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Abstract 

Hydrocephalus is one of the oldest neurologic pathologies recorded in human history, with 

multiple descriptions by Galen and Hippocrates. Despite the passage of more than two 

millennia from these early accounts, hydrocephalus remains a common, enigmatic, and 

challenging entity to treat. Most modern surgical management strategies for obstructive 

and non-obstructive hydrocephalus have followed evolving cerebrospinal fluid (CSF) 

shunting strategies. However, recent advances in our understanding of hydrodynamic 

dysfunctions underlying hydrocephalus have spurred intervention strategies that focus on 

restoring normal physiologic CSF circulation rather than on external drainage. 

Neuroendoscopy, a vital tool in the minimally invasive paradigm, affords maximum access 

to the ventricular system. An imbalance in this CSF production and absorption, leading to 

net accumulation of fluid and an enlargement of the brain ventricles, leads to 

hydrocephalus. The balance between production and absorption of CSF is critically 

important. The resulting pressure of the fluid against the brain tissue causing signs and 

symptoms of raised pressure is what constitutes hydrocephalus. 
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Introduction 

Hydrocephalus (from Greek hydro-, meaning "water", and kephalos, meaning "head")Although a 

precise definition is controversial, hydrocephalus defined as an active distension of the ventricular 

system resulting from inadequate passage of cerebrospinal fluid from its point of production within 

the cerebral ventricles to its point of absorption into the systemic circulation (Rizvi RA et al .,2005)  
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or generally refers to a disorder of cerebrospinal fluid (CSF) physiology resulting in abnormal 

expansion of the cerebral ventricles, typically associated with increased intracranial pressure. (Harris 

CA et al .,2021)  

Hydrocephalus is one of the oldest neurologic pathologies recorded in human history, with multiple 

descriptions by Galen and Hippocrates (Aschoff AA et al .,1999). Despite the passage of more than 

two millennia from these early accounts, hydrocephalus remains a common, enigmatic, and 

challenging entity to treat. (Hochstetler AA et al .,2022)  

Most modern surgical management strategies for obstructive and non-obstructive hydrocephalus have 

followed evolving cerebrospinal fluid (CSF) shunting strategies. However, recent advances in our 

understanding of hydrodynamic dysfunctions underlying hydrocephalus have spurred intervention 

strategies that focus on restoring normal physiologic CSF circulation rather than on external drainage. 

Neuroendoscopy, a vital tool in the minimally invasive paradigm, affords maximum access to the 

ventricular system(Hochstetler AA et al .,2022)  

The cerebrospinal fluid circulates in a to-and-fro movement with a net caudal flow through the 

ventricles to the subarachnoid space (Johanson CE et al .,2008). The CSF flows unidirectionally 

from the lateral brain ventricles through the foramina of Monro, then through the third ventricle and 

the aqueduct of Sylvius into the fourth ventricle, and finally through the foramina of Luschka and 

Magendie into the subarachnoid space. The pumping action of the choroid plexus is believed to play 

a major role and that pulsation of the CSF is generated mainly by the filling and draining of the choroid 

plexuses. (Bulat MA et al .,2011) 

Therefore, the CSF physiology conceived this way has been presented as the classical hypothesis of 

CSF hydrodynamics, i.e., CSF is actively produced (secreted) mainly from the choroid plexuses inside 

the brain ventricles, and then it circulates from the ventricles toward the subarachnoid space and is 

absorbed passively by the arachnoid villi into the venous sinuses . This means that in physiological 

conditions, the same CSF volume, which is actively formed by choroid plexus, must be passively 

absorbed into the cortical subarachnoid space. (Bulat MA et al .,2011) 

 An imbalance in this CSF production and absorption, leading to net accumulation of fluid and an 

enlargement of the brain ventricles, leads to hydrocephalus. The balance between production and 

absorption of CSF is critically important. The resulting pressure of the fluid against the brain tissue 

causing signs and symptoms of raised pressure is what constitutes hydrocephalus. (Orešković DE et 

al ., 2017) 

Pathophysiology of Hydrocephalus : 

It is easy to understand that, in theory, hydrocephalus can result from three mechanisms: increased 

resistance to cerebrospinal fluid flow, overproduction of cerebrospinal fluid, and increased venous 

sinus pressure. The consequence of all three mechanisms is an increase in cerebrospinal fluid pressure 

in order to maintain balanced secretion and resorption rates. The mechanisms responsible for 

ventricular dilatation are not fully understood. Ventricular dilatation may result from (1) a compression 
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of the cerebrovascular system, which is displaceable; (2) a redistribution of cerebrospinal fluid or 

extracellular fluid, or both, in the central nervous system; (3) a modification of the mechanical 

properties of the brain (increase in brain elasticity, alterations in the viscoelastic properties of brain, 

alteration of "brain turgor"); (4) the effect of the cerebrospinal fluid pulse pressure, which is still 

debated (some studies emphasize its importance as a causative factor in hydrocephalus, others suggest 

that it could be a contributory factor to ventricular expansion); (5) loss of brain substance, which in 

the long run contributes to the dilatation of the ventricles; and (6) in younger patients, an increase in 

skull volume due to the application of abnormal forces on functional cranial sutures. At this age, this 

additional volume is a major factor in the increase in cerebrospinal fluid (Tamaki NA et al., 1990). 

A. An obstacle (obstruction) to cerebrospinal fluid flow:  

Obstruction to cerebrospinal fluid flow is at the origin of most cases of hydrocephalus. The increased 

resistance caused by the obstacle leads to a proportional increase in cerebrospinal fluid pressure to 

keep resorption balanced. Hydrocephalus is usually classified according to the location of the 

blockage: whether it is in the ventricles or downstream from the ventricles, where it may be non-

communicating or communicating, respectively. The site of the ventricular dilatation depends on the 

location of the blockage, which explains why hydrocephalus can also be described as biventricular, 

triventricular, or quadriventricular. The blockage can result from various pathologies: (1) 

malformations causing local narrowing of the cerebrospinal fluid pathways (e.g., aqueductal stenosis, 

Chiari malformation); (2) mass lesions leading to an intrinsic or extrinsic compression of the 

cerebrospinal fluid pathways (e.g., intraventricular tumor, paraventricular tumor, arachnoid cyst, 

hematoma); and (3) inflammatory processes (e.g., infections, hemorrhages) and diseases, such as 

mucopolysaccharidoses, inducing ependymal reactions, leptomeningeal fibrosis, and obliteration of 

arachnoid villi (Lalou AD et al., 2018). 

B. Over secretion of CSF: 

Cerebral fluid over-secretion results from choroids plexus papillomas or diffuse villous hyperplasia of 

the choroid plexus. However, choroid plexus papillomas and diffuse villous hyperplasia do not always 

cause hydrocephalus and hydrocephalus is not always relieved after excision of the tumor. According, 

the factors such as CSF pathway obstruction, arachnoiditis and inflammatory ependymitis have been 

put to explain the cause of hydrocephalus in these cases (Sethi DE et al., 2017). 

C. Increases in venous sinus pressure:  

The increases in venous sinus pressure have a double consequence: (1) an increase in cortical venous 

pressure, leading to a larger intracranial vascular volume, and (2) an increase in intracranial pressure 

up to the level required to maintain cerebrospinal fluid flow against an abnormally high venous sinus 

pressure. The clinical consequences of this venous hypertension depend on skull compliance. If the 

cranial sutures are closed, the ventricular dilatation is counteracted by the concomitant increase in 

vascular volume. In this case, the raised venous pressure translates into the clinical picture of 

pseudotumor cerebri. Conversely, if the skull is compliant, abnormally increased intracranial pressure 
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leads to expansion of the cranium and, therefore, to an increase in fluid volume. This increase in 

venous sinus pressure can be of organic origin  or functional origin (high-flow arteriovenous 

malformation) (Tumani HS  et al., 2017). 

Pathology of Hydrocephalus:  

Regardless of the cause, obstruction of the CSF pathways results in a wide spectrum of pathologic 

findings that depend on the age of the patient, the expandability of the skull, and the type and duration 

of hydrocephalus (Taheri AP, 2017).  

Dilatation of the ventricular cavities is associated with ependymal alterations, a thin, stretched cortical 

mantle, and altered cerebral vascularization. As previously stated, the type of ventricular dilatation 

depends on the location of the blockage. Some characteristics are related to age. It seems that the 

mechanical properties of the immature cerebral parenchyma may favor the elective dilatation of the 

posterior part of the lateral ventricles. Two mechanisms have been proposed to explain this 

phenomenon: higher compliance of the posterior skull before fusion of the cranial sutures, and lesser 

distensibility of the anterior ventricular system surrounded by the compact gray matter structure of 

the basal ganglia (Weller RA  et al., 1993). 

