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 Introduction 

 In their classic paper on normal-pressure hydrocepha-
lus in 1976, Hakim et al.  [1]  began by noting the need for 
a sound, mechanical model to describe the intracranial 
liquid tissue complex and emphasized the importance of 
such a model for understanding hydrocephalus, as well 
as trauma, tumors, and cerebrovascular accidents. Their 
approach is an excellent example of how basic physical 
laws can provide explanations for what appear to be per-
plexing clinical phenomena. Similar in intent, the goal of 
our work has been to adopt the basic laws of physics and 
apply them to explain the dynamic phenomena in the in-
tracranial cavity. In doing so, we take advantage of new 
computer-based mathematical techniques, MRI studies, 
and pressure monitoring which were not available 30 
years ago. Much of our experimental work has been pre-
sented in engineering and imaging literature  [2–4] . Since 
the goal is to advance understanding and improve neu-
rosurgical treatments for brain diseases and in particular 
hydrocephalus, this review article is designed to present 
in a clear, relatively nontechnical manner our main find-
ings leading to a comprehensive quantitative picture of 
intracranial dynamics and their implications for clinical 
practice.
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 Abstract 

 This article reviews our previous work on the dynamics of the 
intracranial cavity and presents new clinically relevant re-
sults about hydrocephalus that can be gained from this ap-
proach. Simulations based on fluid dynamics and poroelas-
ticity theory are used to predict CSF flow, pressures and 
brain tissue movement in normal subjects. Communicating 
hydrocephalus is created in the model by decreasing CSF 
 absorption. The predictions are shown to reflect dynamics 
demonstrated by structural MRI and cine-MRI studies of nor-
mal subjects and hydrocephalus patients. The simulations 
are then used to explain unilateral hydrocephalus and how 
hydrocephalus could occur without CSF pulsations. The sim-
ulations also predict the known pressure/volume relation-
ships seen on bolus infusions of CSF, and the small transmu-
ral pressure gradients observed in animal experiments and 
in patients with hydrocephalus. The complications and poor 
performance of shunts based on pressure-sensitive valves 
are explained and a system of feedback control is suggested 
as a solution.  Copyright © 2009 S. Karger AG, Basel 
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  Hakim’s Premise of the Brain as a ‘Sponge’ 

 The critical starting point in the work of Hakim et al. 
 [1]  was considering the brain parenchyma as ‘an open-
cell sponge made of viscoelastic material’. The volume of 
the brain is seen as dependent on its hydration and the 
state of hydration in turn is based on the external forces 
acting on the brain. The extracellular space, 15–20% of 
the brain volume, plus the brain blood volume, less than 
3%, is subject to changing compressive forces. With high 
CSF pressure against the ventricular surface, fluid is 
wrung out of the parenchyma and the brain tissue de-
forms, particularly at the soft ependymal surface. This 
deformation can only occur if fluid can drain out of the 
brain and fluid motion, in turn, requires the existence of 
a pressure gradient. In contrast, venous outflow obstruc-
tion causes an equal pressure increase throughout the 
brain and does not cause ventricular enlargement. This 
key insight of the brain tissue as a deformable sponge is 
amply confirmed by neurosurgical observations and ex-
perimental studies. Dehydration agents such as mannitol 
rapidly reduce the size of the brain. The reduction of the 
brain size can be observed by imaging, and as the brain 
is shrinking, the CT density of the tissue increases indi-
cating lower water content  [5] . Inversely, an increase in 
extracellular fluid causes mass effect and a decrease in 
the tissue density. Quantitative CT and MRI imaging 
studies on acute hydrocephalus demonstrate large reduc-
tions in parenchymal size as the ventricles enlarge, and 
these changes can often be reversed with shunting  [6,   7] . 
Measurement of brain water shows that with the restora-
tion of the brain to its normal size with shunting, hydra-
tion in the compressed areas around the periventricular 
region returns to normal  [6] . This is not to be confused 
with the disruption of the corners of the ventricular horns 
by stretch as hydrocephalus develops, seen as areas of hy-
podensity on CT. Increased intraventricular pressure has 
two effects as it deforms brain tissue; the ependymal sur-
face is damaged and in the more protected, deeper re-
gions compression decreases hydration. Removing excess 
CSF from the ventricles by shunting reverses both of 
these effects.

  As Hakim et al.  [1]  correctly argued, reduction of the 
size of the brain parenchyma requires fluid drainage out 
of the brain and for fluid to flow a pressure gradient must 
exist. The sponge-like brain distributes this pressure gra-
dient as it is deformed, and Hakim et al. predicted that in 
communicating hydrocephalus a large pressure gradient 
would be present between the ventricular surface and the 
outer brain surface. To explain the basis of ‘normal-pres-

sure hydrocephalus’, they hypothesized that this gradient 
would be maintained even after the pressure becomes re-
duced. The maintenance of such a gradient with normal 
intraventricular pressure is, according to his view, due to 
the large size of the ventricular surface and the bioplastic 
changes in the brain tissue that redistribute the pressure 
gradient. Water cannot shift back to the ‘over-squeezed 
and distorted parenchymal sponge’ [ 1 , p. 204].

