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INTRODUCTION

Epidemiology

A congenital form of hydrocephalus occurs in roughly 50
in 100,000 live births (6). Hydrocephalus may also be
acquired later in life as a result of a brain tumor, following
meningitis, trauma, or intracranial hemorrhage. It has
been estimated that prevalence of shunted hydrocephalus
is about 40/100,000 population in the United States (7).
Untreated hydrocephalus has a poor natural history with a
mortality rate of 20-25% and results in severe physical and
mental disabilities in survivors (8,9). There has been a
significant reduction in mortality and morbidity with use of
shunting. However, shunting is associated with a high
failure rate; a 40% failure rate occurs within the first year
after shunting (10). Advances in the technology have lead
to the development of a diverse type of shunt systems to
circumvent problems related to long-term shunting, such
as obstruction, infection, and overdrainage. Yet, studies
done to evaluate these devices have not shown a significant
long- or short-term benefit from their use compared with
the conventional devices (10). It is estimated that, during
the year 2000, the cost associated with shunting exceeded
one billion dollars in the United States alone (11). Shunt
replacement accounted for 43% of shunt procedures. Endo-
scopic surgery has provided an alternative strategy in
patients with obstructive hydrocephalus. However, limited
data in the literature suggest that long-term survival of
third ventriculostomy is not significantly superior to that of
a shunt (12).

Physiology

The CSF flow in the craniospinal system is influenced
by two separate processes: (1) the circulation of the CSF
from its formation sites to its absorption sites (i.e., bulk
flow) and (2) an oscillatory (back and forth) flow during
the cardiac cycle (pulsatile flow). The first process governs
the overall volume of CSF and thereby influences intra-
cranial pressure (ICP). The second process, the oscillatory
movement of the CSF within the craniospinal com-
partments, is caused by the pulsatile blood flow entering
and leaving the intracranial compartment during the
cardiac cycle. These two processes occur over different
time scales; circulation and replenishing of CSF occurs
over minutes, whereas the time scale of the pulsatile CSF
flow is milliseconds.
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CSF Circulation. Unlike other organ systems, the brain
and the spinal cord are unique in being bathed in a clear
fluid called cerebrospinal fluid. The exact role that it plays
in maintaining the necessary environment for the func-
tioning of the nervous system is unclear. It has been
ascribed a role in providing nutrition, removing excess
waste, circulating neurotransmitters, maintaining the
necessary electrolyte environment, and acting as a shock
absorber against trauma.

The distribution of nutrients, or neurotransmitters,
and removal of waste products of metabolism, is an
unlikely function of CSF, because these chemicals are
present in very low concentrations in the CSF. The main
function of CSF is to provide buoyancy to support the
brain and act as a cushion against trauma. The normal
brain weighs about 1500 g; however, supported by the
buoyancy of the CSF, its apparent weight is reduced to
about 50 g in the cranium. Support for its role in cush-
ioning the brain and spinal cord against trauma comes
from clinical conditions like severe spinal canal stenosis.
The CSF cushion around at the site of stenosis is markedly
reduced. As a result, spinal cord injury often occurs even
with minor trauma as the shock waves are directly trans-
mitted from the bone to the spinal cord.

Cerebrospinal fluid is made through a complex process
that occurs in the cells of the choroid plexus, which
lines the margin of the four fluid-filled spaces in the
brain called the ventricles. First, an ultrafilterate of
plasma is formed in the connective tissue surrounding
the choroidal capillaries. Next, this is converted into a
secretion by carbonic anhydrase enzyme present in the
choroids epithelium. The CSF is made at a fairly constant
rate of about 10 mL/h. Most of the CSF is made in the
choroids plexus of the lateral ventricles. Roughly, 20% of
the CSF comes from the ventricular walls. As most CSF is
made in the lateral ventricles, it is traditionally believed
that the CSF bulk flow occurs from the lateral ventricles
to the third ventricle, fourth ventricle, and then through
the foramen of Magendie and Lushka into the cerebello-
pontine cistern and on to the surface of the brain and
spinal cord (Fig. 1). A fifth of the CSF runs down around
the spinal cord and then back to the cranial subarachnoid
space.

The CSF is absorbed by the cells of the arachnoid
granulations (13). These are present in the superior sagit-
tal sinus. The process involves pinocytosis of a small
quanta of CSF, on the subarachnoid side of the granula-
tions, and discharge into the blood on the venous side. The
process is driven by a pressure difference of at least 5 mm
Hg between the subarachnoid CSF and the superior sagit-
tal sinus. A small proportion of CSF is also absorbed along
the perivascular spaces and along the nerve sheaths exit-
ing the spinal canal (14).

This traditional view has been recently challenged.
Johnston et al. in experimental and cadaveric studies have
demonstrated that a large amount of CSF is present
around the olfactory nerve and the cribriform plate area
and drains into the lymphatic system of the face (15,16).
Others believe that CSF may be absorbed directly at the
level of the capillaries and perivascular spaces (17).
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Figure 1. CSF is mainly formed by the choroids plexus in the
lateral, third (1), and fourth (4) ventricles. The fluid flows (in the
direction of the arrows) from lateral ventricles through the foramen
of Monro (6) into the third ventricle. CSF then passes through
the aqueduct of Sylvius (2) into the fourth ventricle (3) and exits the
fourth ventricle through the foramen of Luschka and Magendie (5)
into the cisterna magna and the basal cisterns. The flow is then
into the subarachnoid space over the surface of the brain and about
the spinal cord. Finally, the fluid is absorbed through the tufts of
arachnoid (arachnoid villi) into the sagittal sinus.

CSF Pulsations. The pulsatile back and forth movement
of CSF between the cranium and the spinal canal with each
heartbeat plays a role in modulating the pulsatile cerebral
blood flow. Blood flow in the arteries leading blood to the
brain is pulsatile, whereas the pulsatility of blood flow in
the cerebral veins is considerably attenuated. The displa-
cement of CSF into the spinal canal during the systolic
phase helps accommodate the temporary increase in blood
volume in the intracranial space, which otherwise has only
a limited capacity to accommodate additional volume due
to the limited compliance of the intracranial compartment.
Reducing the pulsatility of the blood flow through the brain
may play a role in diffusion of nutrients to the brain cells
from the blood and of waste products from the brain cell to
the blood through a less pulsatile flow at the level of the
capillaries. As discussed later, MRI measurements of
the pulsatile arterial, venous, and CSF flows, to and from
the cranium, can now be used to measure intracranial
compliance and pressure (ICP), noninvasively. As one
of the main roles of shunting is to protect the brain
from increased ICP, diagnostic noninvasive measurement
of ICP may aid in management decisions in hydrocepha-
lous.