The circulation of CSF in the subarachnoid space is frequently altered in hydrocephalus. In non-

communicating hydrocephalus the subarachnoid fluid tends to flow normally towards the cerebral 

convexities. However, in other cases of non-communicating hydrocephalus, the convexities of 

subarachnoid space and/or basilar cisterns are mechanically obstructed by the enlarged ventricular 

system. Obstruction of the extra ventricular pathways probably accounts for the failure of third 

ventriculostomy on the treatment of some cases of non-communicating hydrocephalus (Dubey AE  

et al  ., 1997). 

The overall incidence of hydrocephalus in the general population is not known. Since the condition 

occurs in association with a large number of childhood and adult intracranial diseases, it is obvious 

that the reported incidence of infantile hydrocephalus, namely 3 to 4 per 1000 live births, is grossly 

understated. The incidence of hydrocephalus occurring as a single congenital disorder is given as 0.9 

to 1.9 per 1000 births, and that of hydrocephalus occurring with spina bifida and myelomeningocele 

varies from 1.3 to 2.9 per 1000 birth (Vulcu SR et al., 2015).  

Gliosis is a consistent finding in hydrocephalus, and inflammation and glial scar formation could play 

a major role in creating the chronic problems that plague hydrocephalic patients. It has been suggested 

by many investigators that scar formation is a permanent fixture in hydrocephalic brain.( Mangano 

FT et al .,1998) 

It is likely that gliosis may dramatically change the mechanical properties of the brain so that it 

becomes more rigid (less compliant) and resistant to increases in CSF pressure and flow. Most recently, 

an interesting and potentially powerful relationship has been suggested between astrocytes and 

aquaporin (AQP) channels, which can have major impact on CSF absorption. (Verkman AS et al 

.,2017) 
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An important component of the pathophysiology of hydrocephalus is a change in intracranial 

compliance, which may lead to a redistribution of the pulsation dissipation mechanism (Egnor MA 

et al .,2002). Increased capillary pulsatility may have several pathophysiologic consequences. 

Structural responses may lead to the loss of parenchymal microvessels, and in fact, decreased capillary 

density has been shown in experimental hydrocephalus. (Del Bigio MR .,2010) 

Increased intraventricular pressure and ventriculomegaly can cause secondary neurovascular damage 

and inflammation, creating an increase of tissue injury that further compromises brain development. 

(Nagra GA et al .,2018 ) .Acute ventriculomegaly results in compression and stretch of periventricular 

tissue (including axons, myelin, andmicrovessels) causing ischaemia, hypoxia, inflammation . Chronic 

ventriculomegaly elicits gliosis and chronic inflammation, demyelination, axonal degeneration, 

periventricular oedema, metabolic impairments, and changes to blood–brain barrier permeability. 

(Nagra GA et al .,2018 ) 

Classifications of Hydrocephalus 

Historically, hydrocephalus has been classified as obstructive or nonobstructive, a somewhat misleading 

classification because all forms of hydrocephalus, except hydrocephalus ex vacuo (resulting from brain 

atrophy), involve some form of CSF obstruction (Rekate HL ., 2008). 

In the earliest studies of the pathophysiology of hydrocephalus, Dandy and Blackfan in 1913(Dandy 

WE and Blackfan KD ., 1913) classified hydrocephalus into two types: communicating and non-

communicating. This classification was based on the injection of a Supravital dye into the lateral ventricle 

and its collection in the spinal subarachnoid space after a spinal tap (Quoted from Rekate HL , 2011). 

In 1960, Ransohoff (Ransohoff JA et al ., 1960) and coworkers recognized the basically obstructive 

nature of all hydrocephalus and proposed a new classification using the terms intraventricular obstructive 

(non-communicating) and extra ventricular obstructive (communicating) hydrocephalus (Quoted from Rekate HL 

, 2011). 

There are several other less commonly used classifications. Hydrocephalus can be divided into 

physiologic, i.e. secondary to CSF overproduction mainly from choroid plexus tumors, or non-physiologic. 

However, because such choroid plexus tumors are rare (less than 1% of all brain tumors), this 

classification has only minor clinical application.  Another classification infrequently employed in the 

literature describes hydrocephalus as internal or external, depending on whether the site of obstruction 

is proximal or distal to the basal foramina. Hydrocephalus can also be classified by etiology and site 

of obstruction (Rekate HL ., 2009).. 

Using the imaging modalities now available to neurosurgeons, classification of hydrocephalus should 

reflect the actual anatomic site of obstruction, because each site is associated with different causes and 

clinical syndromes (Rekate HL ., 2004) 
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Table (1): Classification of hydrocephalus (OI SA ., 2011) 

Etiologies of Hydrocephalus: 

Hydrocephalus is the pathological condition caused by an abnormality of production or absorption of 

CSF in the brain. This disease is particularly common in infants and children. Hydrocephalus may be 

primary (idiopathic) or secondary (acquired), with the majority of congenital cases being idiopathic in 

origin. Common causes of secondary hydrocephalus in children include meningitis, trauma, brain 

tumors, intracranial hemorrhage, and developmental anomalies of the brain (Gupta NA et al., 2007). 

➢ Congenital: 

A. Chiari Type I malformation: hydrocephalus may occur with 4th ventricle outlet obstruction. 

B. Primary aqueductal stenosis (usually presents in infancy, rarely in adulthood) 

Non-communicating hydrocephalus Communicating hydrocephalus 

I- Congenital lesions : I- Congenital lesions: 

A-Foramina of Monro : 

1. Congenital atresia of both foramina. 

2. Occlusion of one foramen by: 

 Atresia 

 Congenital membrane 

 Gliosis 

A) Arnold-chiari malformation 

B) Encephalocele 

C) Leptomeningeal inflammation 

D) Congenital absence of granulations 

II- Acquired lesions: 

B- Aqueductal obstruction: 

1.Gliosis. 

2.Forking. 

3.True narrowing. 

4.Septum. 

A- Leptomeningeal inflammation 

 Infection. 

 Hemorrhage. 

 Particulate matter 

B- Masses: 

 Tumors. 

 Non-neoplastic masses 

C- Atresia of the foramina of Luschka and 

Magendie (Dandy Walker cyst). 

D- Masses: 

1. Benign intracranial cysts. 

2. Vascular malformation. 

3. Tumors. 

III- Over-secretion of CSF 

A- Choroid plexus papilloma 

B- Choroid plexus hypertrophy 

II- Acquired lesions: 

A- Aqueductal stenosis (gliosis).  

B- Ventricular inflammations and scars  

C- Masses:  * Tumors  

                    * Non-neoplastic masses 
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C. Secondary aqueductal gliosis: due to intrauterine infection or germinal matrix hemorrhage. 

D. Dandy- Walker malformation (atresia of foramina of Luschka & Magendie) the incidence of this 

in patients with hydrocephalus is 2.4%. 

E. Rare X-linked inherited disorder (Cinalli GA et al., 2012). 

X-linked hydrocephalus (Bickers-Adams syndrome) is a well-defined, recessively transmitted 

disorder that accounts for roughly 7 per cent of cases of hydrocephalus in males. The condition is 

characterized by stenosis of the aqueduct of Sylvius and severe mental retardation. About half of 

affected children have an adduction-flexion deformity of the thumb. This syndrome can also exist 

without hydrocephalus (Tully HM et al ., 2014). 

➢ Acquired:   

A. Infectious (the most common cause of communicating hydrocephalus): Post-meningitis 

(especially purulent and basal, including TB) & Cysticercosis. (Hailong FA et al .,2008) 

B-Post-hemorrhagic (2nd most common cause of communicating hydrocephalus)  

•    Post- subarachnoid hemorrhage. 

• Post-intraventricular hemorrhage (IVH): many will develop transient hydrocephalus. 20-50% of 

patients with large intraventricular hemorrhage develop permanent hydrocephalus. (Greitz DA , 

2004) 

C-Secondary to Masses 

• Non neoplastic: e.g. vascular malformation (Greitz DA , 2004) 

• Neoplastic: most produce obstructive hydrocephalus by blocking CSF pathways, especially 

tumors around aqueduct, e.g. medulloblastoma. A colloid cyst can block CSF flow at the foramen 

of Monro. Pituitary tumor: suprasellar extension of tumor or expansion from pituitary apoplexy. 