  The problem with  the explanation of Hakim et al. of 
the dynamics of hydrocephalus is that the large pressure 
differences they predicted are not found in humans with 
hydrocephalus or in animals with experimentally in-
duced hydrocephalus  [8] . An example from our animal 
studies is shown in  figure 1 . The pressures in the sub-
arachnoid space, brain parenchyma, and ventricles were 
measured both acutely and chronically before, during, 
and after hydrocephalus was induced by a kaolin injec-
tion. Using implanted monitors that could measure the 
absolute pressure and the pulse pressures to  8 0.5 mm Hg 
no pressure differences were detected at any time during 
the initial evolution of hydrocephalus, at the peak of the 
process, nor at the ‘normal’ pressure period when the 
large ventricles still exist. Small differences in pressure of 
less than the 1.0 mm Hg could have been missed, but large 
pressure differences posited by Hakim et al. were not 
seen. The human data is more difficult to obtain but 
clearly points in the same direction; large pressure differ-
ences are not observed in communicating hydrocephalus 
 [8–10] .

  How can this basic mismatch of the theory of Hakim 
et al. and experimental facts be explained? From the 
purely fluid dynamic standpoint, the brain’s extracellular 
space, the subarachnoid space and the ventricular fluid 
are connected, so large pressure differences would induce 
massive fluid motion. If there were a sizable pressure gra-
dient, fluid would move until the gradients were dissi-
pated. In the static situation, without fluid movement, 
there can be no gradients. The situation is however not 
static. CSF flows through the ventricular system to the 
subarachnoid space with each cardiac pulsation. About 
one third of the CSF is produced in the brain and goes 
into the ventricles. To understand what is happening 
when hydrocephalus develops, it is necessary to consider 
these dynamic aspects of CSF in normal subjects and 
then what happens when CSF absorption is impaired as 
in hydrocephalus. A number of authors have stated the 
case for just such an approach and have marshaled the 
clinical reasons and experimental evidence for paying at-
tention to the altered dynamics of fluid motion in hydro-
cephalus  [11, 12] . An electrical analogy has been suggest-
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ed as of a model to explain fluid dynamics in hydroceph-
alus  [13] . Unfortunately, this electrical model is unsuc-
cessful in predicting the large changes in ventricular size 
which occur. We have taken a different approach and ap-
plied fluid dynamic principles to the problems; then we 
have checked our prediction with MRI flow measure-
ments in normal subjects and in hydrocephalic patients. 
The model has been built from simple to complex, step by 
step. For example, the original model had the CSF pulsa-
tions driven by the arterial pulse of the choroid plexus. 
When our measurements of ventricular wall movement 
showed that the ventricle size decreased with the arterial 
pulse we modified the model by incorporating the blood 
influx into the brain tissue. The model then correctly 
represented the timing of the brain tissue expansion and 
the decreased size of the ventricles. Likewise, including 
the spinal subarachnoid space was necessary to explain 
prepontine fluid movements accurately. Our current 
model provides a physics-based explanation for hydro-
cephalus which has been validated by MRI studies and 
which also resolves the problems with Hakim’s pressure 
gradient hypothesis. For the interested reader, the de-
tailed assumptions and the mathematical approaches are 
described in several of our recent articles in engineering 
journals  [2–4] .

  Movement of CSF 

 The movement of CSF has two components, the net 
steady flow from the ventricles to the subarachnoid spac-
es and finally to its sites of absorption over the convexities 
of the brain and the pulsatile flow superimposed upon 
this movement. Measurements of CSF through the aque-
duct of Sylvius indicate that the cyclic in and out flow is 
about 5 times higher than the net flow out of the ventric-
ular system  [14, 15] . Therefore, the kinetic energy of flow 
is much higher for the pulsations than the steady forward 
flow. The driving force for the net flow is the production 
of CSF at the normal rate of about 0.3 ml/min, or a turn-
over rate of 4 or 5 times per day. CSF production in turn 
is due to the arterial pressure and active and passive 
transport in the choroid plexuses and the brain tissue. 
Ventricular perfusion studies suggest that as much as a 
third of CSF coming from the ventricles is produced by 
the brain, and diffusion experiments demonstrate a flow 
of extracellular fluid from the deep brain parenchyma 
toward the ventricular surfaces  [16–18] .

  The pulsatile movement of CSF is due to the expansion 
of the cerebral vasculature with each cardiac cycle. The 
brain gets 20% of the cardiac output, and as the blood 
flows into the intracranial arteries they expand. As the 
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  Fig. 1.  Dog experiments showing the same 
ICP in subarachnoid space (S), parenchy-
ma (P) and ventricles (V). This is true be-
fore hydrocephalus was induced by kaolin 
injection (lanes A and B), during develop-
ment (lanes C and D), and the later normal 
pressure period (lanes E and F) [modified 
from  8 ]. 
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