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Strain Accumulation Visco-Elastic Ventriculomegaly Hypothesis for 
the onset of idiopathic Normal Pressure Hydrocephalus (iNPH)

• Some relevant Anatomical and Physiological 
considerations.
• idiopatic Normal Pressure Hydrocephalus (iNPH)
• Measurement of Brain Viscoelastic Properties using 

Magnetic Resonant Elastography(MRE)
• Proof of concept simplified geometry
• Take Home message and concluding thoughts 



Cerebrospinal fluid (CSF)
The entire surface of central nervous system is 
bathed by a clear, colorless fluid called 
cerebrospinal fluid (CSF)

The CSF is largely similar to blood plasma, 
except that is nearly protein-free compared 
with plasma and has modified electrolyte levels.

Healthy cerebrospinal fluid is free of red blood 
cells and contains only a few white blood cells.

Protein and cell concentration in CSF does not 
significantly affect its viscosity.
CSF is a Newtonian fluid, and its viscosity and
density at 37 C are very similar to those of
water.



The primary mechanical function of CSF is to 
cushion the brain within the skull and serve as a 
shock absorber for the central nervous system.

A typical brain in air weights 1400 gr. Due to  
buoyancy effects the pull of gravity only exerts a 
force equivalent to 50gr. Therefore, the pressure 
at the base of the brain is drastically reduced.  

CSF also plays an important physiological function: maintains the electrolyte level, circulates 
nutrients and chemicals filtered from the blood, removes waste products, transports hormones, 
neurotransmitters, and other neuropeptides throughout the Brain and Central Nervous System 
(CNS). 

CSF Plays a Dual Mechanical and Physiological Function



Cerebrospinal Fluid
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Cerebrospinal Fluid



Cerebrospinal Fluid

CSF is primarily absorbed across the arachnoid villi 
into the venous circulation. 
It probably also drains into olfactory mucosa, cranial 
nerve sheaths (optic, trigeminal, and facial nerves),  
and lymphatic vessels around the cranial cavity.
All of these are pressure driven filtration processes



Secretion into the ventricles across the 
choroid plexuses (1) and into the brain 
parenchyma across the blood-brain 
barrier (2). 
Fluid components can move through the 
parenchyma (3) 
Exchanges of water and solutes (4) and 
(5) between the interstitial fluid (ISF) and 
cerebrospinal fluid (CSF) in the ventricles 
and in the subarachnoid spaces. 
Net fluid outflow across the arachnoid 
villi (6) and along cranial nerves mainly 
olfactory nerve leading to the cribriform 
plate (7) and thence to the nasal 
mucosa. 
There may also be outflow in the 
perivascular spaces (Virchow–Robin 
spaces) (8) leading to a lymphatic 
drainage system. 



Secretion: Ependymal cells secrete sodium ions into the lateral ventricles. 
This create osmotic pressure and draws water into the CSF space.

Cerebrospinal Fluid

Absorption:
Pressure-driven filtration

https://en.wikipedia.org/wiki/Osmotic_pressure


Infant Hydrocephalus

The amount of CSF increase when:
1. a blockage develops that prevents CSF 
from flowing normally, or
2. there is a decrease in the ability of 
blood vessels to absorb it
The intracranial pressure increases 
causing swelling of the skull.

Etiology of Hydrocephalus

Impaired absorption
Meningitis
Intraventricular hemorrhage
Congenital reduced number of arachnoid villi
Arachnoiditis
Choroid plexus papilloma
Choroid plexus carcinoma
Obstruction – congenital causes
Aqueductal stenosis
Arnold chiari malformation
Tumors
Subarachnoid hemorrhage



Idiopathic Communicating Normal Pressure Hydrocephalus (iNPH)

• iNPH also referred to as Chronic Adult Hydrocephalus or Hakim’s Disease. Originally described in the mid 1960s  is a 
syndrome characterized by ventriculomegaly in the absence of elevated intracranial pressure (ICP). 

• Commonly characterized by a triad symptoms:  urinary incontinence (loss of bladder control), disturbed gait, and 
dementia.

• iNPH is most common in the elderly population. The prevalence iNPH is estimated to be 0.2% in those aged 70–79 years 
increasing to 5.9% in those aged 80 years and older, with no difference between men and women.

• iNPH appears to be extremely underdiagnosed. Prevalence may be higher in assisted-living and extended-care 
residents, with as many as 12% of patients fulfilling the criteria for suspected iNPH.