(Greitz DA , 2004) 

D-Post-operative: 20% of pediatric patients develop permanent hydrocephalus (requiring shunt) 

following posterior fossa tumor removal. May be delayed up to 1 yr  

E- Neurosarcoidosis. (Tully HM et al ., 2014). 

F-"Constitutional ventriculomegaly": asymptomatic. Needs no treatment (Oi SA, 2011). 

G-Associated with spinal tumors (Oi SA, 2011). 

Possible genetic origins 

Genetic factors are funders to both syndromic and non syndromic forms (table 2).( Stoll CE et al ., 

1992 ) . Population studies show familial aggregation of congenital hydrocephalus, with increased 
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recurrence risk ratios for same sex twins and first and second degree relatives. (Munch TN et al 

.,2012) 

Most patients with non syndromic congenital hydrocephalus have aqueduct stenosis. (Adle-Biassette 

HA et al .,2013 ) Of these, X-linked hydrocephalus is the most common heritable form, accounting 

for about 10% of cases in boys (table 2).Together, human and animal molecular genetic data show 

that most hydrocephalus genes encode growth factors, receptors, cell-surface molecules (including 

cilia), and their associated intracellular signaling molecules that regulate brain growth and 

development.(Zhang JA et al .,2006) 

E  

Table (2): Genetic abnormalities associated with pediatric hydrocephalus (Kahle KT et al., 2016) 

Types of Hydrocephalus: 

➢ Obstructive Hydrocephalus 

The traditional definition of obstructive hydrocephalus stems from work in 1914 by Dandy and 

Blackfan. It refers to obstruction of bulk CSF flow, leading to dilatation and isolation of the proximal 

ventricular system from the subarachnoid space. (Dandy WE et al .,1914) 

Obstructive hydrocephalus includes forms of hydrocephalus in which a physical obstruction within 

the ventricular system, or its outlet from the brain, impedes CSF flow. The level of the obstruction 

can vary, and it can occur over the entire span of the ventricular system, from the foramen of Monro 

to the third ventricle, the cerebral aqueduct, the fourth ventricle, and its outlets. Notable common 

etiologies of obstructive hydrocephalus include congenital or acquired stenosis of the foramen of 

Monro or the aqueduct, obstruction by parasites causing conditions such as neurocysticercosis, or 

tumors and arachnoid cysts that cause compression due to direct mass effect. (Greitz DA , 2004) 
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The causes of obstruction are very variable and can be classified as acquired and congenital. Some 

acquired causes of obstruction are tumors (ventricular; e.g., frequently foramen of Monro, pineal 

region, posterior fossa), vascular (intraventricular hematoma, infarction, aneurysms, Vein of Galen 

aneurysm), infections (abscesses and/or granulomas, neurocysticercosis, ependymitis), arachnoid 

cysts, acquired aqueductal stenosis (adhesions following infection or hemorrhage), and supratentorial 

masses causing tentorial herniation. Congenital causes are: Monro foramen atrasia, aqueductal 

stenosis, Dandy-Walker syndrome (atresia of foramen of Magendie and foramina of Luschka), and 

Chiari malformation. (Greitz DA , 2004)  

Communicating Hydrocephalus also known as nonobstructive hydrocephalus, has been described 

in terms of CSF malabsorption resulting from a diverse list of possible etiologies. This type of 

hydrocephalus encompasses all cases in which the flow of CSF is obstructed at a point distal to the 

outlet of CSF from the brain (i.e., the foramina of Luschka and Magendie). This can occur within the 

subarachnoid space or at the level of the arachnoid granulations. (Hailong FA et al .,2008) 

Common causes of communicating hydrocephalus include infections, intracranial hemorrhage, and 

trauma that lead to scarring and adhesions within the subarachnoid space. Equally common are 

idiopathic and congenital cases—usually presenting in the pediatric population—and normal pressure 

hydrocephalus, which occurs in the aging adult. However, the differentiation between obstructive and 

communicating hydrocephalus is somewhat arbitrary. (Hailong FA et al .,2008) 

The pathophysiology of communicating hydrocephalus is a matter of much debate, and no identifiable 

consensus currently exists.(Greitz DA ,2007) .The development of communicating hydrocephalus 

appears to be characterized by derangements of multiple intracranial physiologic variables, including 

cerebrospinal fluid (CSF) flow dynamics, microvascular pulsatility, and compliance of the 

subarachnoid space and vasculature, among others. A brief description of the prevailng theories 

follows. The conventional “bulk flow” theory of CSF flow dynamics asserts that CSF is produced in 

a certain location and absorbed in another location, and that CSF flow within the ventricles and 

subarachnoid space occurs due to small differences in pressure between the sites of CSF production 

and absorption. (Katayama SA et al .,1993) 

Scarring of the arachnoid villi due to insidious inflammatory responses to infection, hemorrhage, 

trauma, or neoplastic spread were proposed to result in impaired absorption in these arachnoid villi 

and subsequent development of communicating hydrocephalus. (Rabiu TB ,2010)  

Commonly Encountered Clinical Conditions  

➢ Infantile Post-hemorrhagic Hydrocephalus  

The incidence of IVH increases inversely with decreasing birth weight or EGA. In a study of infants 

born in the mid-1990s weighing less than 1500 g, 22% had IVH, and one-fourth of those infants had 

progressive ventricular dilation. However, onethird of those who survived required CSF diversion. 

(Murphy BP et al 2002) 
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The diagnosis of any GMH-IVH is made in 20-38% of preterm infants of <28 weeks gestational age 

and in 15% in infants between 28 and 32 weeks  (De Vries LS et al .,2001). Severe IVH, grade III 

with or without a periventricular hemorrhagic infarction (PVHI) according to Volpe, is more common 

in infants with a gestation below 28 weeks. Two recent studies reported an incidence of severe 

intraventricular hemorrhage (IVH) around 10% in infants with a gestational age below 28 weeks’ 

gestation. (De Vries LS et al .,2001) 

The pathogenesis has been explained by intravascular and vascular factors, with fluctuations in 

cerebral blood flow playing an important role. The germinal matrix has been referred to as an 

“immature vascular rete” with primitive vessels that cannot be classified as arterioles, venules, or 

capillaries. The vessels are thin-walled, lack structural support and are metabolically active, and they 

are vulnerable to injury and hemorrhage, particularly when exposed to hypoxia and/or fluctuations in 

cerebral blood flow (De Vries LS et al .,2001).  

 The hemorrhage can be confined to the germinal matrix (GMH, grade I), or disrupt the ependymal 

lining and extend into the lateral ventricle, and is then classified as a grade II when there is a small 

amount of blood in the lateral ventricle, or as a grade III when the ventricle is acutely dilated due to 

clot that fills more than 50% of the ventricle (Yeo KT et al .,2019). 

 In addition, there can be parenchymal involvement. A parenchymal hemorrhage used to be classified 

as a grade IV, but rather than extension of the IVH and rupture of the ependyma, we now understand 

that a GMH-IVH can result in impaired venous drainage of the medullary veins in the white matter 

with subsequent congestion and stasis of blood, and therewith rupturing of these vessels can be seen 

in a fan shaped leash. The parenchymal hemorrhage is now classified as a periventricular hemorrhagic 

infarction (PHVI) (De Vries LS et al .,2001).   

➢ Post-infectious Hydrocephalus  TORCH infections (toxoplasma, others (varicella, HIV, 

syphilis), rubella, cytomegalovirus, and herpes simplex) are responsible for antenatal brain infections 

and may present with a wide range of consequences—from asymptomatic to having a fatal outcome. 

The parasites invade and destroy the ependyma of lateral ventricles, and the debris fall into the 

ventricle and cause obstruction of CSF flow pathway (Olariu TR et al .,2011). 

The other widely accepted hypothesis is that the leptomeningeal inflammation is the main cause of 

hydrocephalus in such patients. In bacterial meningitis, neutrophil migration into the subarachnoid 

space follows bacterial invasion. The resultant purulent exudate tends to collect in the Rolandic and 

Sylvanian sulci over the cerebral hemispheres and in the basal cisterns, where the subarachnoid space 

is deepest and where, presumably, cerebrospinal fluid flow is most sluggish. The exudate interferes 

with absorption of cerebrospinal fluid by the arachnoid villi and may also cause obstructive 

hydrocephalus by obstructing the foramina of Luschka and Magendie. Typically, the obstruction 

occurs toward the end of the second week of the illness, when neutrophils begin to degenerate and 

fibroblasts proliferate in the exudate. (Edmond KA et al .,2010) 

The inflammation of the choroid plexus and ependyma also leads to an overproduction of CSF in the 

acute phase of the illness. This also contributes to the hydrocephalus and raised intracranial pressure. 
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Fourth ventricular outlets may be blocked by the exudates or leptomeningeal scar tissue or when there 

is obstruction of the aqueduct either due to a strangulation of the brain stem by exudates or by a 

subependymal tuberculoma thereby resulting in hydrocephalus. (Dastur DK et al .,1995). 

