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Outline of my talk
a) CSF circulation: the old theory 

b) CSF circulation: the new theory 

c) CSF + arterial + venous + brain parenchyma (a holistic approach)  

d) Glymphatic system 



CSF circulation: what do we 
already know?



CSF Production: numbers

• Total CSF production in a day = 580mL 
• Rate of production is around 0.4 -  0.5mL/min the cranio-caudal 

direction  

• Total volume of CSF = 140mL 
• SAS = 110mL  (80 in the cranial SAS + 30 in the spinal SAS) 
• Ventricles = 30mL



CSF function

CSF protects brain and spinal cord from trauma. 
CSF supplies nutrients to nervous system tissue. 
CSF removes waste products from cerebral metabolism. 

CSF and ISF are important in constituting a normal ionic environment for 
proper functioning of the nervous tissue.  



CSF PRODUCTION- Choroid Plexus

• CSF is produced by choroid plexus and 
secreted at ciliated cuboidal epithelial 
cell surfaces of the microvilli into the 
ventricles 

• It has fenestrated blood vessels

• Secretory surface of almost 200cm2

• The blood flow in the CP is 3mL/min/g 
(more than 5 times that in kidneys!)



CSF absorption



CSF absorption
CSF flows out of the SAS into the SSS through the 
arachnoid granulations 

AG act as one way valves 

They are responsible for 85-90% of CSF 
reabsorption.

There is a small 
amount of CSF being 
absorbed through the 
nasal lymphatics



CSF bulk flow theory

Production in CP - reabsorption out of AV

Pressure difference between 

SAS - SSS = 10.35mmHg - 7.57mmHg 

in supine position



Patient	suspected	of	Parkinson’s	disease
Obstructive	hydrocephalus:	bilateral	stenosis	of	the	foramen	of	Monro



CSF Circulation: Classical model

1) CSF produced by choroid plexus 
actively 

2) CSF is absorbed through the arachnoid 
granulation 

3) CSF flow is unidirectional



Brain Research Reviews - 2010

Newer hypothesis



Newer hypothesis

CSF is formed everywhere in 
the brain parenchyma 

CSF-ISF is absorbed 
everywhere in the brain 

parenchyma

The basis of glymphatic 
system

D. Orešković et al. 2010



ISF



Beggs	et	al.	

CSF: Third circulation

ISF



Brain Extracellular fluid (ECF)
ECFb = ISFb + CSFb

ISF = Excess of 0.35 µL/min 



Interstitial fluid (ISF)

Brinker	et	al	2014



Fluid	interactive	dynamics	
Four	compartments



Monroe-Kellie	hypothesis?

D. Greitz. Cerebrospinal fluid 
circulation and associated 
intracranial dynamics. A radiologic 
investigation using MR imaging and 
radionuclide cisternography. Acta 
radiologica. Supplementum, 386:1–
23, 1993.  





Arteries



Windkessel	mechanism

wikipedia.com

http://wikipedia.com


Blood	pressure	across	vessels



Cerebral auto regulation - CBF

Iadecola C. et al Nature Neuroscience 2007



Intracranial veins 
&  

Extra cranial veins (Neck)



Cerebral veins
Intracranial veins
(Three systems)

Dural/diploic veins 
Intraparenchymal veins 

Dural venous sinuses - deep and superficial  



Brain	Bridging	veins

Waterfall	phenomenon

normal value: 2.04 mm



Patient with hydrocephalus 

Diameter of BBV’s is 
increased to  

2.36mm

Si et al. 2008 
European Journal of Medical Research



IIH	-	idiopathic	intracranial	hypertension

Farb et al. Neurology 2003

Dural venous sinuses collapse 

Chicken or the egg?  
What comes first?  

High pressure causes sinus 
collapse 

or 
sinus collapse causes high 

pressure?



2017



Agarwal, Limbucci…et al. 
2018
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Contarino, Toro, Agarwal



Cerebrospinal venous system
"In brief, the vertebral veins are a valveless plexiform network with a 
longitudinal pattern. They parallel and communicate with the superior and 
inferior venae cavae. The plexus extends the entire length of the vertebral 
column and finds a cranial terminus in the dural sinuses."  

- Batson 





GLYMPHATIC	SYSTEM	
AND		

MENINGEAL	LYMPHATICS



Brain is an immune privileged organ

Immune privilege in the CNS is a result of two major factors: 

a) blood-brain barrier: restricted entry of immune cells into the CNS 
and 

b) absence of conventional lymphatics in the CNS. 



How do solutes in the ISF move? 
How does “flushing” of solutes actually happen?

There are two explanations: 

a) Model by Iliff and Nedergaard - para-venous pathway 
b) Intramural periarterial drainage (IPAD) - para-arterial pathway 





CSF-ISF-glymphatic 
system 

Paravenous pathway

Virchow-Robin spaces 
Perivascular spaces

Iliff and Nedergaard et al. 2012



How does ISF move within the 
brain parenchyma?



Diffusion? 
Convective flow? 

Cardiac pulsatility - drive?



Extracellular space

Solute movement may occur: 
- diffusion 
- convective flow 
- bulk flow 
- pressure driven (cardiac and 

respiratory pulses) 
- Aquaporin-4 mediated transport



Glymphatic system and physiologic regulation



IPAD

Neuropathology and Applied Neurobiology (2008), 34, 131–144 



Arterial basement membranes



Driving force for IPAD 

Blood 

Capillary Artery 

Cholinergic innervation



Glymphatics

Bakker et al. Cell Mol Neurobiol. 2016

Aquaporin 4 channels in the astrocytes



The	perivascular	space
Space between the vessel epithelium and the pial sheath or the glial 
limitans 



Bidirectional flow



Changes in the efficiency of 
glymphatic system can result in 

disease

Aalling et al. Neurochem Res 2015

Inefficient convective flow can 
cause accumulation of toxic 

products and result in 
neurodegeneration



Diffusely enlarged 
perivascular spaces



Meningeal lymphatics
They provide an alternate conduit for drainage of immune cells and cerebrospinal fluid 
(CSF) from the brain, beyond previously described pathways of flow: via arachnoid 
granulations into the dural venous sinuses, and via the cribriform plate into the ethmoid 
region (Weller et al., 2009). 



Lymphatic endothelial cells (Lyve+)

Coronal MR section
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Thank you for your attention


