+174 263 +17.1 n.s.
Velocity Sv mm/ sec 70.7£ 31.8 44.6 £23.1 <0.011
Dv mmy/ sec -03+16.2 8.0+125 <0.035
Iy % 0.7+21.1 13.3+16.1 <0.035

Table 6. Comparisons between NPH BEFORE and NPH AFTER - all parameters are
included. Average values with standard deviations and significances p of nonparametric
Wilcoxon paired test are given in appropriate table cells.
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Fig. 9. Mean values of the sway Radius measured with eyes open (EO - left) and closed (EC -
right) in NPH patients before and after surgery. Individual R values are given, they are
connected with lines. CONTROL and ATROPHY groups are also shown to illustrate effect
of shunting against wider background.
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4.4 Impact of vision on postural sway characteristics

We introduced EC-EO differences and vision index for explaining in various groups the
effect of eye opening or closure on sways. Table 7 shows Dx and Table 8 - Ix (where X can
be R, AS, or V). The interpretation of differences Dx can be skipped here.

Most interesting features are the vision indices. They differentiate NPH BEFORE group
from NPH AFTER and from any other group. Table 8 shows three comparisons in pairs of
groups. The groups NPH BEFORE - ATROPHY significantly differ as well as the NPH
BEFORE - CONTROL groups do.

A direct comparison of EO and EC parameters in four groups independently is provided in
Table 9. Sways with EO and EC seem to be equal in NPH BEFORE group only. In any other
group there are significant changes of sways related to the eyes closure. Enlargement of
sways is a normal phenomenon after closing eyes, but not in NPH patients in acute state.

Sways of NPH patients do not depend on the sight, they seem to be the same in EO and
EC conditions. This observation is the most important result of this study.

4.5 Two dimension analysis — posturography

Much more insight into the data collected is provided in the two dimensional graph. There
is four-group scattergram in Figure 10. One can see a separation of NPH BEFORE cases and
the centroid from all other groups. A separation is statistically significant - see tables 5 and
8 for NPH BEFORE - CONTROL and NPH BEFORE - ATROPHY data.

Differences CONTROL ATROPHY NPH BEFORE
AV £SD mm 0.63+1.19 1.67 £3.15 -1.49 + 4.48
Radius Dr CONTROL ns. p <0.013
ATROPHY p < 0.008
Area speed AV £SD mm?/sec 94+17.7 51.7+104.4 -18.7 £124.6
Dis CONTROL p <0.031 =n.s. n.s.
ATROPHY p <0.013
AV+SD mm/sec 43+57 10.3 +14.7 -0.3+£16.2
Velocity Dy CONTROL p <0.035 = n.s. n.s.
ATROPHY p <0.007

Table 7. Comparisons of differences Dg, Das, Dv among three groups in pairs of groups.

Indexes CONTROL ATROPHY NPH BEFORE

AV £SD % 65+121 93+194 -6.09 £18.9

Radius Ir CONTROL n.s. p <0.004
ATROPHY p <0.005

Area speed AV £SD % 19.8 £23.5 221+£282 -5.2+347
Ls CONTROL n.s. p <0.004
ATROPHY p <0.003

AV £SD % 153 +£13.4 163 £15.3 0.7+211

Velocity Iy CONTROL n.s. p <0.001
ATROPHY p <0.002

Table 8. Comparisons of vision indices I, Ias, Iv among three groups in pairs of groups.
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Group parameter EO EC P
R mm 42+14 49+1.7 <0.001
CONTROL AS mm?2/sec 13.3+10.2 22.7+226 <0.001
\Y% mm/ sec 92+44 13.5+8.7 <0.001
R mm 6.6+25 82+39 <0.004
ATROPHY AS mm?2/sec 56.1 + 84.5 107.8 £175.6 <0.001
\% mm/ sec 232+234 33.5+32.0 <0.001
NPH R mm 13.9+3.8 124 +39 n.s.
BEFORE AS mm?2/sec 159.5 + 104.6 140.8 +92.2 n.s.
\Y mm/ sec 35.5+17.7 35.2+174 n.s.
R mm 6.7+17 83127 <0.035
NPH AFTER | AS mm?2/sec 379+17.1 7941779 <0.014
\Y% mm/ sec 18374 26.3+17.1 <0.004

Table 9. Comparison of R, AS, and V parameters measured with EO and EC in CONTROL,
ATROPHY, NPH BEFORE and NPH AFTER groups separately.
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Fig. 10. Scattergram presents all cases in four groups: NPH BEFORE, ATROPHY,
CONTROL, and NPH AFTER in Ir (vision index related to radius) versus Sr (sum of Rgo
and Rec) coordination system. Centroids of the groups are shown with standard deviations.
Notice that ATROPHY and NPH AFTER group centroids do overlap.