The criteria for post-infective hydrocephalus for infants are (1) infants born with normal-sized heads 

with subsequent development of hydrocephalus, (2) history of febrile illness after birth, and (3) CSF 

cytology and biochemistry suggestive of post-infection sequelae (Chatterjee SA et al .,2011) 

The commonest cause of bacterial meningitis in patients over the age of 2 months is gram-negative 

encapsulated organisms either H. influenzae, N. meningitidis, or Str. pneumoniae. Escherichia coli is 

the most common infecting agent in neonatal meningitis(Chatterjee SA et al .,2011) 

Bacteria may reach the CSF by one of the three major pathways: hematogenous spread from a 

contiguous structure or by direct implantation within the CSF. The main organisms involved are 

enteric gram-negative bacteria. These organisms are encapsulated and possess endotoxin which may 

facilitate the breakdown of the blood-brain barrier and then the entry of organisms into the brain, in 

addition to its direct neuronal damaging effect (Chatterjee SA et al .,2011) 

➢ Post-traumatic Hydrocephalus (PTH)  

Ventriculomegaly is common after severe TBI (Poca MA et al .,2005) . Post-traumatic ventricular 

dilation may have a wide range of etiological factors: starting from neuronal loss due to head trauma 

and possible secondary ischemic insults to obstruction of CSF circulation resulting in hydrocephalus. 

It is important to differentiate between posttraumatic hydrocephalus and gliosis. However, the 

diagnosis is not always easy (Licata CR et al .,2001). 

PTH may develop acutely in the presence of subarachnoid hemorrhage. Aseptic meningitis may lead 

to occlusion of basal cisterns. Similarly, meningitis following head injury can lead to communicating 

hydrocephalus. Hydrocephalus may be seen acutely in the presence of intracerebral hematoma causing 

obstruction to CSF flow (Modi NJ et al .,2016) . 

Typically, PTH develops in the post-acute phase of head injury, weeks or months later. Development 

of PTH is presumed to be due to subarachnoid hemorrhage. Subarachnoid spaces in patients after 

head injury and hydrocephalus are obliterated with fibrosis; ependymal destruction and presence of 

subependymal gliosis together with loss of white matter especially around the ventricles are other 

prominent findings (Honeybul SA et al .,2012). 

The degree to which fibrosis and obliteration of the subarachnoid granulations/subarachnoid space 

are contributory in the late onset of PTH is unknown (Modi NJ et al .,2016). Studies suggested that 

hydrocephalus following decompressive craniectomy may be related to a reduction in pulsatile CSF 

flow (Kaen AA et al .,2010). The effect of the skull and dura on CSF hydrodynamics has been 

explored experimentally: the resistance to CSF outflow after craniectomy decreases two fold and brain 

compliance (expressed using the pressure–volume index, PVI) increases.  (Czosnyka MA et al .,1996) 
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➢ Congenital and neonatal hydrocephalus  

The pathophysiology of congenital hydrocephalus almost always includes two separate mechanisms: 

primary genetic abnormalities that may affect outcome individually and secondary injury mechanisms 

that occur mainly as a result of expanding ventricles and/or altered CSF physiology . Forty percent of 

hydrocephalus cases are estimated to have possible genetic etiology .(Zhang JR et al .,2006) 

X-linked hydrocephalus (HSAS1, OMIM) comprises approximately 5–15% of the congenital cases 

with a genetic cause (Kuzniecky RI et al .,1986) . L1CAM (L1 protein) at Xq28 has been implicated 

in X-linked human congenital hydrocephalus (Katsuragi SA et al .,2000). Recently, an X-linked adult-

onset NPH and a form of familial NPH that is transmitted in autosomal dominant fashion (Portenoy 

RK et al .,1984) 

X-linked hydrocephalus (Bickers-Adams syndrome) is a well-defined, recessively transmitted 

disorder that accounts for roughly 7 per cent of cases of hydrocephalus in males. The condition is 

characterized by stenosis of the aqueduct of Sylvius and severe mental retardation. About half of 

affected children have an adduction-flexion deformity of the thumb. This syndrome can also exist 

without hydrocephalus (Sainte-Rose CA , 1996) 

➢ Loculated hydrocephalus or complex hydrocephalus  

 Hydrocephalus arising from intraventricular septations is known as complex or loculated 

hydrocephalus. Many synonyms for complex hydrocephalus have been used in the literature such as 

compartmentalized or loculated hydrocephalus. (Akbari  SH et al .,2015) 

Complex hydrocephalus remains a challenging neurosurgical problem. Definitive treatment is surgical, 

yet the approach remains controversial. Traditional treatment consisted of shunting, often requiring 

the placement of multiple shunt systems and multiple revisions (Akbari  SH et al .,2015) 

Complex hydrocephalus is classified as either uniloculated or multiloculated. Uniloculated 

hydrocephalus means the presence of a single cyst inside the ventricular system, whether supratentorial 

(isolated lateral ventricle) or infratentorial (isolated fourth ventricle). Multiloculated hydrocephalus 

means the presence of multiple cysts or locules isolated by multiple intraventricular septations. 

Uniloculated hydrocephalus is generally congenital with unaffected cerebrospinal fluid pathways, 

whereas multiloculated hydrocephalus is generally postinfectious or postinflammatory with obliterated 

subarachnoid spaces. (ElGhandour NM ., 2008) 

The distinction between both types is important because their pathogenesis, success of treatment and 

prognosis markedly differ. Consequently, it has been concluded that the 2 divergent types of 

complicated hydrocephalus should not be included in a single study . (ElGhandour NM., 2008) 

Using the classification proposed by Spennato et al., the following variations can be distinguished: 1) 

hydrocephalus with multiple intraventricular septations; 2) isolated lateral ventricle/unilateral 

hydrocephalus; 3) entrapped temporal horn; 4) isolated fourth ventricle; and 5) expanding cavum septi 

pellucidi/cavum vergae. (Spennato PA et al .,2007) 
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The incidence and prevalence of multiloculated hydrocephalus are increasing probably due to 

increasing survival rates of children and neonates who suffered intraventricular hemorrhage and 

meningitis (Oi SA et al .,1999) .Shunt infection remains to be one of the most frequent causes of 

such serious disease. Therefore, every effort should be done to avoid shunt infection (Fritsch MJ et 

al .,2002).  

There is no international consensus about the incidence of multiloculated hydrocephalus; the 

incidences vary between 7 and 30% or more. Lorber and Pickering (Lorber JA et al .,1966) estimated 

the incidence of multiloculated hydrocephalus in cases of meningitis to be more than 30% (Etus VA 

et al .,2016) . However, Reinprecht et al. reported a long-term follow-up of posthemorrhagic 

hydrocephalus infants and revealed that intraventricular septations occurred only in 7% of cases 

(Reinprecht AA et al .,2001) 

The definite pathophysiology of multiloculated hydrocephalus is not very well understood. Therefore, 

we carried out a study to understand, reveal, document the different stages of septum formation, and 

confirm the progressive nature of intraventricular septae (multiloculated hydrocephalus) showed 

collagenous fibrosis (Andresen MA et al .,2012).  

The meninges also showed collagenous fibrosis or inflammation with fibrin deposition and infiltration 

by mononuclear inflammatory cells (lymphocytes, plasma cells) and neutrophils .At the final stage, CT 

and MRI show dilatation and loss of configurations of the ventricles. Progressive brain atrophy is 

common as brain melts out and is replaced by multiple cysts, and this is likely irreversible. Sometimes 

it is difficult to differentiate between ventricles and periventricular cysts (Jamjoom AB et al .,1996). 

The stages of formation of multiloculated hydrocephalus and septum formation can be summarized 

in four stages which are: Stage 1: Formation of fibrinous, intraventricular membranes  Stage 2: 

Increasing infiltration of membranes by inflammatory cells (lymphocytes sometimes accompanied by 

plasma cells and foamy histiocytes) Stage 3: Gliosis and early (perivascular) fibrosis of membranes  

Stage 4: Diffuse collagenous fibrosis of membranes with eventual transformation of membranes into 

dense, fibrotic septa with softening of the brain, loss of integrity, ventricular dilatation, and low ICP 

Intraventricular septae can be congenital or acquired and can be true or false septa. These septations 

will lead to the development of multiloculated hydrocephalus. (Ammar AA et al .,2017) 

The timing of the start of development of ventricular septations varies with an average of 2–4 months 

following ventriculitis .The combination of bacterial infection especially gram-negative and 

intraventricular hemorrhage will lead to the most severe form of multiloculated hydrocephalus. 

