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ABSTRACT 

Normal pressure hydrocephalus is a devious phenomenon. It is a disease that is difficult to diagnose and difficult to treat, 
the only treatment being a ventriculo-peritoneal shunt, though good shunting results rarely pass a 70% level of effec- 
tiveness. We need to understand its pathophysiology better before things will improve. Although some colleagues know 
it as a possible “reversible dementia” others hardly know about its existence. Solutions would also have value for the 
general understanding of hydrocephalus of other types. Many theories have been published recently in the search for the 
missing pieces in this puzzle and I feel that my own postulations could turn out to be useful. After years of diagnosing 
and operating on hydrocephalus patients I propose that: 1) There is reason to believe that patients with the Apoprotein 
E3/3 genotype and a high head size percentile are particularly vulnerable to developing idiopathic normal pressure hy- 
drocephalus (iNPH). 2) The classical theory that the arachnoid granulations (AG) transport cerebrospinal fluid (CSF) 
into the venous circulation is wrong. I postulate, that the AG essentially are sensors, registering the pressure differences 
between the CSF in the subarachnoidal space at the top of the skull and the venous pressure in the sagittal sinus. The 
AG’s endothelium produces nitric oxide (NO) as a messenger that is received by the vagus nerve at the jugular foramen. 
3) The disease has its fundamental pathology in the subpial space in the large cisternas and along the large vessels under 
the brain. Here the intravenous absorption of cerebrospinal fluid (CSF) takes place. Cerebrospinal fluid is transported 
into the subpial venules and veins, driven by the pulse pressure of the subpial arteries. Morphological changes in the 
pial/subpial anatomy explain the existence of acquired normal pressure hydrocephalus (aNPH). 
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1. Introduction 

Our brains float in water, but it has to be the right amount 
and under the right pressure. In spontaneous intracranial 
hypotension, an opening in spinal parts of the dura lets 
CSF slip out and the patients get a headache that is worst 
in the upright position but can disappear when lying 
down. If this situation is not reversed, bilateral paresis of 
the abducens nerve can occur, subdural hematomas can 
develop, and even disturbance of consciousness. 

The diagnosis hydrocephalus on the other hand is “too 
much water in the brain”, and has been used for over 300 
years to describe a disease where the damaging effects of 
disturbed resorption of CSF causes affected infants to 
grow large heads and suffer damage to the brain itself 
and often an early death before the time of shunt inser- 
tions. Gradually it became known that hydrocephalus 
could also develop later in life, after hemorrhages, infec- 
tions, trauma and operations, and also with closure of the 
cerebral aqueduct. From this knowledge two types of 
hydrocephalus were defined: communicating and ob- 
structive. 

In 1965 Dr. Salomon Hakim of Bogotá wrote an arti- 
cle in Spanish about a new neurological disease with 
enlargement of the ventricles of the brain and three car- 
dinal clinical symptoms: impaired gait, incontinence and 
dementia. He measured the intracranial pressure (ICP) to 
be within normal limits, but by withdrawing some CSF 
the patients improved. This led him to develop a shunt, a 
device for allowing spinal fluid to flow from the ventri- 
cles down into the abdominal cavity. He called this dis- 
ease “normal pressure hydrocephalus”, a communicating 
hydrocephalus. The same year an article in English by 
Hakim as a coauthor presented his work to the English- 
reading population [1]. 

In the decades since Hakim’s discovery we have made 
some progress. Still there are issues that are disturbing. 

In 2005 guidelines for the diagnosis and management 
of idiopathic normal pressure hydrocephalus were pub- 
lished in the journal Neurosurgery. Leading experts had 
met and evaluated the known facts. Their conclusion was 
that iNPH diagnostic work can only lead to a probable, 
possible or unlikely diagnosis. They agreed that a Tap 
Test (approx. 40 ml of spinal fluid removed by lumbar 
puncture) was useful only when it was positive, when it *Conflicts of interest: None declared. 
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could lead to improvements in clinical symptoms. How- 
ever, it was of little value when negative, but a prolonged 
CSF drainage (over 300 ml) had good specificity and 
sensitivity [2]. 