Two dimensional statistical analysis was performed by means of methods described in the

following section.
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4.6 k-NN classification of posturografic parameters

All data was analysed by means of two methods: Discrimination Analysis (DA) and k
nearest neighbours (K-NN) method. Both methods give similar results for most of
classifications.

Feature is a single value of multidimensional vector assigned to any object/case/patient.
Groups of patients are called classes within the “classification world”. There are 15 features
used here as follows: REC, REO, ASEC, ASEo, VEC, VEO, SR, SAs, Sv, DR, DAs, Dv, IR, IAs, and Iv,
exactly as parameters.

The analysis was performed in several sections. At the beginning every feature was used,
one at a time. Then features were grouped into pairs according to the templates: (Xgo and
Xgc), (sums Sx and differences Dx), (sums Sx and vision indices Ix), where X can be R, AS, or
V. Features related to R, AS and V were paired separately. Then clusters consisting of six
features were applied.

We classified groups/classes in two following schemas - like in traditional analysis: 1) NPH
BEFORE, ATROPHY and CONTROL 2) NPH BEFORE and NPH AFTER. Briefing of the
classification results is presented below.

Single feature applied individually, classes: NPH BEFORE and NPH AFTER:

There were 15 DA classifications of NPH BEFORE and NPH AFTER classes and 15 K-NN
classifications performed. Rgo demonstrated the best classification - both methods classified
correctly 91.9%/91.9% cases (the first number relates to DA, the second to K-NN). Below
there is a list of some best features with outcome better than 75%:

Reo 91.9%/91.9%
Sk 86.5%/89.2%
Aro 86.5%/83.8%
Rec 78.4% /78.4%
Sas 75.7% ) 78.4%
Sy 75.7% ) 75.7%

Classification power of vision indices was rather poor; the best was Ir: 67.6% /67.6%.
Two-feature pairs, classes: NPH BEFORE and NPH AFTER:

There were nine DA /K-NN classifications here, the best are:

(Reo,Rec) 91.9%/94.6%
(Sr,Dr) 91.9%/91.9%
(Sr Ir) 91.9%/91.9%
(ASko0,ASkc) 83.8%/83.8%
(Sas,Das) 83.8%/78.4%
(Sas/las) 86.5%/83.8%

It is interesting that there are three pairs of features with equal classification power. They
relate to the analysis in two dimensions. Notice that (Sas,Ias) and (Sas,Das) can be calculated
from (ASko,ASkc) using formulas (2),(3), and (4). These dimensions are not completely
independent because, for example in the CONTROL group the features Rro and Rgc are
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correlated (R = 0.73); in other groups the correlation is not as high. An example of two-
dimensional approach is shown in Figure 10.

Six-feature cluster without and with feature selection, classes: NPH BEFORE and NPH
AFTER:

Multi-feature classification by K-NN method was also performed with the following
features: Sg, Sas, Sv, Ir, Ias, and Iy. Classification without feature selection (all features forced
to enter the analysis) resulted in 89.2% of correctly classified cases. Classification with
automatic selection of “best” features resulted in 94.6%. The selected features: Sg and Ias.

Single feature applied individually, classes: NPH BEFORE, ATROPHY, and CONTROL:

Three-group classification (NPH BEFORE, ATROPHY and CONTROL) using single features
cannot be good both in DA and K-NN methods. The best results reached ASgo - 77.4% of
correct classified cases.

Two-feature pairs, classes: NPH BEFORE, ATROPHY, and CONTROL:

There were nine DA /K-NN classifications here, the best are:

(Reo,Rec) 75.5% /75.5%
(Sk,Dr) 75.5%76.5%
(SrIr) 73.5% /74.5%

Other pairs of features are worse. Again there is no difference between classification level
among pairs (Rec, Reo), (Sr, Dr) and (Sg, Ir).

Six-feature cluster without and with feature selection, classes: NPH BEFORE, ATROPHY,
and CONTROL:

DA/K-NN classifications without feature selection (all features forced to enter the
analysis):

Reo, Rec, ASko, ASkc, Veo, Vic 78.4%/73.5%
Sr, DR, Sas, Das, Sv, Dv 78.4%/74.5%
Sr, Ir, Sas, Ias, Sv, Iy 79.4%/73.5%

Classifications with feature selection - DA only:

Reo, Vic 80.4%
Sg, Dr 75.5%
Swr, Ir 73.5%

Features selected automatically during analysis were exactly the same as those selected
manually during previous stages.