Intraventricular septations occur as a result of fibrous adhesions developing within the ventricles and 

may contribute to the development of multiloculated hydrocephalus. (Kalsbeck JE et al 1980) 

Meningitis is frequently associated with purulent ventriculitis. They also observed that it causes an 

inflammatory response in the ependyma with patchy or diffuse denudation of this cell layer and 

development of subjacent gliosis and gliotic tufts at the sites of ependymal disruption. They state 

further that glial tufts frequently projected into the exudate from the subependymal tissue (Andresen 

MA et al .,2012).. 
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The ventricular system may become trabeculated or encysted following bacterial meningitis or 

germinal matrix hemorrhage (Andresen MA et al .,2012). Predisposing factors include a low birth 

weight, premature birth, perinatal complications and congenital central nervous system malformations 

(Zuccaro GA et al ., 2011). 

Septations can be true or pseudo septae depending on the origin either in the ventricles or in 

periventricular territories that later become ventriculized. These need to be observed early during their 

formation because later they cannot be differentiated. True septa may span the ventricular walls or 

float in the lumen. They can be delicate or coarse and resemble cobwebs or thin veils. They may be 

rather complex, occupying the entire ventricle, or focal with only solitary strands noted . (Andresen 

MA et al .,2012).. 

Macroscopically , the membranes are completely extending through the ventricle to the other end or 

incompletely extending to part of the lumen . The membranes may be transparent, thin, and avascular; 

on the other hand, they may be thick and highly vascularized. Microscopically the septations are 

membranes composed of fibroglial tissues and round and polymorphonuclear cells. Features of 

chronic ventriculitis usually present in the form of subependymal gliosis, glial tufts extending through 

the destructed ependyma into the ventricular lumen. (Spennato PA et al .,2007) 

Multiloculated hydrocephalus is considered so far, to be one of the diseases with unfavorable 

prognosis due to the progressive nature of the disease. There is hope in the future to stop the 

progression of this disease by using pharmacological agents to inhibit the underlying inflammatory 

pathogenesis of this disease. However, there is a need for preclinical and clinical trials to prove the 

efficacy and safety of this new modality of management. (Ammar AA et al .,2017) 

The prognosis of multiloculated hydrocephalus depends on the extent of intraventricular septations, 

the surgical procedure done, and the presence or absence of previous neurological insults and 

morbidities. The outcome is evaluated by the A. Ammar et al. following: (1) the incidence of 

improvement of hydrocephalus in postoperative MR imaging (2) avoiding or eliminating the need for 

shunting, (3) simplifying complex shunt system, and (4) reducing shunt revision rate. (Ammar AA et 

al .,2017) 

The early discovery of shunt complication, meningitis, and IVH may help to reduce the risk of such 

serious disease. Once the disease is diagnosed, aggressive antibiotic treatment, which may include 

intrathecal antibiotic injection, and daily washing the ventricles may help to abort the progressive 

sequale of the disease(Ammar AA et al .,2017) 

No Conflict of interest.  

References: 

1. Agre P, Nielsen S, Ottersen OP. Towards a molecular understanding of water homeostasis in the 

brain. Neuroscience 2004;129:849-50. [PubMed] [Google Scholar] 

2. Agre P. Aquaporin water channels. Biosci Rep 2004;24:127-63. [PubMed] [Google Scholar] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3395 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

3. Alonso MI, Gato A, Moro JA, et al. Disruption of proteoglycans in neural tube fluid by β-D 

xyloside alters brain enlargement in chick embryos. Anat Rec 1998;252:499-508. [PubMed] 

[Google Scholar] 

4. Bakkour A, Morris JC, Wolk DA, Dickerson BC. The effects of aging and Alzheimer's disease on 

cerebral cortical anatomy: specificity and differential relationships with cognition. Neuroimage. 

2013 Aug 01;76:332-44. [PMC free article] [PubMed] 

5. Beems T, Simons KS, van Geel WJ, et al. Serum and CSF-concentrations of brain specific 

proteins in hydrocephalus. Acta Neurochir (Wien) 2003;145:37-43. [PubMed] [Google Scholar] 

6. Bering EA, Jr, Sato O. Hydrocephalus. changes in formation and absorption of cerebrospinal 

fluid within the cerebral ventricles. J Neurosurg 1963;20:1050-63. [PubMed] [Google Scholar] 

7. Bering EA, Jr. Choroid plexus and arterial pulsations of the cerebrospinal fluid. Demonstration 

of the choroid plexuses as a cerebrospinal fluid pump. AMA Arch Neurol Psychiatry 1955;73:165-

72. [PubMed] [Google Scholar] 

8. Bidot S, Saindane AM, Peragallo JH, Bruce BB, Newman NJ, Biousse V. Brain Imaging in 

Idiopathic Intracranial Hypertension. J Neuroophthalmol. 2015 Dec;35(4):400-11. [PubMed] 

9. Blaumanis OR, Rennels ML, Grady PA. Focal cerebral edema impedes convective fluid/tracer 

movement through paravascular pathways in cat brain. Adv Neurol 1990;52:385-9. [PubMed] 

[Google Scholar] 

10. Bloch J, Vernet O, Aube M, et al. Non-obstructive hydro- cephalus associated with intracranial 

schwannomas: hyper-proteinorrhachia as an etiopathological factor? Acta Neurochir (Wien) 

2003;145:73-8. [PubMed] [Google Scholar] 

11. Bradbury M. Lymphatics and central nervous system. Trends Neurosci 1981;4:100-1. [Google 

Scholar] 

12. Brierly JF, Field EJ. The connections of the cerebrospinal fluid space with the lymphatic system. 

J Anat 1948;82:153-66. [Google Scholar] 

13. Brightman MW. The intracerebral movement of proteins injected into blood and cerebrospinal 

fluid of mice. In: Lajth A, Ford DH. eds. Progress in Brain Research, Brain Barrier System. 

Amsterdam: Elsevier, 1968:19-40. [PubMed] [Google Scholar] 

14. Brinker T, Seifert V, Dietz H. Subacute hydrocephalus after experimental subarachnoid 

hemorrhage: its prevention by intrathecal fibrinolysis with recombinant tissue plasminogen 

activator. Neurosurgery 1992;31:306-11. [PubMed] [Google Scholar] 

15. Bulat M, Lupret V, Oreskovic D, et al. Transventricular and transpial absorption of cerebrospinal 

fluid into cerebral microvessels. Coll Antropol 2008;32:43-50. [PubMed] [Google Scholar] 

16. Caplan LR. Cardiac encephalopathy and congestive heart failure: a hypothesis about the 

relationship. Neurology 2006;66:99-101. [PubMed] [Google Scholar] 

17. Cerda M, Manterola A, Ponce S, et al. Electrolyte levels in the CSF of children with non-tumoral 

hydrocephalus. Childs Nerv Syst 1985;1:306-11. [PubMed] [Google Scholar] 

18. Chen S, Luo J, Reis C, Manaenko A, Zhang J. Hydrocephalus after Subarachnoid Hemorrhage: 

Pathophysiology, Diagnosis, and Treatment. Biomed Res Int. 2017;2017:8584753. [PMC free 

article] [PubMed] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3396 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

19. Chow LC, Soliman A, Zandian M, et al. Accumulation of transforming growth factor-beta2 and 

nitrated chondroitin sulfate proteoglycans in cerebrospinal fluid correlates with poor neurologic 

outcome in preterm hydrocephalus. Biol Neonate 2005;88:1-11. [PubMed] [Google Scholar] 

20. Collmann H, Sörensen N, Krauss J. Hydrocephalus in craniosynostosis: a review. Childs Nerv 

Syst 2005;21:902-12. [PubMed] [Google Scholar] 

21. Cserr HF. Physiology of the choroid plexus. Physiol Rev 1971;51:273-311. [PubMed] [Google 

Scholar] 

22. Cushing H. Studies on the cerebrospinal fluid. J Med Res 1914;31:1-19. [PMC free article] 

[PubMed] [Google Scholar] 

23. Czosnyka M, Czosnyka Z, Momjian S, et al. Cerebrospinal fluid dynamics. Topical Review. 

Physiol Meas 2004;25:R51-76. [PubMed] [Google Scholar] 

24. Damkier HH, Brown PD, Praetorius J. Cerebrospinal fluid secretion by the choroid plexus. 

Physiol Rev. 2013 Oct;93(4):1847-92. [PubMed] 

