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Background
• Increased intracranial pressure often accompanies 

ventricular expansion in clinical and experimental 
hydrocephalus

• It is widely thought that such increased pressure causes
the ventricles to expand
– Adams & Victor: As a result of “obstruction to CSF flow…CSF 

accumulates within the ventricles under increasing pressure, 
enlarging the ventricles and expanding the hemispheres”

– Analogy is often made to an inflated balloon, in which the inside 
pressure exceeds the pressure on the external surface

– The increased pressure accompanying hydrocephalus was thus 
thought to reflect a pressure difference between ventricular 
pressure and pressure on the external surface of the brain. 



NPH – a paradox

• The discovery of hydrocephalus occurring 
with normal ventricular pressure thus 
appeared “paradoxical”
– The natural question, which was asked 

frequently, was: How can the ventricles 
expand without an increase in intraventricular 
pressure?



Solutions offered

• Transmantle pressure is initially high but then 
decreases because of:
– Opening of alternative pathways of CSF absorption
– The effects of ventricular expansion itself; if the elastic 

properties of the cerebral tissue are appropriate, the 
pressure will fall as ventricular size increases

• In a soap bubble, which has constant surface tension, 
transmural pressure decreases as the bubble expands (law 
of Laplace)

• Range of normal CSF pressure is high and a 
pressure within the upper part of this range may 
be high for a particular individual 



Absence of large transmantle 
pressure gradients

• Numerous recordings of pressure within the ventricles 
and within either the subarachnoid or subdural space 
have shown that the transmantle pressure gradient is 
either small or – within the limits of measurement –
nonexistent.
– Hoff and Barber (1974) and Conner (1984) found gradients on 

the order of 2-4 mm Hg
– Shapiro (1987), Penn et al (2005) and Stephenson (2002) found 

no measurable gradients
• Calculations based on MRI imaging of anatomy and CSF 

flow characteristics (Linninger, 2007) have shown that in 
chronic communicating hydrocephalus the pressure 
difference between ventricles and subarachnoid space 
may increase from a normal value of .06 mm Hg to a 
value of only .38 mm Hg 



Conclusion

• Very small pressure differences between 
ventricles and subarachnoid space may 
cause ventricular dilatation
– Even a small imbalance in the Starling forces 

of hydrostatic and osmotic pressure across 
the wall of the brain capillary is sufficient to 
promote absorption of interstitial fluid allowing 
ventricular expansion



New question

• If mini-gradients are sufficient to produce 
hydrocephalus, why isn’t normal pressure 
the rule in all cases of hydrocephalus?

• What is the mechanism of tension 
hydrocephalus?



Two constraints

• The intraventricular and subarachnoid CSF 
pressures must satisfy two physical constraints
– A small but abnormal pressure difference must exist 

to insure that CSF absorption matches CSF 
production despite the increased resistance to CSF 
flow

– Any increase in ventricular pressure must be 
transmitted in part to the surface of the brain. The 
fractional transmission T is required in the presence 
of a rigid skull and is determined by the poroelastic 
properties of the brain



Two constraints - II

• The simultaneous satisfaction of the two 
constraints can be expressed by a simple 
algebraic equation:

• Here     represents ventricular pressure,     
represents the pressure gradient required for 
CSF absorption to match CSF production, T
represents the fractional transmission of 
increments of ventricular pressure to the 
periphery, and the superscript n refers to normal 
values
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Two constraints - III

• This equation can be solved for ventricular 
pressure:

• Ventricular (and subarachnoid) pressure 
increase with the size of the required mini-
gradient and with the fidelity of pressure 
transmission from ventricle to periphery
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Examples

• Consider an individual with a baseline 
ventricular pressure of 10 mm Hg and a gradient 
of .06 mm Hg between ventricles and 
subarachnoid space:
– If the required mini-gradient is 1 mm Hg and 

transmission is 95%, ventricular pressure will rise to 
29 mm Hg and subarachnoid pressure to 28 mm Hg –
a case of tension hydrocephalus.