Pathophysiology

Hydrocephalus occurs if there is a mismatch between the
CSF production and the absorption. Accumulation of
CSF can occur from obstruction to the egress of CSF from
the ventricles. This is referred to as obstructive or non-

communicating hydrocephalus. It may also result from
impairment of absorption of the CSF at the level of the
arachnoid villi or increased resistance to the flow of CSF in
the subarachnoid spaces from fibrosis and scarring related
to meningitis or previous subarachnoid hemorrhage. This is
referred to as communicating hydrocephalus. Irrespective
of the cause, the accumulation of CSF has two conse-
quences. It results in an increase in the pressure in the
cranium and may cause diltation of the ventricles (ventri-
culomegaly).

e Increase in Intracranial Pressure: Maintaining
normal intracranial pressure is important for the
functioning of the brain. The pressure in the intra-
cranial cavity increases exponentially with an
increase in the total volume of its content (brain
tissue, blood, and the CSF) (18). Therefore, increase
in intracranial volume, due to uncompensated accu-
mulation of CSF, increases ICP and reduces intracra-
nial compliance. Compliance quantifies the ability of a
compartment to accommodate increase in volume for
a given increase in pressure and is defined as the ratio
of the changes in volume and pressure:

A
Compliance = ﬁ (1)

where, Av is change in volume and, Ap is the change in
pressure. Intracranial compliance decreases with
increased ICP because of the exponential relationship
between ICP and intracranial volume (ICV).

Normal ICP is about 1-5 mm Hg in an infant and up to 20
mm Hg in an adult. It is measured by inserting a needle into
the spinal canal and recording the pressure using a man-
ometer or by placing a catheter with miniature strain gauge
transducer at its distal tip (Codman, Raynham, MA;
Camino, Integra LifeSciences, Plainsboro, NJ) directly into
the brain parenchyma or the ventricles through a small
twist drill hole in the skull. Noninvasive means for mea-
surement of ICP would be important for diagnosis and man-
agement of hydrocephalus. Over the last several decades,
different approaches have been attempted (19). A method
based on measurements of CSF and blood flows to and from
the brain by MRI is described in more detail in this article.
Increase in ICP can affect the brain in two ways. First, it
reduces perfusion of blood into the brain due to the reduced
cerebral perfusion pressure (i.e., arterial pressure minus
ICP). Depending on the severity and duration, it may
result in chronic ischemia causing impairment in higher
mental functions, developmental delay in children, or an
acute ischemic injury and stroke. Second, rise in pressure
in any one of the compartments in the cranium, formed by
the tough dural falx in the midline and the tentorium
between the cerebral hemispheres superiorly and the cer-
ebellum inferiorly, forces the brain to herniate. This often
leads to infarction of the brain stem and death.

e Symptoms: Clinically, patients who have elevated
ICP generally present with typical symptoms. Head-
ache is the most common. It occurs especially in the
early hours of the morning in initial stages. Low
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respiratory rate during sleep results in buildup of blood
COq and vasodiltation. This aggravates the increased
ICP in the early stages of the disease. Vomiting is the
next common symptom and probably results either
from the distortion of the brain stem vomiting center
or its ischemia. Vomiting is often associated with
retching and rapid respiration that lowers the blood
COg level. This in turn leads to vasoconstriction and
lowers the ICP and often results in a transient relief in
headaches. Diplopia or double vision is also commonly
encountered in a setting of increased ICP. It is a result
of stretch of the sixth cranial nerve, which controls the
abduction of the eyes. Weakness of ocular abduction
disturbs the normal axial alignment of the two eyes
resulting in defective fusion of the two images by the
brain. Blurring of vision and visual loss may occur in
patients with long-standing intracranial hypertension.
This results from edema of the optic nerve head as the
axoplasmic flow in the neurons of the optic nerve is
impaired by the high ICP that is transmitted to the
nerve through the patent nerve sheath. Hearing
deficits related to similar effect on the cochlea are,
however, less frequent. Lethargy or sleepiness is fre-
quently observed in patients with high ICP and is
probably from a combination of decreased cerebral
perfusion and distortion of the brain stem.

e Ventricular Enlargement: Depending on the
pathophysiology of hydrocephalus, CSF may accumu-
late only in the ventricles as in obstructive hydroce-
phalus or in both the ventricles and the subarachnoid
space in communicating hydrocephalus. The increased
pressure within the ventricle is transmitted to the
periventricular region and results, over time, in loss
of neurons, increase in periventricular interstitial
fluid, and subsequent gliosis with loss of white matter
(20).

When onset of hydrocephalus occurs early in infancy,
before the skull sutures have closed, the enlarging ven-
tricles are associated with a progressive increase in head
circumference and developmental delay. In later childhood
and adults, the increasing ventricular size is associated
with symptoms of increased ICP. However, ventricular
enlargement may also occur with normal mean ICP, in
the elderly patients (21). This is referred to as normal
pressure hydrocephalus (NPH). The enlarging ventricle
stretches the periventricular nerve fibers. The patient
presents not with signs of increase in ICP but with pro-
gressive gait ataxia, bladder incontinence, and dementia.
Similar presentation may also be observed in adolescents
with aqueductal stenosis and obstructive hydrocephalus.
These patients with compensated long-standing hydroce-
phalus have been referred to as long-standing hydrocepha-
lus of adults (LOVA) (22).

It is not clear why the ventricles enlarge preferentially,
compared with the subarachnoid space, even though the
pressure distributes equally in a closed system. It has been
argued that, rather than the actual mean ICP, it is the pulse
pressure that determines ventricular diltation. Di Rocco et
al. (23) have shown that ventricular enlargement could be
induced by an intraventricular pulsatile balloon with a high

pulse pressure, despite the mean ICP being normal. It may
be argued that in a pulsatile system, it is the root mean
square (RMS) of the pressure, rather than the mean pres-
sure, that is the cause of enlarged ventricles. It has been
suggested that, in communicating hydrocephalus, decrease
in compliance may be responsible for preferential transmis-
sion of the pulsations to the ventricles (24,25). However,
others have shown that in acute or chronic communicating
hydrocephalus, the pulse pressure and the pressure wave-
forms in the SAS and the ventricles are similar (26,27).
Alternative explanations offered are that the pia over the
cortical surface is more resilient than ependyma that lines
the ventricular wall; the venous pressure in the periventri-
cular region is lower, making it more deformable than the
subcortical area (28).