25. Dandy WE, Blackfan KD. An experimental and clinical study of internal hydrocephalus. J Am 

Med Assoc 1913;61:2216-7. [Google Scholar] 

26. Dandy WE. Experimental hydrocephalus. Ann Surg 1919;70:129-42. [PMC free article] [PubMed] 

[Google Scholar] 

27. Dandy WE. Where is cerebrospinal fluid absorbed? JAMA 1929;92:2012-4. [Google Scholar] 

28. Dario A, Fachinetti P. Lumbar neurinoma associated with hydrocephalus. Case report. J 

Neurosurg Sci 1993;37:179-82. [PubMed] [Google Scholar] 

29. Davis LE. Communicating hydrocephalus in newborn hamsters and cats following vaccine virus 

infection. J Neurosurg 1981;54:767-72. [PubMed] [Google Scholar] 

30. Davson H, Welch K, Segal MB. eds. Physiology and pathophysiology of the cerebrospinal fluid. 

Edinburgh: Churchill-Livingstone, 1987. [Google Scholar] 

31. Davson H. Formation and drainage of the cerebrospinal fluid. In: Shapiro K, Marmarou A, 

Portnoy H. eds. Hydrocephalus. New York: Raven Press, 1984:3-40. [Google Scholar] 

32. Del Bigio MR. Hydrocephalus-induced changes in the composition of cerebrospinal fluid. 

Neurosurgery 1989;25:416-23. [PubMed] [Google Scholar] 

33. Di Chiro G. Observations on the circulation of the cerebrospinal fluid. Acta Radiol Diagn 

(Stockh) 1966;5:988-1002. [PubMed] [Google Scholar] 

34. DiMattio J, Hochwald GM, Malhan C, et al. Effects of changes in serum osmolality on bulk flow 

of fluid into cerebral ventricles and on brain water content. Pflugers Arch 1975;359:253-64. 

[PubMed] [Google Scholar] 

35. Ebinu JO, Matouk CC, Wallace MC, et al. Hydrocephalus secondary to hydrodynamic 

disequilibrium in an adult patient with a choroidal type arteriovenous malformation. Interv 

Neuroradiol 2011;17:212-6. [PMC free article] [PubMed] [Google Scholar] 

36. Edwards MS, Harrison MR, Halks-Miller M, et al. Kaolin induced congenital hydrocephalus in 

fetal lambs and rhesus monkeys. J Neurosurg 1984;60:115-22. [PubMed] [Google Scholar] 

37. Erşahin Y, Mutler S, Yurtseven T. Hydrocephalus in Guillain-Barre’ syndrome. Clin Neurol 

Neurosurg 1995;97:253-5. [PubMed] [Google Scholar] 

38. Eymann R. [Clinical symptoms of hydrocephalus]. Radiologe. 2012 Sep;52(9):807-12. [PubMed] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3397 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

39. Fenstermacher JD, Ghersi-Egea JF, Finnegan W, et al. The rapid flow of cerebrospinal fluid from 

ventricles to cisterns via subarachnoid velae in the normal rat. Acta Neurochir Suppl 1997;70;285-

7. [PubMed] [Google Scholar] 

40. Fink KR, Benjert JL. Imaging of Nontraumatic Neuroradiology Emergencies. Radiol Clin North 

Am. 2015 Jul;53(4):871-90, x. [PubMed] 

41. Flexner IB, Winters H. The rate of formation of cerebrospinal fluid in etherized cats. Am J Physiol 

1932;101:697-710. [Google Scholar] 

42. Flood C, Akinwunmi J, Lagord C, et al. TGF β1 in the CSF of patients with subarachnoid 

hemorrhage. titers derived from exogenous and endogenous sources. J Cereb Blood Flow Metab 

2001;21:157-62. [PubMed] [Google Scholar] 

43. Foltz EL, Shurtleff DB. Conversion of communicating hydrocephalus to stenosis or occlusion 

of the aqueduct during ventricular shunt. J Neurosurg 1966;24:520-9. [PubMed] [Google Scholar] 

44. Gao F, Liu F, Chen Z, et al. Hydrocephalus after intraventricular hemorrhage. the role of 

thrombin. J Cereb Blood Flow Metab 2014;34:489-94. [PMC free article] [PubMed] [Google 

Scholar] 

45. Garne E, Loane M, Addor MC, Boyd PA, Barisic I, Dolk H. Congenital hydrocephalus--

prevalence, prenatal diagnosis and outcome of pregnancy in four European regions. Eur J 

Paediatr Neurol. 2010 Mar;14(2):150-5. [PubMed] 

46. Gato A, Moro JA, Alonso MI, et al. Chondroitin sulfate proteoglycan and embryonic brain 

enlargement in the chick. Anat Embryol 1993;188:101-6. [PubMed] [Google Scholar] 

47. Geibprasert S, Pereira V, Krings T, et al. Hydrocephalus in unruptured brain arteriovenous 

malformations: Pathomechanical considerations, therapeutic implications, and clinical course. J 

Neurosurg 2009;110:500-7. [PubMed] [Google Scholar] 

48. Greitz D. Cerebrospinal fluid circulation and associated intracranial dynamics. A radiologic 

investigation using MR imaging and radionuclide cisternography. Acta Radiol Suppl 1993;386:1-

23. [PubMed] [Google Scholar] 

49. Hamilton MG. Treatment of hydrocephalus in adults. Semin Pediatr Neurol. 2009 Mar;16(1):34-

41. [PubMed] 

50. Heep A, Stoffel-Wagner B, Bartmann P, et al. Vascular endothelial growth factor and 

transforming growth factor-beta1 are highly expressed in the cerebrospinal fluid of premature 

infants with posthemorrhagic hydrocephalus. Pediatr Res 2004;56:768-74. [PubMed] [Google 

Scholar] 

51. Hochwald GM, Sahar A. Effect of spinal fluid pressure on cerebrospinal fluid formation. Exp 

Neurol 1971;32:30-40. [PubMed] [Google Scholar] 

52. Hochwald GM. Animal models of hydrocephalus; recent developments Proc. Soc Exp Biol Med 

1985;178:1-11. [PubMed] [Google Scholar] 

53. Holt JL, Kraft-Terry SD, Chang L. Neuroimaging studies of the aging HIV-1-infected brain. J 

Neurovirol. 2012 Aug;18(4):291-302. [PMC free article] [PubMed] 

54. Iliff JJ, Lee H, Yu M, et al. Brain wide pathway for waste clearance captured by contrast enhanced 

MRI. J Clin Invest 2013;123:1299-309. [PMC free article] [PubMed] [Google Scholar] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3398 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

55. Iliff JJ, Wang M, Liao Y, et al. A paravascular pathway facilitates CSF flow through the brain 

parenchyma and the clearance of interstitial solutes, including amyloid β. Sci Transl Med 

2012;4:147ra111. [PMC free article] [PubMed] 

56. Isaacs AM, Riva-Cambrin J, Yavin D, Hockley A, Pringsheim TM, Jette N, Lethebe BC, 

Lowerison M, Dronyk J, Hamilton MG. Age-specific global epidemiology of hydrocephalus: 

Systematic review, metanalysis and global birth surveillance. PLoS One. 2018;13(10):e0204926. 

[PMC free article] [PubMed] 

57. Jacobson EE, Fletcher DF, Morgan MK, et al. Fluid dynamics of cerebral aqueduct. Pediatr 

Neurosurg 1996;24:229-36. [PubMed] [Google Scholar] 

58. Johanson CE, Szmydynger-Chobodska J, Chobodski A, et al. Altered formation and bulk 

absorption of cerebrospinal fluid in FGF-2 induced hydrocephalus. Am J Physiol 1999;277:R263-

71. [PubMed] [Google Scholar] 

59. Johnston M, Zakharov A, Papaiconomou C, et al. Evidence of connections between 

cerebrospinal fluid and nasal lymphatic vessels in humans, non human primates and other 

mammalian species. Cerebrospinal Fluid Res 2004;1:2. [PMC free article] [PubMed] [Google 

Scholar] 

60. Kahlon B, Annertz M, Ståhlberg F, Rehncrona S. Is aqueductal stroke volume, measured with 

cine phase-contrast magnetic resonance imaging scans useful in predicting outcome of shunt 

surgery in suspected normal pressure hydrocephalus? Neurosurgery. 2007 Jan;60(1):124-9; 

discussion 129-30. [PubMed] 

61. Kartal MG, Algin O. Evaluation of hydrocephalus and other cerebrospinal fluid disorders with 

MRI: An update. Insights Imaging. 2014 Aug;5(4):531-41. [PMC free article] [PubMed] 

62. Kim H, Jeong EJ, Park DH, Czosnyka Z, Yoon BC, Kim K, Czosnyka M, Kim DJ. Finite element 

analysis of periventricular lucency in hydrocephalus: extravasation or transependymal CSF 

absorption? J Neurosurg. 2016 Feb;124(2):334-41. [PubMed] 

63. Klarica M, Oreskovic D, Bozic B, et al. New experimental model of acute aqueductal blockade 

in cats; effects on cerebrospinal fluid pressure and the size of brain ventricles. Neuroscience 

2009;158:1397-405. [PubMed] [Google Scholar] 

64. Klarica M, Oreskovic D, Kalousek M, et al. Intracranial pressure response to application of 

hyperosmolal sucrose into cerebrospinal fluid by the microvolume exchange method in dogs. 