Classifications with feature selection - K-NN only:

Reo, Rec, ASko, ASkc, Veo 82.3%
Sr, DR, Das, Sy 81.4%
Swr, las, Sv 79.4%

Here better results were obtained.
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Three-class K-NN classifier consist of three two-class sub-classifiers. The results of sub-
classification are also interesting. Single feature: Sk demonstrates 100% correctly classified
cases in NPH BEFORE - CONTROL sub- classifier. Selection of three features: Rro, Das and
DV classified correctly 94.6% cases in NPH BEFORE - ATROPHY sub- classifier what proofs
the existence of important difference between NPH and atrophy imbalance. This
observation is also an important result of the present study.

4.7 Analysis of gait parameters

Evaluation of gait is performed by means of five gait parameters: time of single supper
(Tssup), time of double support (Tpsup), time of stance (Tstance), length of single support
(Dssur), and length of double support (Dpsup). Initially ten parameters were involved; they
were related to the left and right leg. Average values with standard deviations were plotted
in Figure 11. Values of the parameters related to the left and right leg were compared
statistically by means of nonparametric Wilcoxon paired test in each group separately. There
was no difference found between legs. Therefore the outcomes from the left and right leg
were combined - cases are not patients now but legs.

Parameter 2 K-W p
Time of single support (Tssup) sec 53.3 <0.001
Time of double support (Tpsup) sec 84.2 <0.001
Time of stance (Tstance) sec 83.2 <0.001
Length of single support(Dssur) 107.3 <0.001
Length of double support(Dpsur) 80.9 <0.001

Table 10. Non-parametric ANOVA Kruskal-Wallis test for three groups: NPH BEFORE,
ATROPHY, and CONTROL. n = 148.

Non-parametric ANOVA Kruskal-Wallis test was used again to compare three groups: NPH
BEFORE, ATROPHY, and CONTROL. The results are in Table 10. The groups differ
significantly for all parameters. This allows making post-hoc comparisons in pairs of
groups, applying Bonferroni correction.

One can notice in Table 11 that the Tsrance is the biggest in NPH BEFORE group. This
means slower gait of patients in acute state; time of stance phase Tsrance is more than 130%
longer than in CONTROL group (ratio: 1.61/0.68 = 2.36 of values in NPH BEFORE and
CONTROL groups). ATROPHY patients show decreased walking pace compared with
healthy people, however they have higher gait velocity than NPH BEFORE.

Duration of single support Tssup in NPH BEFORE group is 70% longer than in CONTROL
group (ratio: 0.65/0.38 = 1.71). Duration of double support in NPH BEFORE group is 180%
longer than in CONTROL group (ratio: 0.46/0.16 = 2.87). One can see differences in single
and double support distributions. In NPH BEFORE group ratio: Tssup / Tpsup = 0.65/0.46 =
1.41, in CONTROL group: Tssur / Tosur = 0.38/0.16 = 2.37. Double support is much longer
not only if measured in seconds, but in relation to single support length. If comparing Dssup
and Dpsur, between NPH and CONTROL groups, one can observe strong reduction of
single support length. For single support length Dssup there is a proportion: 1.64/7.13 = 0.23,
for double support length Dpsup: 6.28/11.54 = 0.54. ATROPHY group is always in the
middle between NPH BEFORE and ATROPHY.
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Fig. 11. Average values with standard deviations of times: Tssur, Tpsup, TsTance in four
groups.

Parameter CONTROL ATROPHY NPH BEFORE

AV £SD sec 0.38 £ 0.02 0.45+0.10 0.65+0.33
Tssup CONTROL <0.001 <0.001
ATROPHY <0.001

AV £5D sec 0.16 £ 0.01 0.27+0.14 0.46 +0.28
Tpsup CONTROL <0.001 <0.001
ATROPHY <0.001

AV +£SD sec 0.68 £0.03 0.98 £ 0.31 1.61 £0.82
Tsrance CONTROL <0.001 <0.001
ATROPHY <0.001

AV £5D cm 713 +0.53 3.29+149 1.64+1.17
Dssup CONTROL <0.001 <0.001
ATROPHY <0.001

AV £SD cm 11.54 +1.85 954 +1.77 6.28 + 2.88
Dpsup CONTROL <0.001 <0.001
ATROPHY <0.001