• In 1965 Hakim and Adams originally described iNPH as a surgically 
treatable cause of dementia and since then is thought as a 
“potentially reversible neurodegenerative disease”.

• Shunting doesn’t help everyone with iNPH, and there’s uncertainty 
about how best to identify those most likely to benefit. There’s 
also a lack of data showing how long the benefit of shunting may 
last for those whose symptoms improve.

• The iNPH progresses insidiously over log periods of time, 
presumably over several months, or even years.

• There is a need to develop an early diagnosis to guide either the 
surgical or pharmacological intervention. 

Idiopathic normal pressure hydrocephalus (iNPH) is the only
potentially reversible neurodegenerative disease.



After a considerable amount of investigation on iNPH, it remains unresolved the questions of why while 
the intracranial pressure (ICP) remains normal, the ventricles continue dilating despite free 
communication between the ventricles and the subarachnoid space.

The cause of the communicating iNPH condition has been the 
subject of considerable studies but a consensus remains elusive.



Specific Aims of our Study

• To investigate the physical mechanism involved in the chronic 
ventricular enlargement in communicating iNPH
• Investigate the hypothesis that gradual changes in the elasticity and/or 

permeability (porosity) of the periventricular while mater may lead to a 
slow gradual enlargement of the ventricles without an increase in the 
mean intracranial pressure (ICP).
• Investigate this hypothesis through a computational model that 

incorporates recent MRE measurements of the changes in the 
viscoelastic properties of the brain tissue elderly population and in 
patients with iNPH.



Some relevant considerations: 1

Compliant spinal canal DV = 1-2 ml (DV = 2%-3%)
The systolic CSF inflow into the spinal SAS is accommodated by 
displacement of venous blood and/or the compression of fatty 
epidural tissue



The spinal CSF fluctuates in biphasic tides of cephalic ebb and 
caudal flow. 1-2 mL of CSF (2%-3% of the total volume in the 
spinal canal) are displaced in and out of the cervical SAS during 
each cardiac cycle. 

Some relevant considerations: 2



Some relevant considerations: Oscillatory Flow of the CSF in the Cerebral Aqueduct 





The volume of the ventricles increase and decrease with 
the oscillations of the stroke volume of CSF in the Cerebral Aqueduct

CSF normally flows back and forth through the aqueduct during the cardiac cycle. During systole, the brain and 
intracranial vasculature expand increasing the pressure in the lateral and third ventricles, forcing CSF craniocaudal. 
During diastole, the pressure in the ventricle decreases and flow through the aqueduct reverses. 



Variation of Lateral Ventricular Volume During the Cardiac Cycle Observed by MR Imaging. Ellen Lee, Jin-zhao Wang, Reuben Mezrich. AJNR 10:1145-
1149, 1989 

In 12 normal individuals, the cerebral ventricles were examined, and the size of the lateral ventricles showed a 10-
20% change during the cardiac cycle. The temporal variation was consistent for all the individuals. 

The pattern is complex but similar in appearance to the intracranial pressure pulse waveform

MRI observations of the volume oscillations of the ventricles are consistent with 
the oscillations of the stroke volume of CSF we measure in the Cerebral Aqueduct

This suggests that the Choroid Plexuses pay a greater role in the CSF pulsations 
than previously suggested



Transmural Pressure calculated from measurements of the time variation of 
the CSF velocity in the cerebral aqueduct  

Transmantle pressure   Pt= Pv - PSAS

Transmantle pressure DPt = Pv – PSAS =  0.09 - 0.14 mmHg (100 – 200 Pa)







Womersley Flow. Oscillatory flow in a pipe

Systolic velocity

Diastolic velocity
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wave speed (Ee/ρ)1/2 of the resulting pulsatile motion along the canal. Noninvasive
measurements (?) using MRI have shown this wave speed to be of the order of a few
meters per second, giving associated wave lengths (Ec/ρ)1/2/ω that are comparable to
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The effective elasticity Ee defines
an elastic wave speed (Ee/ρ)1/2 ( a few m/s).
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Womersley number