Neurol Croat 1994;43:147-54. [Google Scholar] 

65. Koh L, Zakharov A, Johnston M. Integration of the subarachnoid space and lymphatics; is it time 

to embrace a new concept of cerebrospinal fluid absorption? Cerebrospinal Fluid Res 2005;2:6-

11. [PMC free article] [PubMed] [Google Scholar] 

66. Krishnamurthy S, Li J, Schultz L, et al. Increased CSF osmolarity reversibly induces 

hydrocephalus in the normal rat brain. Fluids Barriers CNS 2012;9:13. [PMC free article] 

[PubMed] [Google Scholar] 

67. Krishnamurthy S, Li J, Schultz L, et al. Intraventricular infusion of hyperosmolar dextran induces 

hydrocephalus; a novel animal model of hydrocephalus. Cerebrospinal Fluid Research 2009;6:16. 

[PMC free article] [PubMed] [Google Scholar] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3399 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

68. Langner S, Fleck S, Baldauf J, Mensel B, Kühn JP, Kirsch M. Diagnosis and Differential Diagnosis 

of Hydrocephalus in Adults. Rofo. 2017 Aug;189(8):728-739. [PubMed] 

69. Larsson A, Moonen M, Bergh AC, Lindberg S, Wikkelsö C. Predictive value of quantitative 

cisternography in normal pressure hydrocephalus. Acta Neurol Scand. 1990 Apr;81(4):327-32. 

[PubMed] 

70. LeMay M, Hochberg FH. Ventricular differences between hydrostatic hydrocephalus and 

hydrocephalus ex vacuo by computed tomography. Neuroradiology. 1979 Apr 26;17(4):191-5. 

[PubMed] 

71. Lobato RD, Lamas E, Cordobes F, et al. Chronic adult hydrocephalus due to uncommon causes. 

Acta Neurochir (Wien) 1980;55:85-97. [PubMed] [Google Scholar] 

72. Lowery LA, Sive H. Initial formation of zebrafish brain ventricles occurs independently of 

circulation and requires the nagieoko and snakehead/atp1a1a.1 gene products. Development 

2005;132:2057-67. [PubMed] [Google Scholar] 

73. Markey KA, Mollan SP, Jensen RH, Sinclair AJ. Understanding idiopathic intracranial 

hypertension: mechanisms, management, and future directions. Lancet Neurol. 2016 

Jan;15(1):78-91. [PubMed] 

74. Mashayekhi F, Salehi Z. Expression of nerve growth factor in cerebrospinal fluid of congenital 

hydrocephalic and normal children. Eur J Neurol 2005;12:632-7. [PubMed] [Google Scholar] 

75. Masters C, Alpers M, Kakulas B. Pathogenesis of reovirus type 1 hydrocephalus in mice. Arch 

Neurol 1977;34;18-28. [PubMed] [Google Scholar] 

76. Maurizi CP. A cycle of cerebrospinal fluid. supporting evidence and theoretical considerations. 

Med Hypotheses 2000;54:417-22. [PubMed] [Google Scholar] 

77. McComb JG. Recent research into nature of cerebrospinal fluid formation and absorption. J 

Neurosurg 1983;59:369-83. [PubMed] [Google Scholar] 

78. Milhorat TH, Clark RG, Hammock MK. Experimental hydrocephalus Part 2. Gross pathological 

findings in acute and subacute obstructive hydrocephalus in the dog and monkey. J Neurosurg 

1970;32;390-9. [PubMed] [Google Scholar] 

79. Milhorat TH. Choroid plexus and cerebrospinal fluid production. Science 1969;166:1514-6. 

[PubMed] [Google Scholar] 

80. Milhorat TH. eds. Hydrocephalus and the Cerebrospinal fluid. Baltimore: Williams & Wilkins, 

1972. [Google Scholar] 

81. Milhorat TH. The third circulation revisited. J Neurosurg 1975;42:628-45. [PubMed] [Google 

Scholar] 

82. Munch TN, Rostgaard K, Rasmussen ML, Wohlfahrt J, Juhler M, Melbye M. Familial aggregation 

of congenital hydrocephalus in a nationwide cohort. Brain. 2012 Aug;135(Pt 8):2409-15. 

[PubMed] 

83. Nooijen PT, Schoonderwaldt HC, Wevers RA, et al. Neuronspecific enolase, S-100 protein, 

myelin basic protein and lactate in CSF in dementia. Dement Geriatr Cogn Disord 1997;8:169-

73. [PubMed] [Google Scholar] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3400 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

84. Nussinovitch M, Volovitz B, Finkelstein Y, et al. Lactic dehydrogenase isoenzymes in 

cerebrospinal fluid associated with hydrocephalus. Acta Paediatr 2001;90:972-4. [PubMed] 

[Google Scholar] 

85. O’Connell JE. Cerebrospinal fluid mechanics. Proc R Soc Med 1970;63:507-18. [PMC free article] 

[PubMed] [Google Scholar] 

86. Ohta K, Gotoh F, Amando T, et al. Normal pressure hydrocephalus associated with cauda equina 

neurinoma. Ann Neurol 1990;27:441-3. [PubMed] [Google Scholar] 

87. Orešković D, Klarica M. Development of hydrocephalus and classical hypothesis of 

cerebrospinal fluid hydrodynamics: Facts and illusions. Prog Neurobiol 2011;94:238-58. 

[PubMed] [Google Scholar] 

88. Oresković D, Whitton PS, Lupret V. Effect of intracranial pressure on cerebrospinal fluid 

formation in isolated brain ventricles. Neuroscience 1991;41:773-7. [PubMed] [Google Scholar] 

89. Parvas M, Bueno D. The Embryonic Blood-CSF Barrier has Molecular Elements to Control E-

CSF Osmolarity During early CNS Development. J Neurosci Res 2010;88;1205-12. [PubMed] 

[Google Scholar] 

90. Penn RD, Lee MC, Linninger AA, et al. Pressure gradients in the brain in an experimental model 

of hydro-cephalus. J Neurosurg 2005;102:1069-75. [PubMed] [Google Scholar] 

91. Peretta P, Regazzi P, Carlino CF, et al. The role of Ommaya reservoir and endoscopic third 

ventriculostomy in the management of post hemorrhagic hydrocephalus in prematurity. Childs 

Nerv Syst 2007;23:765-71. [PubMed] [Google Scholar] 

92. Pini L, Pievani M, Bocchetta M, Altomare D, Bosco P, Cavedo E, Galluzzi S, Marizzoni M, 

Frisoni GB. Brain atrophy in Alzheimer's Disease and aging. Ageing Res Rev. 2016 Sep;30:25-48. 