Table 11. Comparisons of Tssur, Tpsur, Tstance, Dssup, Dpsur parameters in pairs of groups.
Average values with standard deviations and significances p of Mann-Whitney U test are
given in appropriate table cells. All differences are significant.
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Group parameter BEFORE AFTER P
Tssup sec 0.65£0.33 042 £0.10 <0.001
Tosup sec 0.46 +0.29 0.28 +0.14 <0.001
NPH n=15 | Tsrance sec 1.61 £0.82 1.03 £0.83 <0.001
Dssup cm 1.64£1.17 3.55+1.31 <0.001
Dssup cm 6.28 £2.88 8.54 £2.96 <0.001

Table 12. Comparison between NPH BEFORE and NPH AFTER. Average values with
standard deviations and significances p of nonparametric Wilcoxon paired test are given in
appropriate table cells. All parameters: Tssup, Tpsup, Tstance, Dssur, and Dpsup differentiate
significantly NPH stages. All differences are significant.

Parameter CONTROL n=48 | ATROPHY n=35 Nﬂi iiTER
AV £SD sec | 038+0.02 0.45 £ 0.10 0.42%0.10
Tssup CONTROL < 0.001
ATROPHY ns.
AV £SD sec | 016%001 | 0.27+0.14 0.28+0.13
Tosur CONTROL <0.001
ATROPHY ns.
AV £SD sec | 068+0.03 | 098031 1.00 £ 0.78
Tsrance CONTROL <0.002
ATROPHY ns.
AV£SD em | 713053 [ 329+149 3.56 %128
Dssup CONTROL <0.001
ATROPHY n.s.
AV£SD cm | 11.54%185 | 954177 8.46 +2.79
Dosur CONTROL <0.001
ATROPHY ns.

Table 13. Comparisons of Tssup, Tosur, Tstance, Dssup, Dpsur parameters in group-pairs.
Average values with standard deviations and significances p of Mann-Whitney U test are
given in appropriate table cells.

Direct comparison of gait parameters between BEFORE and AFTER states in NPH are given
in Table 12. Because NPH BEFORE and NPH AFTER are paired groups, the Wilcoxon test
was used to compare the gait. Differences of all parameters are statistically significant.
Figure 12 shows average values with standard deviations as well as individual values of
Tssup, Tosup, Tstance in NPH patients before and after surgery.

After surgery gait of NPH patients resembles gait of patients with atrophy. Table 13 shows
that there is no statistical significant difference between NPH AFTER and ATROPHY
groups.
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Fig. 12. Mean values of Tssup, Tpsup, Tstance in NPH BEFORE and NPH AFTER groups.
Individual values of these parameters are given, they are connected with lines. Values for
both legs are combined.

4.8 k-NN classification of dynografic parameters

Dynographic parameters were analysed by means of k-NN method in 2008 (Czerwosz at al.
2008). Now the calculations should be repeated with larger number of subjects. Usage of
pattern recognition methods can give chance for better evaluation of multi-parameter data.

5. Discussion and conclusions
There are three main theses that come out from this study:

1. Sways in NPH patients before shunting is much bigger than after surgery. This relates
mostly to eyes open (EO) condition.

2. Sways of NPH patients do not depends on the sight, they seem to be the same in EO
and EC conditions.

3. NPH and atrophy imbalances differ when evaluate by means of more than one
parameter (feature). Pattern recognition methods should be used.

There are many proofs of strong relationship between vision and postural control. Vision
has a greater influence on standing postural control, resulting in greater sway when
individuals are presented with erroneous or conflicting visual cues (Redfern at al. 2001). In
impairment of the vestibular system and possibly other sensing systems and probably in
cerebellar ataxias, vision can help in balance recovery. In NPH we do not observe any
improvement, there is some probability that vision can disturb maintenance of the balance.
Interestingly the vision index was slightly negative in NPH BEFORE group, meaning that
with eyes closed sways are smaller. Blomsterwall (Blomsterwall at al. 2000) found that
healthy individual had a 29% better postural function with open eyes while NPH patients
only improved their balance score by 18% with open eye. The impact of vision should be
studied farther due to this discrepancy.
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Description of hydrocephalus can be found in ancient medical literature from Egypt
as old as 500 AD. Hydrocephalus is characterized by abnormal accumulation of
cerebrospinal fluid (CSF) in the ventricles of the brain. This results in the rise of

intracranial pressure inside the skull causing progressive increase in the size of the

head, seizure, tunneling of vision, and mental disability. The clinical presentation
of hydrocephalus varies with age of onset and chronicity of the underlying disease
process. Acute dilatation of the ventricular system manifests with features of raised
intracranial pressure while chronic dilatation has a more insidious onset presenting
as Adams triad. Treatment is generally surgical by creating various types of cerebral
shunts. Role of endoscopic has emerged lately in the management of hydrocephalus.
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