Circular tube under a periodic pressure gradient. Womersley (1954)
A.-V. Salsac, S. R. Sparks, J.-M. Chomaz and J. C. Lasheras. J. Fluid Mech. (2006)

viscosityinertia



Circular tube under a periodic pressure gradient. Womersley (1954)
A.-V. Salsac, S. R. Sparks, J.-M. Chomaz and J. C. Lasheras. J. Fluid Mech. (2006)
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Transmantle pressure increases as the volume of the ventricles increases



s = F/A

e

e

Brain is a elastic porous media with interstitial fluid that exhibits creep and 
recovery and can be modeled as a viscoelastic material

Some additional relevant considerations 



History-dependent response of the brain tissue under uniaxial loading–unloading. 
Constitutive Modeling of Brain Tissue: Current Perspectives
Rijk de Rooij and Ellen Kuhl. Appl. Mech. Rev. 2016;68

Hysteresis of the Brain Parenchyma

http://appliedmechanicsreviews.asmedigitalcollection.asme.org/article.aspx?articleID=2481288
http://appliedmechanicsreviews.asmedigitalcollection.asme.org/solr/searchresults.aspx?q=Rijk+de+Rooij&p=1&s=19&c=0&t=
http://appliedmechanicsreviews.asmedigitalcollection.asme.org/solr/searchresults.aspx?q=Ellen+Kuhl&p=1&s=19&c=0&t=


tr= Recovery (Relaxation) Time proportional to h1/µ1

Standard linear solid (SLS) model 
(Zener model )

t

Some relevant considerations : Recovery time increases when the elasticity µ of the brain decreases 

µ1 = stiffness ;  h1 = inverse of the permeability (a)



tr
T

!R1
!R2

tr > T!

tr < T!

Hypothesis: Response under the cyclic loading of transmural pressure may lead to an increase in the 
recovery time and a gradual accumulation of strain (enlargement of the ventricles) when the elasticity 
of the WM  and/or the permeability decreases, and/or the transmantle pressure increase,  while the 
mean ICP remains constant

accumulation of strain 
(enlargement of the ventricles)

Healthy

Diminished Brain Elasticity
Decrease of Permeability
Increase in the Transmantle Pressure



How large needs to be the residual (accumulation ) 
strain per cycle to result in iNPH?

The iNPH progresses insidiously over log periods of time, 
presumably over several months, or even years.

Let us assume conservatively that it has developed over a 6 
month period = 15,768,000 cardiac cycles. A resiual strain e
of 0.01 µm = 1/100,000 mm per cycle will result after 6 
months in a permanent residual strain (enlargement of the 
ventricle) of 1.57 cm 

…. or 3 cm in one year (31,556,952 cardiac cycles)



What do we know about the 
Viscoelastic properties of the 
brain in iNPH patients?

In particular, what do we know 
about the elasticity (m) and/or 
permeability (porosity) (a) of the 
periventricular white matter 
(WM) in these patients?



• Transmit shear waves to head via passive drive:
• Bite-bar
• Head cradle 
• Soft pillow

• Actuation frequency: 10-100 Hz

• Tissue displacement is determined by measuring wavelength to infer inherent 
material property

• Displacement is transformed into stiffness maps or elastograms

Measurement of Brain Viscoelastic Properties using MRE



Calculating tissue mechanical properties
• Viscoelastic tissue properties determined by calculating complex shear 

modulus G* written as:

G’ = Shear storage Modulus.  Measures of mechanical energy stored

G” = Shear Loss Modulus. Measures the energy dissipated represented by 
wave attenuation (i.e. greater loss in amplitude = greater material viscosity)

• Magnitude |G*|= (G’2 + G”2)1/2 - most similar to the information afforded 
by manual palpation includes both elasticity and viscosity

• Loss tangent: φ = arctan (G”/G’) – for relative tissue viscosity 

• Shear stiffness:



Viscoelastic Model of the Brain Parenchyma
Additional processing- multi-frequency MRE

The model-dependent viscoelastic parameters are determined 
by minimizing the error:

where N denotes the number of driving frequencies 

Based on these measurements the viscoelasticity of the brain 
parenchyma is best represented by the Zener model (Standard 
Linear Model) and/or the Springpot model (Fractional Calculus 
model)



Kaspar-Josche Streitberger,et al PLOSOne 2012



Effect of age and gender on brain stiffness (µ and a)

• Healthy adult brain undergoes steady 
parenchymal ‘liquefaction’ characterized 
by a continuous decline in μ of 0.8% per 
year, whereas α remains unchanged. 