[PubMed] 

93. Pollay M, Stevens A, Roberts PA. Alteration in choroid plexus blood flow and cerebrospinal fluid 

formation by increased ventricular pressure. In: Wood JH. eds. Neurobiology of Cerebrospinal 

Fluid. New York: Plenum Press, 1983:687-95. [Google Scholar] 

94. Pollay M. Formation of cerebrospinal fluid. J Neurosurg 1975;42:665-73. [PubMed] [Google 

Scholar] 

95. Preuss M, Hoffmann KT, Reiss-Zimmermann M, Hirsch W, Merkenschlager A, Meixensberger 

J, Dengl M. Updated physiology and pathophysiology of CSF circulation--the pulsatile vector 

theory. Childs Nerv Syst. 2013 Oct;29(10):1811-25. [PubMed] 

96. Ragan DK, Cerqua J, Nash T, McKinstry RC, Shimony JS, Jones BV, Mangano FT, Holland SK, 

Yuan W, Limbrick DD. The accuracy of linear indices of ventricular volume in pediatric 

hydrocephalus: technical note. J Neurosurg Pediatr. 2015 Jun;15(6):547-51. [PMC free article] 

[PubMed] 

97. Reinhold A, Zhang J, Gessner R, et al. High thrombopoietin concentrations in the cerebro- spinal 

fluid of neonates with sepsis and intraventricular hemorrhage may contribute to brain damage. J 

Interferon Cytokine Res 2007;27:137-45. [PubMed] [Google Scholar] 

98. Rekate HL. A contemporary definition and classification of hydrocephalus. Semin Pediatr Neurol. 

2009 Mar;16(1):9-15. [PubMed] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3401 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

99. Rekate HL. The definition and classification of hydrocephalus: a personal recommendation to 

stimulate debate. Cerebrospinal Fluid Res 2008;5:2. [PMC free article] [PubMed] [Google Scholar] 

100. Rennels ML, Gregory TF, Blaumanis OR, et al. Evidence for a “paravascular” fluid circulation in 

the mammalian central nervous system, provided by the rapid distribution of tracer protein 

throughout the brain from the subarachnoid space. Brain Res 1985;326:47-63. [PubMed] [Google 

Scholar] 

101. Richards JE, Sanchez C, Phillips-Meek M, Xie W. A database of age-appropriate average MRI 

templates. Neuroimage. 2016 Jan 01;124(Pt B):1254-1259. [PMC free article] [PubMed] 

102. Rojas R, Riascos R, Vargas D, Cuellar H, Borne J. Neuroimaging in drug and substance abuse 

part I: cocaine, cannabis, and ecstasy. Top Magn Reson Imaging. 2005 Jun;16(3):231-8. [PubMed] 

103. Ropper AH, Marmarou A. Mechanism of pseudotumor in Guillain-Barre’ syndrome. Arch 

Neurol 1984;41:259-61. [PubMed] [Google Scholar] 

104. Sato O, Asai T, Amano Y, et al. Extraventricular origin of cerebrospinal fluid; formation rate 

qualitatively measured in the subarachnoid space of dogs. J Neurosurg 1972;36:276-82. [PubMed] 

[Google Scholar] 

105. Sato O, Asai T, Amano Y, et al. Formation of cerebrospinal fluid in spinal subarachnoidal space. 

Nature 1971;233:129-30. [PubMed] [Google Scholar] 

106. Sato O, Bering EA. Extraventricular formation of cerebrospinal fluid. No To Shinkei 

1967;19:883-5. [PubMed] [Google Scholar] 

107. Sendrowski K, Sobaniec W, Sobaniec-Lotowska ME, et al. S-100 protein as marker of the blood-

brain barrier disruption in children with internal hydrocephalus and epilepsy--a preliminary study. 

Roczniki Akademii Medycznej W Bialymstoku 2004;49:236-8. [PubMed] [Google Scholar] 

108. Shabo AL, Maxwell DS. The morphology of the arachnoid villi: a light and electron microscopic 

study in the monkey. J Neurosurg 1968;29:451-63. [Google Scholar] 

109. Shapiro K, Kohn IJ, Takei F, et al. Progressive ventricular enlargement in cats in the absence of 

transmantle pressure gradients. J Neurosurg 1987;67:88-92. [PubMed] [Google Scholar] 

110. Simon TD, Riva-Cambrin J, Srivastava R, et al. Hospital care for children with hydrocephalus in 

the United States: utilization, charges, comorbidities, and deaths. J Neurosurg Pediatr 2008;1:131-

7. [PubMed] [Google Scholar] 

111. Stephensen H, Tisell M, Wikkelso C. There is no pressure gradient in communicating or non 

communicating hydrocephalus. Neurosurgery 2002;50:771-73. [PubMed] [Google Scholar] 

112. Suzuki H, Muramatsu M, Tanaka K, et al. Cerebrospinal fluid ferritin in chronic hydrocephalus 

after aneurysmal subarachnoid hemorrhage. J Neurol 2006;253:1170-6. [PubMed] [Google 

Scholar] 

113. Taketomo T, Saito A. Experimental studies on cerebrospinal fluid flow. Neurology 1965;15:578-

86. [PubMed] [Google Scholar] 

114. Taketomo T, Saito A. Experimental studies on cerebrospinal fluid flow. Neurology 1965;15:578-

86. [PubMed] [Google Scholar] 

115. Tarnaris A, Watkins LD, Kitchen ND. Biomarkers in chronic adult hydrocephalus. Cerebrospinal 

Fluid Res 2006;3:11. [PMC free article] [PubMed] [Google Scholar] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3402 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

116. Trinh-Trang-Tan MM, Cartron JP, Bankir L. Molecular basis for the dialysis disequilibrium 

syndrome. altered aquaporin and urea transporter expression in the brain. Nephrol Dial 

Transplant 2005;20:1984-8. [PubMed] [Google Scholar] 

117. Tripathi BJ, Tripathi R. Vacuolar transcellular channels as a drainage pathways for cerebrospinal 

fluid. J Physiol (Lond) 1974;239:195-206. [PMC free article] [PubMed] [Google Scholar] 

118. Tully HM, Dobyns WB. Infantile hydrocephalus: a review of epidemiology, classification and 

causes. Eur J Med Genet. 2014 Aug;57(8):359-68. [PMC free article] [PubMed] 

119. Vinchon M, Rekate H, Kulkarni AV. Pediatric hydrocephalus outcomes: a review. Fluids Barriers 

CNS. 2012 Aug 27;9(1):18. [PMC free article] [PubMed] 

120. Wagner HJ, Pilgrim CH, Brandl J. Penetration and removal of horseradish peroxidase injected 

into the cerebral spinal fluid; role of cerebral perivascular spaces, endothelium and microglia. Acta 

Neuropathol 1974;27:299-315. [PubMed] [Google Scholar] 

121. Wald A, Hochwald GM, Malhan C. The effects of ventricular fluid osmolality on bulk flow of 

nascent fluid into the cerebral ventricles of cats. Exp Brain Res 1976;25:157-67. [PubMed] 

[Google Scholar] 

122. Warf BC. Comparison of 1-year outcomes for the Chhabra and Codman-Hakim Micro Precision 

shunt systems in Uganda. a prospective study in 195 children. J Neurosurg 2005;102:358-62. 

[PubMed] [Google Scholar] 

123. Weed LH. Forces concerned in the absorption of the cerebrospinal fluid. Am J Physiol 

1935;114:40-5. [Google Scholar] 

124. Weed LH. The dual source of CSF. J Med Res 1914;31:93-113. [PMC free article] [PubMed] 

[Google Scholar] 

125. Welch K, Friedman V. The cerebrospinal fluid valves. Brain 1960;83:454-69. [PubMed] [Google 

Scholar] 

126. Welch K, Pollay M. Perfusion of particles through arachnoid villi of the monkey. Am J Physiol 

1961;201:651-4. [PubMed] [Google Scholar] 

127. Weller RO, Kida S, Zhang ET. Pathways of fluid drainage from the brain-morphological aspects 

and immunological significance in rat and man. Brain Pathol 1992;2:277-84. [PubMed] [Google 

Scholar] 

128. Whitelaw A, Christie S, Pople I. TGF β1: a possible signal molecule for posthemorrhagic 

hydrocephalus? Pediatr Res 1999;46:576-80. [PubMed] [Google Scholar] 

129. Whitelaw A, Pople I, Cherian S, et al. Phase I trial of prevention of hydrocephalus after 

intraventricular hemorrhage in newborn infants by drainage, irrigation and fibrinolytic therapy. 

Pediatrics 2003;111:759-65. [PubMed] [Google Scholar] 

130. Williams B. Is aqueduct stenosis a result of hydrocephalus? Brain 1973;96:399-412. [PubMed] 

[Google Scholar] 

131. Williams H. A unifying hypothesis for hydrocephalus, Chiari malformation, syringomyelia, 

anencephaly and spina bifida. Cerebrospinal Fluid Research 2008;5:7. [PMC free article] 

[PubMed] [Google Scholar] 

132. Williams H. The venous hypothesis of hydrocephalus. Med Hypotheses 2008;70:743-47. 

[PubMed] [Google Scholar] 



Amr Mohamed Naguib Azzam et. al 

Pathophysiology and Classification of hydrocephalus   

 

3403 

Tob Regul Sci. ™ 2023;9(1): 3381-3403 

 

133. Zhang ET, Richards HK, Kida S, et al. Directional and compartmentalized drainage of interstitial 

fluid and cerebrospinal fluid from the rat brain. Acta Neuropathol 1992;83:233-9. [PubMed] 

[Google Scholar] 