Harold O. Conn a former Yale Medical School faculty 
member, developed iNPH from 1992 until diagnosed in 
2002. During this time he was diagnosed and treated for 
other better known diseases without any improvement. 
After having a shunt implanted he made good recovery. 
Recognizing the lack of awareness for NPH among phy- 
sicians, he interviewed 166 practicing colleagues and 
found out that almost one-third had never heard about 
NPH. In 2005 he repeated his survey with 188 Yale 
Medical School graduates and found out that two-thirds 
had learned about NPH in medical school, and 7% had 
never heard of it [3]. 

We are confronted by an important disease where 
treatment can reverse dementia but we are not able to 
diagnose it accurately, treatment often fails and many 
colleagues are not aware of its existence. Due to the di- 
agnostic difficulties, research is probably disturbed by 
“mixed” groups of patients. 

2. The ApoE3 Theory 

In a small study published in June 2009 [4] we examined 
15 patients who were referred consecutively to a neuro- 
surgical unit from neurologists and geriatricians as likely 
to have iNPH. The patients all had at least two of the 
three cardinal symptoms that form the NPH syndrome: 
impaired gait, urinary incontinence and dementia, not to 
mention the fact that all were elderly. CT scans or MRI 
of the head had shown enlarged ventricles. We chose a 
Tap Test in an effort to find those most likely to benefit 
from a shunt operation. 

The relative change in walking speed after the Tap 
Test is shown in a box plot in Figure 1. 

All those who had a positive Tap Test were of the 
ApoE3/3 genotype and had large heads. 

The ApoE3 homozygotes all increased their walking 
speed considerably, all had over a 20% increase, with a 
mean value of 35% speed increase, whereas the other 
ApoE genotypes formed a distribution with a mean value 
of 0%, all with less than 20% values. These results were 
statistically significant. 

3. Head Size 

Although brain size is largely determined by genetics, 
lifestyle and developmental issues also play a role. The 
connection between iNPH and large head size has been 
postulated by Wilson and Williams at Johns Hopkins 
Hospital, Baltimore, among others. In their article they 
conclude with the statement, that “a significantly larger 
proportion of elderly adults with iNPH have a head cir-  

 

Figure 1. ApoE3 homozygotes (the group on the right) form 
a distinct group with a mean value around 35% relative 
speed change in the Tap Test. The rest (the non ApoE3/3, 
the group on the left) formed a group with a mean value of 
zero. 
 
cumference greater than the 90th or 97th percentile than 
predicted by population norms” [5]. They see iNPH par- 
tially as a compensated congenital hydrocephalus that 
becomes symptomatic late in life. 

Bradley and coworkers have come to a similar conclu- 
sion, that patients with NPH have an intracranial volume 
significantly larger than normal. An initial insult must 
have taken place before the close of sutures, according to 
their theory [6]. The idea of a naturally occurring large 
head is not taken into account. 

The frequency of the ApoE3/3 genotypes varies wide- 
ly in the literature, with values from 45% - 75% frequent. 
If we assume the true value to be about 60% and all the 
iNPH patients to be over the 90th percentile in head size, 
we end up with 6% of the population. The actual number 
of iNPH patients is unknown, as can be expected when 
the diagnostic process is still not defined, but if the hy- 
pothesis holds true, then possibly 6% of the population 
are at risk of developing iNPH when arteriosclerosis sets 
in. 

4. Arachnoid Granulations 

In some animals the arachnoid granulations (AG) do ab- 
sorb spinal fluid, but in humans this has never been 
clearly demonstrated. 