DIAGNOSTIC METHODS

Measurement of Resistance to CSF Reabsorption

The hydrodynamics of the craniospinal system is governed
by patient-specific properties like CSF formation
rate, CSF reabsorption resistance (historically termed
as outflow resistance), venous pressure in the sinus, and
craniospinal compliance. Together with the periodic var-
iations in ICP, due to blood volume variation from the
heartbeat and vasomotion, these properties describe the
CSF dynamics, which provide the working environment of
the brain. When this environment is disturbed, it affects
the function of the brain resulting in the clinical symptoms
of hydrocephalus. After shunting, symptoms are
often eliminated or reduced. It shows that a clinical
improvement can be accomplished by actively changing
the brain’s working environment. This link among CSF
dynamics, brain function, symptoms, and shunting has
made researchers look for CSF dynamical means to iden-
tify patients that would benefit from a shunt surgery.
Outflow resistance has been suggested as a strong predictive
parameter in communicating hydrocephalus. Invasive infu-
sion tests in conjunction with a mathematical model of the
craniospinal system can be used to estimate CSF absorption
rate. The most accepted model for the system hydrodynamics
has been proposed by Marmarou (29).
The basic assumptions for the model are as follows:

e CSF reabsorption rate is linearly dependent on the
difference between the intracranial and venous pres-
sures (the outflow resistance describes this linear
relationship)

e A pressure-dependent compliance

e A constant formation rate of CSF, independent of ICP

The model can be displayed as an electrical analogy
(Fig. 2). The model is described mathematically as a differ-
ential equation of the time-dependent ICP as a function
of external infusion and the governing physical parameters:

dPrc(t) N K
dt Rout

Pro(t)]? - (Klinfusmn(t) +%)Plc(t) 0
@)
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Figure 2. Model of the dynamics of the CSF system. I, mation 1S
the CSF formation rate, C is the pressure-dependent compliance
described by the elastance parameter K, R,; is outflow resistance,
Pgnus is the venous pressure in the sinus, and Pic is the
intracranial pressure. Ij,fsion 1S the option of external infusion
of artificial CSF.

where R, is outflow resistance, Pic is the intracranial
pressure, P, is the ICP at rest, and K is the elastance.

Estimation of CSF outflow resistance and the other
system parameters requires perturbation of the system
steady state by infusion of fluid into the craniospinal
system, either through a lumbar or a ventricular route.
Typically, one or two needles are placed in the lumbar
canal. When two needles are used, one is connected to a
pressure transducer for continuous recording of the
dynamic changes in ICP following the infusion, and the
other one for infusion and/or withdrawal of the fluid.
Different protocols of infusion will lead to unique mathe-
matical solutions. In addition to the resting pressure (also
refereed to as opening pressure), which always is deter-
mined during these investigations, it is generally believed
that the outflow resistance is the clinically most important
parameter, but compliance has also been proposed as a
predictor for outcome after shunting.

Bolus Infusion. An example of ICP recoding during the
bolus infusion test is shown in Fig. 3. The approach is to
first determine the compliance from the ratio of the injected
volume and the magnitude of pressure increase (30). A
pressure volume index (PVI), which describes compliance,
is calculated through the expression:

B AV
- log(Pp/Po)

PVI (3)

ICP (mm Hg)

0 30 60 90
Time (s)

Figure 3. ICP curve from a bolus injection of 4 mL. Figure from
Marmarou et al. (30).

where AV is the infused volume, P, is the peak pressure
and P, is the initial pressure just before the infusion. The
next step is to determine R,; from the spontaneous relaxa-
tion curve when the ICP returns toward the resting pres-
sure (Fig. 3). Solving the differential equation for the
relaxation phase after the bolus infusion gives the follow-
ing expression for R, as a function of time (31):

tP,
Rout = _ (4)
t— 40

where ¢ is the time in seconds after the bolus and P, is the
measured pressure at time ¢ on the relaxation curve. From
each bolus, a number of values of R,,; are calculated and
averaged, for example at# = 1 min, 1.5 min, and 2 min. The
bolus procedure is usually repeated a couple of times for
increased measurement reliability.

Constant Pressure Infusion. In this infusion protocol,
several constant ICP levels are created. This is done by
using a measurement system that continuously records the
ICP and regulates it by controlling the pump speed of an
infusion pump (Fig. 4) (32). The net infusion rate needed to
sustain ICP at each pressure level is determined, and a flow
versus pressure curve is generated (Fig. 4). Using linear
regression, the outflow resistance is then determined from
the slope of that curve (33), because at steady state, the
differential equation reduces to

1 P,
Ly =—=—Pic — 5
inf Rout IC Rout ( )

where Pjc is the mean intracranial pressure on each level,
P.is the resting pressure, and I;,¢ is the net infusion flow at
each level.

The constant pressure method can also be used to
estimate the CSF formation rate. This is done by lowering
the ICP beneath the venous pressure, i.e., below 5 mm Hg.
At that ICP, no CSF reabsorption should take place. There-
fore, the net withdrawal of CSF needed to sustain that
constant pressure level should equal the formation rate.

Constant Flow Infusion. In this method, both the static
and the dynamic behavior of the CSF system can be used to
estimate outflow resistance (34). In a steady-state analysis
R, can be calculated from the stable ICP value associated
with a certain constant infusion rate. R, is then estimated
by the following expression:

P, level — P,
Ting

Rout‘stat = (6)
where R,y stat 1S a static estimation of R4, Pievel is the new
equilibrium pressure obtained at the constant infusion
rate, P, is the resting pressure, and I;,¢ is the infusion rate
(Fig. 5).

R, can also be estimated from the dynamic phase
during the pressure increases toward the new equilibrium
(Fig. 5). This procedure will also give an estimate of the
craniospinal compliance (elastance). The differential equa-
tion is now solved for a condition of a constant infusion rate,
and the solution is fitted against the recorded pressure
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Figure 4. Pressure and flow curves for the constant pressure method. Left graph shows typical data
for ICP and infused CSF volume versus time. Right graph shows the mean pressure and flow points
determined from each steady-state level. Outflow resistance corresponds to the inverse of the slope.

curve. The time-dependent pressure increase is described
by the following expression:

P(t) (Iinf +11;:;§?1) ] (Pr B PO) P (7)
P,—P -K (;"PO +Ianf>t ’
e g [o Vi

where K is the elastance and P, is a reference pressure that
is suggested to be equal to venous sinus pressure. Fitting
against data will result in estimations of the unknown
parameters Rout dyn, K, and Py.

In summary, CSF infusion tests are conducted to reveal
parameters describing the hydrodynamics of the craniosp-
inal system. An active infusion of artificial CSF is per-
formed, and the resulting ICP response is recorded, and
parameters such as outflow resistance, compliance, forma-
tion rate, and the venous sinus pressure are then estimated
based on a proposed mathematical model. Outflow resis-
tance values determined with the bolus method are usually
lower than the values determined with the constant infu-
sion and constant pressure methods. The reason for this
difference is not well understood at this time. Determina-

icp S0

tion of R, is often used as a predictive test in hydroce-
phalus, and it has been stated that if the outflow resistance
exceeded a certain threshold, it is an excellent predictor of
clinical improvement after shunting (35). In a recent guide-
line for idiopathic normal pressure hydrocephalus, mea-
surement of R,y is included as a supplementary test for
selecting patients suitable for shunt surgery (36).