• Furthermore, significant sex differences 
were found with female brains being on 
average 9% stiffer (more solid-like) than 
their male counterparts

JOURNAL OF MAGNETIC RESONANCE IMAGING 36:757–774 (2012). Glaser et al



Effect of age and gender on brain stiffness
Arani et al (2015) NeuroImage 111 (2015) 59–64

• Significant linear correlation between age 
and brain stiffness in cerebrum, frontal, 
occipital, parietal and temporal lobes



MRE measurements in iNPH Streitberger et al (2010) 

• 25% lower μ in NPH patients compared to healthy control participants. 
There was also a significant reduction in α, 9%, (both p < .001)



MRE measurements of µ and a in NPH Freimann et al (2012)

• The viscoelastic parameters μ and α were found to 
be decreased with −26% and −10%, respectively, 
compared to age-matched controls

• Interestingly, α increased after shunt placement 
(P<0.001) to almost normal values whereas μ 
remained symptomatically low.



MRE measurements of µ and a in iNPH patients Weiner et al 2010

• E. Wiener et al (2010):“Changes in viscoelastic brain tissue 
properties of patients with normal pressure hydrocephalus 
measured by MR elastography”

• Six patients (mean age of 70.5 years) with the 
clinical diagnosis of NPH and six age-matched 
healthy volunteers (mean age of 69.2 years)

• Inversion: Multifrequency- springpot model 
(same as Streitberger et al (2010) and Freimann 
et al (2012))

• A decrease (24%) of cerebral viscoelasticity in 
patients with NPH (μ = 1.47 kPa) compared to 
age-matched healthy volunteers (μ = 1.95 kPa)



A reduction in the stiffness is mainly localized in the periventricular WM where a 
reduction of 23%  is measured (p< 0.0001)



Grey and white matter results

• WM was found to be more viscous than GM in all studies, as 
demonstrated by the loss tangent



Proof of concept simplified geometry
Transmantle pressure   Pt= Pv - PSAS



Transmantle pressure    dPt = Pmax – Pmin = 0.0578 mmHg

The ventricles undergo a gradual permanent enlargement as µ of the WM is decreased 5%, 10%, or 
20% while maintaining the mean ICP  constant and the time variation of the transmural pressure  



iNPH simulation



In Alzheimer's disease, 
there is an overall 
shrinkage of brain tissue.

In addition, the ventricles 
are noticeably enlarged.



Amyloid-negative cognitively normal 
controls (CN−), 
Amyloid-positive (PIB SUVR >1.5) 
cognitively normal controls (CN+), 
Amyloid-positive (PIB SUVR >1.5) subjects 
with probable Alzheimer's disease (AD).

Murphy et al. Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



Take Home message and Concluding Thoughts 
• We have proposed the hypothesis that gradual changes in the elasticity (µ) 

and/or permeability (porosity) (a) of the periventricular white matter 
(WM) may lead to a slow gradual enlargement of the ventricles (residual 
strain) without an increase in the mean intracranial pressure (ICP)
• A computational model that incorporates measurements of the 

transmantle pressure as well as recent MRE measurements of the changes 
in the viscoelastic properties of the brain tissue demonstrates that a 
decrease in the elasticity of the periventricular WM leads to a gradual 
enlargement of the ventricles while the ICP remains constant.
• Our analysis indicate that age and gender should also be considered as a 

cause of iNPH
• To what extent is the age related degeneration of the brain elasticity accelerates  

iNPH?
• If there is a marked difference in stiffness between sexes then how would this affect 

the progression of iNPH in female vs males?



Take Home message and Concluding Thoughts 
• The iNPH progresses insidiously over long periods of times, presumably over several 

months, or even years. There is a need for an early detection which will enable 
intervention (surgically or pharmacologically) that could stop or reverse the symptoms 
before brain atrophy had occurred.

• What physiological parameters (i.e., cardiac rate, high blood pressure, breathing 
disorders, etc.) accelerate the changes in µ and a in some patients? 

• What are the specific biochemical changes in the protein composition and/or cellular 
structure of the brain parenchyma that causes the decrease in µ in INPH patients? Deep 
white matter ischemia characterized histologically by myelin pallor (i.e., loss of lipid). The 
attraction between the bare myelin protein and the CSF increases resistance to the 
extracellular outflow of CSF (decrease permeability a).

• Identification of these biochemical markers could lead to an early detection and surgical 
treatment of iNPH (before atrophy). 
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