– If the required mini-gradient is only .5 mm Hg and the 
efficiency of transmission is only 50%, ventricular 
pressure will rise to 11 mm Hg and subarachnoid 
pressure to 10.5 mm Hg – a case of normal pressure 
hydrocephalus



Mechanisms of pressure 
transmission

• The transmitted ventricular pressure appears in 
the subdural space and at the pia-glial interface; 
i.e., on both sides of the subarachnoid space. 
How is it transmitted to the subarachnoid space 
itself?
– Cortical venous pressure is increased by:

• compression of terminals of the cortical veins or of the dural 
sinuses

• secondary myogenic dilation of small pial arteries shifting the 
distribution of vascular resistance from a lopsided arteriolar 
predominance towards the venous side

– Venous pressure is transmitted to the subarachnoid 
space largely because of limited compliance of this 
space and the thin flexible venous wall



Determinants of pressure in 
hydrocephalus

• Size of the required pressure mini-gradient is determined 
by:
– severity of the obstruction in the path of CSF flow
– use of alternative paths of CSF absorption
– Sudden (before alternative paths develop), severe obstruction 

favors tension hydrocephalus. Mild obstruction or gradual 
obstruction allowing time for opening of alternative absorption 
sites favors NPH

• Efficiency of pressure transmission is determined by:
– the poroelastic constants of the brain – particularly the Poisson 

ratio – which is related to brain compressibility
– initial ventricular size
– In early hydrocephalus, before absorption of interstitial fluid has 

progressed, the brain is relatively incompressible, favoring 
tension hydrocephalus. Larger initial ventricular size also favors 
tension hydrocephalus



Determinants of pressure cont’d

• As tension hydrocephalus progresses pressure 
usually decreases for two reasons:
– The absorption of interstitial fluid provides a new 

source of brain compressibility, albeit on a longer time 
scale than the instantaneous compressibility provided 
by egress of venous blood. T decreases and active 
NPH develops

– New pathways of CSF absorption may lower the 
required mini-gradient. If this occurs via 
transependymal CSF flow and parenchymal 
absorption and is sufficient to eradicate the mini-
gradient, the NPH can be truly arrested.



Summary
• The present theory reconciles the view that 

hydrocephalus is the result of obstruction of the flow path 
of CSF with observations that only very small gradients 
in pressure from ventricle to subarachnoid space exist.
– The intracranial pressure that prevails in hydrocephalus may be 

far higher than the pressure gradient needed to insure that CSF 
absorption matches CSF production.

– It must be higher because –in the presence of a rigid skull - the 
poroelastic properties of the brain require that any increment of 
ventricular pressure be more or less partially transmitted to the 
periphery, where it is manifested as compressive radial stress.

• It is nevertheless the mini-gradient and not the elevated 
intracranial pressure that is needed for the ventricular 
dilation that characterizes hydrocephalus. Without a 
mini-gradient the ventricles do not enlarge, even if 
intracranial pressure is very high, as in dural sinus 
thrombosis or pseudotumor cerebri (Levine, 2000) 



Hakim’s three questions

• In 1976 Hakim posed three questions 
concerning NPH. These questions vexed 
many investigators, including me, but can 
be answered straightforwardly in light of 
the present theory.



Question 1

• Assuming that a high ventricular pressure 
is needed to trigger hydrocephalus, why 
do the ventricles enlarge?

• Answer: High intraventricular pressure is 
not needed – only a mini-gradient to upset 
the balance of hydrostatic and osmotic 
pressure across the capillary wall, initiating 
absorption of interstitial fluid and allowing 
the ventricles to enlarge.



Question 2
• Why do the ventricles remain dilated once intracranial 

pressure normalizes?
• Answer: Normalization of initially high intracranial 

pressure is the result of interstitial fluid absorption 
which can be viewed as a large source of brain 
compressibility that reduces the transmission of 
ventricular pressure to the periphery. The ventricles 
will remain dilated and will continue to dilate as long as 
the small pressure gradient that produced the 
dilatation is still present. Alternatively, if CSF flows 
transependymally and is absorbed by the parenchyma, 
the ventricles will remain dilated – but will not dilate 
further – because at their present size CSF absorption 
matches CSF production.



Question 3
• Why does the patient with normal CSF 

pressure continue to show impaired 
neurological function?

• Answer: Normal intracranial pressure does not 
exclude a small gradient – often less than 0.5 
mm Hg – between the ventricles and the 
subarachnoid space. It is this mini-gradient 
that triggers fluid absorption, ventricular 
enlargement, and shear stresses on brain 
tissue. These shear stresses – located 
predominantly in the periventricular white 
matter – damage brain tissue and produce 
symptoms.