DIAGNOSIS WITH IMAGING

Cross-sectional imaging is routinely used in the diagnosis
of hydrocephalous. CSF spaces are well visualized with CT
and MRI. In CT images, CSF spaces appear darker due to
the lower atomic density of the CSF compared with that of
brain tissue. MRI provides an excellent soft-tissue contrast
resolution and is considered the primary imaging modality
for brain imaging. With MRI, CSF spaces can appear either
darker or brighter compared with its surrounding tissues
depending on the imaging technique. An example of a CT
image and MRI images demonstrating abnormally large
CSF spaces is shown in Fig. 6. Cross-sectional imaging
enables quantitative assessment of the CSF spaces as well

DB et A
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Figure 5. ICP data from a constant
infusion investigation. Figure modified
from Czosnyka et al. (34).
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(b)

Figure 6. An example of a (a) CT image and (b and ¢) MRI images demonstrating abnormally large
CSF spaces. The appearance of CSF in MRI depends on the technique used to acquire the images; its
(b) dark with a T1 technique and (c) bright with a T2 technique.

as 3D reconstruction of the geometry of the ventricular
system. The 3D model is obtained by segmentation of the
CSF spaces in each of the 2D slices. An example of 3D
models of the ventricular system from MRI data demon-
strating normal size ventricles and enlarged ventricles are
shown in Fig. 7a and b, respectively.

MRI-based motion-sensitive techniques capable of ima-
ging flow are gaining an important role in the diagnosis
of hydrocephalus. In particular, dynamic phase-contrast
techniques provide images of velocities (velocity-encoded
images). The degree of brightness in these images is pro-
portional to the direction and the speed of the moving fluid
or tissue. Dynamic (cine) phase contrast images are used to
visualize the back and forth flow through the different CSF
pathways. The cine phase contrast MRI (PCMRI) techni-
que is also used to derive quantitative parameters such as
CSF volumetric flow rate through the aqueduct of Sylvius,
from which the CSF production rate in the lateral ventri-
cles can be estimated (37), and intracranial compliance and
pressure (19,30).

MRI-Based Measurement of Intracranial Compliance and
Pressure

The noninvasive measurement of compliance and pressure
uses the cardiac pulsations of the intracranial volume and

Figure 7. Volume rendering of the
CSF spaces inside the brain (i.e., ven-
tricles) generated using segmented
MRI data from a (left) healthy vol-
unteer and from a (right) hydroce-
phalic patient.

pressure (30,38). This method is the noninvasive analogs to
the measurement of intracranial compliance with the pre-
viously described bolus infusion method where the volume
and pressure changes are calculated from the MRI mea-
surements of CSF and blood flows to and from the brain.
Intracranial elastance, i.e., a change in pressure due to a
small change in volume, or the inverse of compliance, is
derived from the ratio of the magnitudes of the changes in
volume and pressure, and the pressure is then derived
through the linear relationship between elastance and
pressure. The MRI method measures the arterial, venous,
and CSF flows into and out of the cranial vault. A small-
volume change, on the order of 1 mL, is calculated from the
momentary differences between inflow and outflow at each
time points in the cardiac cycle. The pressure change is
proportional to the pressure gradient change, which is
calculated from time and spatial derivatives of the CSF
velocities using fluid dynamics principles.

A motion-sensitive MRI technique, cine phase con-
trast, provides a series of images where the value at each
picture element is proportional to the velocity at that
location. The phase contrast MRI technique is based on
the principle that the precession frequency of the protons
is proportional to the magnetic field strength. Therefore,
velocity can be phased-encoded by varying the magnetic
field in space and time, i.e., generating magnetic field
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(d)

gradients. When a gradient field is applied along an axis
for a short time, the proton’s phase will change based on
its location along that axis. When a bipolar (positive and
then negative) gradient field is applied, the phase of the
stationary protons will increase during the positive por-
tion (lobe) of the bipolar gradient and then will decrease
during the negative lobe. If the lobes were of equal area,
no net phase change would occur. However, moving pro-
tons, such as those in the blood or CSF, will experience
different field strength during each lobe due to their

R. Vertebral artery

R. Jugular vein

(a)

Figure 8. (a) Anatomical mid-
sagittal T1l-weighted MR image
showing the location of the axial plane
used for CSF flow measure- ment (dark
line). (b and c¢) Phase-contrast MRI
images of CSF flow in the spinal canal.
(b) CSF flow during systole. (c) CSF flow
during diastole. The pixel values in these
images are proportional to velocities in a
direction perpendicular to the image
plane. Gray-static tissue, white-
outward flow (caudal direction), and
black-inward flow (cranial direction).
(d) A 3D plot of the CSF velocities
during systole.

change in position; this will result in a net phase change
proportional to the proton velocity.

Examples of MRI phase contrast images of CSF and
blood flow are shown in Figs. 8 and 9, respectively. The
oscillatory CSF flow between the cranial and the spinal
compartments is visualized in images taken in a transverse
anatomical orientation through the upper cervical spinal
canal. The location of this plane is indicated on a mid-
sagittal scout MR image shown in Fig. 8a. Fig. 8b depicts
outflow (white pixels) during systole, and Fig. 8c depicts

Figure 9. (a) A blood vessel MRI scout image
showing the location of the axial plane for blood
flow measurement (dash line). (b) A phase con-
trast MRI image of blood flow through that
location. Black pixels indicate arterial inflow,
and white are venous outflow. (c) A 3D plot of
the blood flow velocities.
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Figure 10. The volumetric flows into and out of the cranial vault
during the cardiac cycle derived from the MRI phase contrast
scans. Total arterial inflow (filled circles), venous outflow (open),
and the cranial-to-spinal CSF volumetric flow rate (diamonds)
during the cardiac cycle. Note that arterial inflow is greater
than venous outflow during systole.

inflow (black pixels) during diastole. Fig 9d depicts a 3D
plot of the velocities in a region of interest containing the
CSF space and an epidural vein. The CSF flow is imaged
with a low-velocity encoding, and the faster blood flow
through the neck arteries and veins is imaged using
high-velocity encoding. The location of the imaging plane
used for blood flow measurement is shown in Fig. 9a, and
a velocity encoded image of blood flow is shown in Fig. 9b.
Fig 9c depicts a 3D plot of the velocities in a region of
interest containing the internal carotid and vertebral
arteries and the jugular vein.

Volumetric flow rates are obtained by integration of the
velocities throughout a lumen cross-sectional area. The
total volumetric arterial flow rate—that is, total cerebral
blood flow—is calculated directly from the sum of the
volumetric flow through the four vessels carrying blood
to the brain (internal carotid and vertebral arteries). The
venous blood outflow is obtained by summation of the flow
through the jugular veins, and through secondary venous
outflow channels such as the epidural, vertebral, and deep
cervical veins when venous drainage occurs through these
veins. An example of the volumetric flow waveforms for
CSF, arterial inflow, and venous outflow measured in a
healthy volunteer is shown in Fig. 10.

The rate of the time-varying intracranial volume change
(net transcranial volumetric flow rate) is obtained by sub-

tracting outflow rates from inflow rates at each time point.
The intracranial volume change (delta of volume from a
given reference point) is obtained by integrating that wave-
form with respect to time. Waveforms of the net transcra-
nial volumetric flow rate and the change in the intracranial
volume are shown in Fig. 11.