But if we have been mistaken all these years and CSF 
absorption takes place in the subpial spaces, mostly in 
the large cisternas under the brain, what function do we 
give to the AG? My feeling is that an analogy can be 
drawn from another ectodermal tissue: the epidermis. 
Here we have an ectodermal germ layer that lies against 
another germ layer with many kinds of sensors implanted. 
AG could be sensors that react to changes in pressure  
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between the ICP and the venous pressure, thereby giving 
signals regarding the pressure at the top of the skull. We 
are generally lacking in understanding how venous pres- 
sure is controlled inside the skull and the AG first de- 
velop as we learn to sit, stand and walk, a big difference 
from our position in the first part of life, mostly spent 
lying flat. My thought is that the AG react to changes in 
venous pressure versus ICP, mostly due to positional 
changes, by producing a chemical substance that is regi- 
stered at another location. The simplest form would be 
nitrous oxide (NO) production by the endothelial cover- 
ing of the AG which would be registered at the jugular 
bulb, just as the venous blood flow leaves the skull. Here 
the vagal nerve is in a position to receive the message 
and translate the information to the central circulation. 

The conclusion can also be drawn from this theory that 
with increasing ICP and normal control on the intracra- 
nial venous pressure, the ventricles will dilate. If the ve- 
nous control is disturbed, the ventricles are less likely to 
dilate, as is sometimes seen in meningitis and is the rule 
in pseudotumor cerebri and might be because the AG are 
not functioning properly. 

The simplest form for control in venous intracerebral 
blood flow would be by viscosity changes in the smaller 
vessels, as their diameter cannot be controlled. 

5. The Subpial Theory 

R.O. Weller and colleagues in Southampton, UK, pub- 
lished in 2009: “Lymphatic drainage of the brain and the 
pathophysiology of neurological disease”. In Weller’s 
article, the authors draw a line between CSF and intersti- 
tial fluid (ISF) of the brain. Where the ISF comes from 
the blood and the metabolic activity of the brain tissue, 
the ISF then drains out with solutes into the circulation. 
This takes place in the perivascular and subpial spaces of 
the brain [7]. Bulat and coworkers in Croatia showed in 
2008 that CSF and ISF are in continuity, that they are 
99% water and are reabsorbed into venous capillaries and 
postcapillary venules [8]. 

This fits with the idea that ISF and CSF behave like 
lymph fluid in other organs, where the absorption is 
never into arteries but only into venous structures. 

Sakka et al. wrote in 2011 a review article about the 
anatomy and physiology of cerebrospinal fluid [9]. Al- 
though they regard the mechanism regulating cerebro- 
spinal fluid pressure as not fully elucidated, it is deter- 
mined by parenchymal and venous pressures. They be- 
lieve that CSF in humans is partially absorbed along the 
optic, trigeminal, facial and vestibulocochlear nerves, the 
olfactory mucosa, spinal nerve sheaths and in the brain 
via Virchow-Robin perivascular spaces. Thus CSF enters 
the lymphatic system. 

In sheep the occlusion of the cribiform plate raises ICP 

and increases CSF absorption into the lymphatic system 
by other routes. 

Recently it was demonstrated that in mice brains inter- 
stitial fluid is cleared along paravenous drainage path- 
ways [10]. 

This also points to the fact that hydrocephalus is often 
a relative situation, that there is not enough CSF ab- 
sorbed, but rarely a complete stop. As neurosurgeons 
know, a patient with a massive subrachnoidal hemor- 
rhage may acutely need an external drainage in order to 
survive, as his basal cisternas are filled with blood, 
whereas an NPH patient can wait for days for the opera- 
tion. In the acutely sick patient all flow out of the ventri- 
cles may be blocked, but in the NPH patient there is di- 
minished absorption in the subpial spaces due to less 
pulse pressure and other routes for CSF absorption may 
be functioning normally, though with relatively dimin- 
ished absorption. 

According to the subpial theory, the arteries in the 
subpial space are without the coverings they have in the 
subarachnoidal space and their distensions with every 
heartbeat in the tightly packed subpial space drives CSF 
into venules and veins. The CSF enters the subpial 
spaces from the subarachnoidal space either through dif- 
fusion or through small pores. 