The magnitude of the change in intracranial pressure
during the cardiac cycle (pulse pressure) is proportional to
that of the CSF pressure gradient waveform. A method to
measure pressure gradient of pulsatile flow in tubes with
MRI was reported by Urchuk and Plewes (39). Pulsatile
pressure gradients are derived from the MRI velocity-
encoded phase contrast images using the Navier—Stokes
relationship between pressure gradient and temporal and
spatial derivatives of the fluid velocity for incompressible
fluid in a rigid tube (40). Pressure traces from invasive
recordings obtained invasively in patients with low and
elevated ICP with an intraventricular pressure transducer
and the corresponding CSF pressure gradient waveforms
derived from the MRI measurements of the CSF velocities
at low- and high-pressure states are shown in Fig 12. The
ratio of the magnitude of the pressure and volume changes,
i.e., intracranial elastance, is then expressed in terms of
MR-ICP based on the linear relationship between ela-
stance and ICP.

DEVICES FOR TREATMENT

Despite significant advances in understanding of the
pathophysiology of hydrocephalus, the gold standard for
the treatment of hydrocephalus still continues to be CSF
diversion through a tube shunt to another body cavity.
Unfortunately, treatment with CSF shunts is associated
with multiple complications and morbidity. The rate of
shunt malfunction in the first year of shunt placement is
40%, and, thereafter, about 10% per year. The cumulative
risk of infection approaches 20% per person although the
risk of infection per procedure is only 5-8% (41). The
technological advances in shunt valve designs and materi-
als have had only a marginal impact on the rate of com-
plications. Third ventriculostomy has become popular in
recent years for management of obstructive hydrocepha-
lus, but many questions about its long-term permanence
remain controversial. Choroid plexectomy (42,43) aimed at
arresting hydrocephalus by reducing CSF production or
pharmacotherapy with similar intentions have had very
limited success in selected patients.
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Figure 12. Invasive pressure traces (top) obtained with an intra-ventricular catheter from two
patients with (left) low and (right) elevated ICP. The corresponding MRI-derived CSF pressure

gradients are shown at the bottom.

Nonobstructive Hydrocephalus

No treatment other than CSF diversion has been effective in
management of this form of hydrocephalus. The CSF may be
diverted from the ventricles through a catheter that runs in
the subcutaneous tissue into the abdominal cavity where it
is absorbed by the peritoneum (ventriculo- peritoeal shunt)
(Fig. 13). It may also be diverted from the spinal subarach-
noid space by a lumbar shunt that diverts it to the perito-
neum (Lumbar-peritoneal shunt). Lumbar CSF diversion
avoids the potential risk of brain injury by the ventricular
catheter. Lumbar shunts have a lower risk of obstruction
and infection (44) but are more prone to malfunction from
mechanical failures (45), and, the development of hind brain
herniation, over a period of time, has been well documented
(46,47). Evaluation of a lumbar shunt for function is more
cumbersome than that of a ventricular shunt. The lumbar
shunt is usable in patients with communicating hydroce-
phalus, small ventricles, and patients who have had multi-
ple ventricular shunt malfunctions.

In patients who cannot absorb CSF from the peritoneum
due to scarring from previous operations or infections, the
CSF may be diverted to the venous system through a

catheter placed at the junction of superior vena cava and
the right atrium (ventriculo /lumbar-atrial shunt).

A typical shunt system consists of three parts (Fig. 14).
First, the proximal catheter, i.e, the catheter, is inserted into
the ventricle or the lumbar subarachnoid space. Second, the
valve controls the amount of CSF that flows through the
shunt system, and third, the distal catheter drains the CSF
from the valve to the peritoneum or the atrium.

Proximal Catheter

Three basic types of proximal catheter designs are
available: simple with multiple perforations (Codman,
Raynham, MA; PS Medical, Goleta, CA), simple Flanged
(Heyer-Schulte), Integra, Plainsboro, NdJ; Anti-Blok
(Phoenix Vygon Neuro, Valley Forge, PA) with receded
perforations. The last two have been designed to minimize
the growth of choroid plexus into the perforations and
causing obstruction. There is no controlled study to sug-
gest that these two designs are in any way superior to
simple perforations. The flanged catheters can get stuck,
as choroid plexus grows around it, making removal of an
obstructed catheter difficult (48).
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Figure 13. The shunt consists of three parts. The ventricular
catheter enters the skull through a burr hole in the skull and
passes through the brain into the lateral ventricle. It is connected
to the valve that is placed in the subcutaneous tissue of the scalp.
The valve in turn is connected to the distal catheter that runs in
the subcutaneous tissue to enter the peritoneal cavity of the
abdomen as shown in the inset (ventriculo-peritoneal shunt) or
into the jugular vein and through it to the superior vena cava
(ventriculo-atrial shunt).

Placement of the proximal catheter has generated con-
siderable controversy in the literature (48-51). More
recently, endoscopic placement of the proximal catheter
into the frontal horn, away from the choroid plexus, has
been advocated to minimize proximal malfunction
(3,52,53). Again no controlled study has been done to
confirm whether placement of the proximal catheter into
frontal or occipital horn is superior to placement in the
body of the lateral ventricle. Often catheters that are
grossly malpositioned may continue to work, whereas
those that are well positioned may fail. The choice of the
site, frontal or parietal, may be made on the basis of the
above although some studies have suggested a higher
incidence of seizure with catheters placed via a frontal
burr-hole (49). A study to evaluate use of endoscope to place
the shunt catheter in the frontal horn failed to show any
benefit (54). This suggests that no matter where the cathe-
ter is placed, the flow of CSF toward the catheter causes the
choroids plexus to creep toward the catheter, ultimately
causing ingrowth and obstruction of the catheter (55).

To remove an obstructed catheter, intraluminal coagu-
lation of the choroid plexus is done using a stylet and low-
voltage diathermy, at the time of shunt revision (56-58).
Massive intraventricular hemorrhage may occur if the

choroid plexus is torn while forcefully removing the cathe-
ter. Delayed subarachnoid hemorrhage from rupture of
pseudoaneurysm resulting from diathermy of a catheter
close to anterior cerebral artery has been reported (59). At
times, if the ventricular catheter is severely stuck, it is
advisable to leave it in position but occlude it by a ligature
and clip. This may become necessary as sometimes an
occluded catheter may become unstuck over time and begin
to partially function, resulting in formation of subgaleal
CSF collection. Replacing a new catheter into the ventricle
in patients with small or collapsed ventricles can be some-
times challenging. In most instances, after removal of the
old catheter, the new catheter can be gently passed into the
ventricle through the same tract. Frameless stereotaxis
(StealthStation, Medtronics, Goleta, PA) is now available
and may offer an alternative to cumbersome and time-
consuming frame-based stereotactic catheter placement
(52).

Valve

The valve regulates the amount of CSF that is drained. The
aim is to maintain normal ICP. The simplest valves are
differential pressure valves. The CSF drainage in these
valves is based on the pressure difference between the
proximal and the distal ends. Three major configurations
are available (Fig. 14): diaphragm, slit valve, and ball-
spring mechanism in different pressure ranges (low, med-
ium, and high). Recently, valves in which the pressure
setting can be changed with a magnetic wand have become
available. These programmable valves allow pressure
changes over different pressure ranges based on the man-
ufacturer. The pressure setting on the valve can be ascer-
tained by X ray of the head in the Medos valve (Codman,
Raynham, MA) or using a magnetic wand in the Strata
valve ( Medtronics, Goleta, CA). To prevent inadvertent
changes in the valve setting by stray magnetic fields, the
Polaris valve (Sophysa, Costa Mesa, CA) has an ingenious
locking mechanism that allows changes only if the mag-
netic field has a certain configuration.

Slit valves tend to be the most inaccurate in their
performance followed by ball and spring valves. The dia-
phragm valves proved to be most stable in long-term tests.
Most valves, like the slit valves, ball-spring, and dia-
phragm valves, offer a lower resistance (<2.5 mm Hg/
mL/min) than the normal physiological CSF outflow of
6-10 mm Hg/mL/min. The standard distal tubing of 110
cm increases the overall resistance to 50-80% of the phy-
siological value (60).

Standard differential pressure valves are available in
different pressure ranges. It is unclear whether it makes a
difference in an ambulatory patient to use a low-, medium-,
or high-pressure valve because in the upright position
irrespective of the rating the hydrostatic column converts
all differential pressure valves into “negative” pressure
valves (61). The overdrainage results in persistent head-
aches from low ICP, ventricular collapse, and increased
risk of shunt obstruction. Long-term changes in cerebro-
venous physiology cause acute and severe increase in ICP
without enlargement of ventricles at the time of shunt
malfunction (62). To circumvent the overdrainage in the
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Figure 14. Three major types of valve designs are available. (a) Differential pressure valves allow
flow in proportion to the pressure difference between the proximal catheter and the distal catheter.
Configurations are a simple diaphragm, ball and spring, or slit valve. Programmable differential
pressure valves can be programmed to a pressure setting using a magnetic wand. In the upright
position, due to a negative pressure from the hydrostatic column of fluid in the distal catheter, these
valves tend to overdrain causing negative pressure symptoms. (b) Flow control valves have the ability
to limit overdrainage from a negative hydrostatic pressure gradient. The Orbis-Sigma Valve has a
wedge-shaped pin over which the orifice of the diaphragm (arrows) rests. When the distal pressure
becomes negative in the upright position, the diaphragm slides downward on the pin narrowing the
drainage channel and hence reducing the flow rate. The Diamond valve has a wedge-shaped slit in
the construct (arrows) that narrows as the distal pressure becomes increasingly negative again
reducing the flow rate. (¢c) Gravity actuated devices reduce drainage in the upright position by increase

(C) Gravity Actuated
Device

Vertical High resistance

in resistance to flow of CSF from the weight of metal balls in the drainage channel.

upright position, ingenious devices, also referred to as
devices for reducing siphoning (DRS), have been developed
(Fig. 14). The Anti-Siphon device (Integra LifeSciences)
has a flexible diaphragm that mechanically senses atmo-
spheric pressure and shuts off the drainage channel if the
hydrostatic pressure in the fluid column becomes negative.
Flow control valves (Orbis Sigma Valve, Integra Life-
Sciences and Diamond Valve, Vygon Neuro, Valley Forge,
PA) have a drainage channel that narrows as the differ-
ential pressure increases in the upright position to reduce
the flow. Gravity actuated devices (Gravity Compensating
Accessory, Integra LifeSciences, CA, Chabbra Shunt) have
metal balls that fall over one another in the upright posi-
tion to increase resistance to flow. Double channel devices
(Dual Switch Valve, Christoph Miethke GmBH & Co KG;
SiphonGuard, Codman) have two channels; the low-resis-
tance channel is shut off by a gravity actuated ball in the
upright position.

There is no evidence to suggest that use of one type of
valve is superior to the other, and several valve designs are
available in the market today. A recent multicentric study,
evaluating three basis types of valves, failed to confirm the
utility of flow control or anti-siphon valves in children and
infants over the differential pressure valves (10). Similarly,
studies have failed to show that programmable devices are
superior to fixed pressure valves (63). Over a period of time,
the ventricle tended to become small irrespective of the
type of valve used. The rate of proximal malfunction in a
patient with flow control valves was 6.5% compared with
42-46% for the other two valves, although the overall rate
of malfunction and shunt survival was not statistically

different. The design of the flow control valves with a
narrow orifice makes it sensitive to malfunction (64). Cer-
tainly, revising a valve has less morbidity and risk of
neurological injury than revising the proximal catheter,
especially in patients with slit ventricles. There is evidence
that a significant number of patients do not tolerate flow
control valves and, despite a radiologically functioning
shunt, have high intracranial pressure from under-
drainage through the valve. In patients with limited pres-
sure-volume compensatory reserve, there can be an exces-
sive increase in intracranial pressure during cardiovascular
fluctuations, especially at night and be responsible for night-
time or early morning headaches, in patients with flow
control devices (60). Self-adjusting diaphragm valves like
the Orbis-Sigma (Integra LifeSciences), on bench test, have
proved to be inaccurate and unstable at perfusion rates of
20-30 mL/h, which is the most important physiological
range, leading to pre-valve pressures rapidly changing
between 4 and 28 mm Hg. During long-term perfusion,
these may resemble ICP pressure waves (60).
Diaphragm-based anti-siphon devices are prone to
obstruction from encapsulation as has been shown in
experimental animals and is often encountered in patients
who have had recurrent malfunctions (65). Some patients
are more prone to develop heavy scarring around the shunt
system. Again, there is no evidence that using an open
(ASD, Anti Siphon device, Integra LifeSciences) has any
advantage over using a closed system that opens when the
pressure exceeds the negative hydrostatic pressure (SCD,
Siphon Control Device, Medtronics), although theoretically
malfunctions in an open system would only result in loss of
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anti-siphon function without obstruction to the flow of
CSF. In the open system (ASD), the flow through the valve
stops only after the intracranial pressure has become
negative in the upright position, which is more physiolo-
gical, than with SCD, in which the flow stops once the
pressure reaches zero. In the multicentric shunt study, the
incidence of overdrainage was 7.8% in the SCD group and
2.6% in the Standard valve group. The study suggests that
diaphragm-based anti-siphon devices may not be any super-
ior to differential pressure valves in reducing overdrainage
(10). Considerable controversy also revolves around the most
optimum site for placement for the anti-siphon devices
(66,67). The classic position is at the level of the skull base:
however, the bench test suggests a marked tendency to over-
drain if the SCD is below the level of the proximal catheter.
These factors may be minor when considered in light of the
excessive sensitivity of the SCD to external pressure from
scar or when the patient is lying on the device (64).