It seems that ISF has more routes to enter the venous 
system, in the brain parenchyma and in the subpial 
spaces over the hemispheres. 

In 2001 M. Egnor et al. postulated that “arterial pulsa- 
tions are dissipated through the CSF to the cerebral veins, 
bypassing the capillary circulation” [11]. 

In 2006 Japanese scientists seeking to establish the re- 
lation between the pulsatile components of pressure and 
flow waveforms in the carotid artery and their change 
with age concluded that: 

“Although it is accepted that upper-body flow wave- 
forms are completely different from wave patterns 
in the ascending aorta and in lower-body arteries, 
such waves are known to show considerable vari-
ability in normal human subjects, their relation with 
the carotid pressure wave and with subsequent dis-
ease has not been considered” and also that age re-
lated arterial stiffening can explain the increasing 
flow fluctuations in cerebral blood vessels [12]. 
Reduced pulse pressure in the carotid arteries would 
then reduce absorption of CSF. 

The periventricular hypodensity seen on CT scans in 
NPH probably results from CSF entering the brain pa- 
renchyma from the basal cisternas and through the pia 
and glia limitans and distributing in the less dense area of 
the brain, a sign of disturbed absorption of CSF into the 
subpial venous circulation. 
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6. Conclusions 

This article presents a hypothesis, a model for observable 
but unexplained facts, but also “progressive focusing”, a 
qualitative method where some experimental facts are 
used in an effort to understand a disease that is not fully 
charted. The hypothesis has evolved during the search for 
a meaningful explanation to known problems regarding 
the normal pressure hydrocephalus diagnosis [13]. 

The conclusion is that the pathology regarding CSF 
absorption lies in the subpial spaces in the basal cisternas 
and along the great vessels entering the brain. Here the 
idiopathic NPH is caused by reduced pulse pressure, 
which is needed to press the CSF into the venules. Here 
the ApoE3/3 genotype with the largest head percentile 
seems to be most vulnerable. For the acquired type of 
NPH the disruption of the subpial space reduces the en- 
trance and subsequent resorption of CSF. The arachnoid 
granulations play no role in resorption of CSF, but are 
rather most likely sensory and secretory organs necessary 
to control intracranial venous pressure. 

If this new model is proven to be correct, our view of 
disturbed CSF absorption in NPH and regular hydro- 
cephalus will change and hopefully new therapies will 
develop. 

First adequately designed studies are needed to con- 
firm or reject this theory. 

7. The Hypothesis Includes the Following  
Statements 

1) Elderly patients with the ApoE3/3 genotype and be- 
longing to a percentile with large heads are most likely to 
develop iNPH when their pulse pressure lowers. 

2) The AG are sensory/secretory and produce NO with 
changes in the pressure differences between the ICP and 
the venous pressure inside the sagittal sinus. 

3) The NO is registered by the vagal nerve at the jugu- 
lar foramen. 

4) Venous pressure is probably controlled by changing 
viscosity in smaller veins. 

5) Normal venous control is necessary for the ventri- 
cles to dilate with increasing ICP. 

6) The pulse pressure in the cerebral subpial arteries is 
the driving force for the venous absorption of CSF. 

7) Absorption of CSF into the venous circulation 
mainly takes place in the subpial space ventrally, in the 
large cisternas and along the large vessels. This absorp- 
tive area is vastly larger than the alleged absorptive area 
of the arachnoid granulations. Scientists find it likely that 
a part of the CSF in humans is also absorbed along cra- 
nial and spinal nerves and into veins in the Vircow-Robin 
spaces. 

8) Morphological changes in the subpial spaces or the 
pia itself explain aNPH. 

9) The absorption of ISF is probably along venous 
structures in the brain itself and in the subpial spaces 
over the cerebral hemispheres. 

10) The changes seen on CT in NPH, called periven- 
tricular hypodensity, are caused by CSF that has entered 
the brain from the basal subpial spaces and diffused 
along the tracts of the brain parenchyma, excluded from 
the basal nuclei because of their density. 
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