The gravity actuated device (GAD) is used in conjunction
with a differential pressure valve to limit overdrainage (68).
It is similar to the horizontal vertical valve used in lumbar
shunts but constructed to fit in-line with a ventriculoper-
itoneal shunt. There is no literature to prove or disprove
its utility; however, in individual cases, we have found it
effective. Experimental evidence suggests that motion and
vibration (35) make the mechanism of these devices ineffec-
tive although clinical studies are lacking. The position of the
GAD device is critical for optimum functioning. Slight
angulation of the device to vertical can cause underdrainage
in the horizontal position and overdrainage in the vertical
position. Examples of pressure flow characteristics of a
standard differential pressure valve, a flow control valve,
and a valve containing a GAD are shown in Fig. 15.

Distal Catheter

Distal shunt malfunction is reported to occur in 12% to 34%
of shunts (51,69). Three types of distal catheters have been
used: the closed ended with side slits, open ended with side
slits, and open ended. A higher incidence of distal catheter
obstruction has been noted in catheters with side slits
whether closed ended or open ended (51,70). Omental in-
growth is responsible for the peritoneal catheter obstruc-
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tion; possibly the distal slits act as collection points for the
debris and provide a channel for trapping the omentum. It
is unclear whether using open-ended distal catheters
increases the likelihood of small ventricle malfunction.
Use of extended length catheters (110-120 c¢m) is not
associated with an increase in the complications and elim-
inates the need to lengthen the peritoneal catheter for
growth of the patient (71). However, care must be taken
to identify patients who may have enough length of tubing
in the abdomen but may underdrain due to a narrow and
taught segment of tubing from subcutaneous tethering as a
result of scarring and calcification.

It is difficulty to justify use of atrial over the peritoneal
site for distal absorption (72,73). Data on 887 patients
suggested that atrial shunts have a higher rate of mal-
function although some studies have not shown a signifi-
cant difference. However, when the same information was
stratified by age, shunt type, and time period, there was no
significant difference in shunt durability. Cardio-pulmonary
complication, such as irreversible pulmonary hyperten-
sion, endocarditis, and glomerulonephritis, are some of
the more serious complications that may occur with atrial
shunts (73). Alternative sites, like pleura, may result in
significant negative pressures in the shunt system (74).
Poor absorption from the pleura may result in large pleural
effusions in small children (74). The gall bladder has also
been effectively used in patients in whom peritoneal, atrial,
or pleural sites have been exhausted (75,76). Potential
complications of these shunts, notably biliary ventriculitis
and biliary meningitis, have been reported in the literature
(77,78). The ventriculo-femoral shunt may be tried in
patients with a difficult access to the atrium from the
subclavian or jugular route (79). Trans-diaphragmatic pla-
cement of the distal catheter in the sub-hepatic space
worked successfully in one reported patient with poor
peritoneal access due to scarring (80).

Shunt Material

Ideal shunt material should be completely biocompatible,
be easy to handle, flexible, resistant to infection, and non-
metallic but radio-opaque (metals interfere with MRI ima-
ging). From a manufacturing standpoint, it should be easy
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Figure 15. Pressure flow characteristics of (a). Standard differential pressure valve; note that
with increasing differential pressure, such as from upright posture, there is an increase in the flow
rate. (b) The flow control valve has a sigmoid flow-pressure relationship; in the upright position, the
valve works at the high resistance stage and maintains a relatively steady flow rate despite increase
in differential pressure. (c) Gravity actuated device, in vertical position acts as a very high-
resistance differential pressure valve (depending on the number of balls in the device) and as a
low-resistance differential pressure valve in the supine position.
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to mold into tubing and making valve components. Silicone
polymer is probably the best available material for this
purpose.

Some studies have suggested development of silicone
allergy in some patients with ventricular shunts (81-84). It
is unclear whether it represents a true immunological
reaction or a nonspecific foreign body type granulomatous
reaction (85). In patients with suspected or documented
silicone allergy, use of polyurethane (86) or, more recently
COg extracted silicone catheters has been postulated but
not proven to offer some advantage in reducing risk of
recurrent malfunctions.

Subcutaneous location of the distal catheters makes
them susceptible to degradation from a foreign-body reac-
tion mounted by the body (87). Scarring around the catheter,
calcification, and stress fractures are long-term conse-
quences of this reaction (88,89). Unless there is some
amount of surface degradation, the adhesions to the sub-
cutaneous tissues do not occur (87). Evidence suggests that
barium used in the silicone catheters is probably not an
important factor in promoting calcification and degradation
(90). Use of barium-free catheters, however, makes it diffi-
cult to evaluate a shunt system on radiological imaging.

To minimize colonization of shunt catheters and infec-
tion, recently antibiotic-coated catheters have become avail-
able. The catheters are available coated with rifampin and
minocycline (Medtronics, Goleta, CA) and another with
rifampin and clindamycin (Bactiseal, Codman, Raynham,
MA). The antibiotic is most active against Staph epidermi-
dis, which is the cause of shunt infection in most patients.
The antibiotic gradually leaches out of the catheter over a
30—60 day period providing added advantage. Control stu-
dies have shown a significant reduction in rate of infection
with use of these catheters (91,92). The major drawback is
the excessive cost of the antibiotic-coated catheters.

Shunt Malfunction

About 30—40% of the shunts malfunction within the first
year of placement (10) and 80% of malfunctions are prox-
imal malfunctions. Although most patients with a mal-
functioning shunt will present with the classic features of
raised pressure, headache, and vomiting, in 20%, there
may be no signs of raised pressure (93). Instead, this group
of patients present with a subtle change in behavior,
decline in school performance, gait disturbances, and
incontinence. Some patients may present with aggravation
in the signs and symptoms of Chiari malformation or
syringomyelia. Parents are often more sensitive to these
subtle changes. In a study comparing the accuracy of
referral source in diagnosing shunt malfunction, parents
were more likely to be correct about the diagnosis as
compared with a hospital or general practitioner (94).

At examination, a tense fontanelle, split sutures, and
swelling at the shunt site are very strongly suggestive of a
malfunctioning shunt. Shunt pumping has a positive pre-
dictive value of only 20% (95). A shunt valve that fails to fill
up in 10 minutes is very strongly suggestive of shunt
malfunction. Radiological assessment may demonstrate a
fracture or dislocation. Presence of double-backing of the
distal catheter, wherein the distal catheter tip loops out of

the peritoneal through the same spot that it enters it, is
diagnostic of distal malfunction (96). The shunt tap gives
useful information about the proximal and distal shunt
system. The absence of spontaneous flow and poor drip rate
indicate proximal malfunction, whereas a high opening
pressure is suggestive of distal malfunction (97). The pre-
sence of increase in size of the ventricles on CT scan
confirms a malfunctioning shunt; however, a large number
of patients with long-standing shunt have altered brain
compliance and may not dilate the ventricles at the time of
presentation. In children, similar symptoms occur in the
common illnesses like otitis media; gastroenteritis of viral
fevers often confound the diagnosis. Radiological assess-
ment of shunt flow using radionuclide or iodide contrast
media injected into the shunt may help (2,98-100). Unfor-
tunately, although some studies have shown an accuracy of
99% with combined pressure and radionuclide evaluation
(98,101), others have shown a 25—-40% incidence of decep-
tive patency when evaluated by radionuclide cisternogram
(97). This could stem from a partial but inadequately
functioning shunt, intermittent malfunction, or presence
of isolated ventricle. Similar problems are encountered
with an iodide contrast-based shuntogram or shunt injec-
tion tests. In the absence of normative data with regard to
adequate flow in the shunt, which may vary significantly
with the individual, time of the day, and activity (102), use
of Doppler-based flow devices, flow systems that work
based on differential temperature-gradient or MRI-based
flow systems becomes irrelevant for an individual patient.
Lumbar infusion tests and shunt infusion tests to assess
the outflow resistance through the shunt are cumbersome
and require a laboratory-based setup and may not be
possible in an ER setting (103-105). Infusion through a
reservoir to assess outflow resistance through the shunt
suggests a cutoff of less than 12 mm Hg/mIL/min as reliable
for distinguishing a clinically suspected high probability of
malfunction from those with a low probability of shunt
malfunction (104). However, this is the group of patients
who may not really need the test, and patients who have a
questionable malfunction on clinical grounds often have
equivocal results on the infusion study.

In childhood hydrocephalus, ICP is the only accurate
guide to shunt function other than the symptoms (105).
Again the ability to measure ICP through the valve tap
becomes unreliable with a partial proximal malfunction. A
similar problem may be encountered with in-line tele-
metric ICP monitors (106,107). In-addition, the telemetric
transducers may develop a significant drift over time. In
difficult cases, the only way to resolve the issue may be to
explore the shunt, to measure ICP through a lumbar
puncture if the patient has communicating hydrocephalus,
or to place an ICP monitor. Noninvasive monitoring of ICP
is going to have a major role in assessment of these
patients. For patients who have a very compliant brain,
ventricular diltation on the CT scan easily confirms inade-
quate shunt function.

Despite advances in shunt technology, the incidence of
shunt malfunction has not changed over the last 50 years.
Nulsen and Becker (3) reported a rate of malfunction of
44%, in 1967, which is similar to that reported in recent
studies. To improve on the existing shunt systems, it is
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Figure 16. Third ventriculostomy is useful
in patients with obstructive hydrocephalus
such as observed with aqueductal stenosis
(arrows). An endoscope is passed through a
small hole in the skull into the frontal horn of
the ventricle and navigated into the third
ventricle. The floor of the third ventricle is
then perforated under vision (arrow, in the
inset) so as to bypass the obstruction at the
aqueduct. Iohexol, a nonionic iodinated dye, is
then instilled into the ventricle to demonstrate
good communication between the ventricles
and the subarachnoid space.

important to understand the factors that reduce shunt
survival. Although the location of the proximal catheter
has not been clearly shown to influence shunt survival
(50,51), the presence of a small amount of fluid around the
proximal catheter is associated with longer shunt survival.
In a study that looked at shunt over a 11 year period,
statistically significant differences were noted in shunt
survival in patients with tumor versus post-hemorrhagic
and aqueductal stenosis; shunts in infants and the pedia-
tric age group survive shorter than in adults; shunt after
multiple revisions survive shorter, and additional shunts
placed for isolated ventricles have shorter survival
(70,108). Chronic inflammatory changes of granular epen-
dymitis often seen at the time of endoscopic shunt place-
ment in patients with multiple revisions probably
contribute to recurrent malfunction and progressive short-
ening of the interval between revisions as the number of
surgeries increase (108).

The nature of the valve clearly influences the risk of
proximal catheter malfunction. It is much lower with flow
control valves (10,109). Overdrainage from the differential
pressure valves pulls the choroid plexus toward the prox-
imal catheter and may promote malfunction (55). However,
the increased rate of valve malfunction in flow control
devices balances out this advantage (10).

THIRD VENTRICULOSTOMY

In patients with an obstructive type of hydrocephalus,
third ventriculostomy offers an alternative to shunt. The
procedure involves making an opening in the relatively

Endoscope

Enlarged
lateral ventricle

lohexol

thin membrane of the floor of the third ventricle. This is
accomplished by passing an endoscope through the lateral
ventricle and guiding it through the foramen of Munro to
the floor of the third ventricle (Fig. 16). The opening allows
CSF to bypass the obstruction at the level of the aqueduct
or the fourth ventricle and directly enter the subarachnoid
space.

Although third ventriculostomy has been recommended
as a procedure of choice for obstructive hydrocephalus;
data from some prospective studies have failed to show
animproved cure rate (110,111). A retrospective analysis of
ventriculographic versus endoscopic third ventriculostomy
in 213 cases does show the superiority of the endoscopic
procedure over the ventriculographic operation both in
terms of reduced risk and improved survival of the proce-
dure (112). Despite the theoretical advantages, evidence
suggests that third ventriculostomy may not be effective in
controlling raised intracranial pressure in all patients
(112,113). Early failures in a radiologically proven case
of obstructive hydrocephalus may relate to multifactorial
etiology of hydrocephalus; associated absorption defects,
obliteration of subarachnoid space from long-standing ven-
tricular diltation, and unidentified infectious cause of aqe-
ductal stenosis may be responsible. Late failures may
relate to gliotic scarring over the ventriculostomy, which
has been visually confirmed by endoscope in some cases.
Does the ventriculostomy close from scarring, or is it a
secondary response to lack of flow through the ventricu-
lostomy due to poor absorption, therefore, a lack of gradient
between the ventricle and the subarachnoid space, is
unclear. In a small prospective study comparing the shunt
failure rate with the failure rate of third ventriculostomy,
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no statistical difference was found between the two (12).
Likewise, no controlled study has compared laser, blunt, or
sharp fenestration of the floor or demonstrated usefulness
of balloon diltation of the fenestration. The success rate of
third ventriculostomy of 49-100%, as reported in the litera-
ture, may not be a true representative of the efficacy of third
ventriculostomy (12). Evaluation after third ventriculostomy
and defining success is difficult in the absence of documented
reduction in ICP or improvement on neuropyschological
tests. This is so because the ventricles may not reduce in
size, and to and from motion through the patent fenestration
may still be observed on MRI CSF flow studies even though
the patient may be symptomatic. In the absence of clear
evidence in literature, third ventriculostomy is often advo-
cated for patients with obstructive hydrocephalus, and if
failures occur, shuntingis preferred over repeat fenestration.

It is hoped that close collaboration between the industry
and medicine will help develop “smart shunts” that would
be able to mimic physiological CSF dynamics. These devices
will possibly incorporate nanotechnology and would be
superior to the presently available devices. It is likely that
better understanding of CSF drainage mechanism in the
future may help develop alternatives such as drugs that
improve drainage of CSF through lymphatic/arachnoidal
venous channels or promote proliferation of new lympha-
tic/arachnoidal venous channels. Until that time, it seems
that shunts are the best available alternative for manage-
ment of communicating hydrocephalus.
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