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  Abstract      The mathematical model of cerebrospinal fl uid 
(CSF) pressure volume compensation, introduced by Anthony 
Marmarou in 1973 and modifi ed in later studies, provides a 
theoretical basis for differential diagnosis in hydrocephalus. 
The Servo-Controlled Constant Pressure    Test (Umea, Sweden) 
and Computerised Infusion Test (Cambridge, UK) are based 
on this model and are designed to compensate for inadequate 
accuracy of estimation of both the resistance to CSF outfl ow 
and elasticity of CSF pressure volume compensation. 

 Dr. Marmarou’s further works introduced the pressure volume 
index (PVI), a parameter used to describe CSF compensation in 
hydrocephalic children and adults. A similar technique has been 
also utilized in traumatic brain injury (TBI). 

 The presence of a vascular component of intracranial 
pressure (ICP) was a concept proposed in the 1980s. 
Marmarou demonstrated that only around 30% of cases of 
elevated ICP in patients with TBI could be explained by 
changes in CSF circulation. The remaining 70% of cases 
should be attributable to vascular components, which have 
been proposed as equivalent to raised brain venous pressure. 

 Professor Marmarou’s work has had a direct impact in the 
fi eld of contemporary clinical neurosciences, and many of 
his ideas are still being investigated actively today.  
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 Hydrocephalus  •  Mathematical modeling    

   Introduction 

 Models of cerebrospinal fl uid (CSF) circulation usually differ 
from models simulating brain tissue displacement. Anatomical 
structure and distribution of stress-strain in the tissue are not of 
interest here compared with the hydrodynamics of CSF fl ow. 
Dynamics of intracranial pressure (ICP) may be monitored inva-
sively in clinical practice with a pressure transducer, and dynam-
ics of CSF fl ow can be measured noninvasively with phase-coded 
magnetic resonance imaging (MRI). Therefore, models of CSF 
dynamics have an established clinical application in diagnosis 
and management of several diseases such as hydrocephalus, 
idiopathic intracranial hypertension, and syringomyelia. 

 Many theoretical/modeling studies on CSF dynamics were 
published before the 1970s  [  3,   6,   8,   10  ] . However, Professor 
Anthony Marmarou was one of the fi rst  [  11,   13  ]  who inte-
grated all components – CSF production, circulation, absorp-
tion, and storage – in one elegant theoretical structure 
expressed as an electrical circuit (see Fig.  1 ). He analyzed 
theoretically three basic maneuvers: bolus CSF withdrawal, 
addition, and constant rate infusion. This model has withstood 
the test of time and, with only a very few ‘cosmetic’ modifi ca-
tions, it is still used today. Consequently, hydrocephalus and 
other disorders of CSF circulation are now characterized 
using parameters from this model such as resistance to CSF 
outfl ow, elasticity, and pressure volume index (PVI). These 
parameters were introduced into clinical practice by Marmarou 
et al. in 1975  [  12  ] . He also proposed a mathematical explana-
tion of the linear relationship between pulse amplitude and 
mean ICP  [  12  ] , which was later elaborated by Avezaat and 
Eijndhoven  [  2  ] . In 1987   , he described the “vascular compo-
nent” of ICP  [  14  ] . In patients with traumatic brain injury 
(TBI), only 30% of cases of elevated ICP can be explained by 
changes in CSF circulation. Therefore, Marmarou concluded 
that the remaining 70% of cases of elevated ICP are derived 
from changes in the intracranial vascular component.  

 All three of these milestone achievements in the area of 
CSF dynamics are used today. The mathematical model of 
CSF dynamics will be presented briefl y in the next section 
followed by a synopsis of the legacy of Marmarou’s works in 
contemporary clinical neuroscience.  
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   Marmarou’s Model of CSF Dynamics 

 The mathematical model of CSF pressure volume compen-
sation, introduced by Marmarou  [  11,   13  ]  and modifi ed in 
later studies  [  2,   16  ] , provides a theoretical basis for differen-
tial diagnosis in hydrocephalus. 

 Under normal conditions, without long-term fl uctuations 
of the cerebral blood volume, production of CSF is balanced 
by its storage and reabsorption in the sagittal sinus:

        (1)  

  Production of CSF is assumed to be constant, although it 
may not always be the case. Reabsorption is proportional to 
the gradient between CSF pressure ( p ) and pressure in the 
sagittal sinuses ( p  

ss
 ):

        (2)  

   p  
ss
  is considered to be a constant parameter determined by 

central venous pressure. However, it is not certain whether 
an interaction between changes in CSF pressure and  p  

ss
  exists 

in all circumstances: in patients with benign intracranial 

hypertension  p  
ss
  is frequently elevated due to fi xed or  variable 

stenosis of transverse sinuses, and a similar situation can be 
seen in venous sinus thrombosis. 

 The coeffi cient  R  (symbol  R  
CSF

  is also used) refers to the 
resistance to CSF reabsorption or outfl ow (units: mmHg/
(mL/min)). 

 Storage of CSF is proportional to the cerebrospinal com-
pliance C (units: mL/mmHg) and the rate of change of CSF 
pressure d p /d t :

        (3)  

  The compliance of the cerebrospinal space is inversely 
proportional to the gradient of CSF pressure  p  and the refer-
ence pressure  p  

0
  ( 4 ):

        (4)  

  Some authors suggest that relationship ( 4 ) is valid only 
above a certain pressure level called the “optimal pressure” 
 [  16  ] . The coeffi cient E is termed the cerebral elasticity (or 
elastance coeffi cient) (unit: mL −1 ). Elevated elasticity 
(> 0.18 mL −1 ) signifi es a poor pressure volume compensatory 

Production of CSF Storage of CSF

Reabsorption of CSF

=
+

ssReabsorption
p p

R

-
=

d
Storage ·

d

p
C

t
=

0

1

·( )
C

E p p
=

-

Intracranial
pressure P

Hydrocephalus
shunt

Resistance of
shunt system

Valve

Opening -
‘siphoning’
pressure

Pss

Pss

Po

Po

Intracranial
pressure P

CSF circulation

Compliance
of CSF
spaceResistance

to CSF
outflow

Compliance
of CSF
space Resistance

to CSF
outflow

Formation of
CSF

Formation of
CSF

  Fig. 1    Electrical model of 
cerebrospinal fl uid (CSF) 
dynamics according to 
( a ) Marmarou.  Upper panel : 
Current source represents 
formation of CSF, resistor, and 
diode – unilateral absorption to 
sagittal sinus (voltage source  p  

ss
  

represents sagittal sinus pressure). 
Capacitor – nonlinear compliance 
of CSF space.  Lower panel : 
Extended model showing 
hydrodynamic consequence of 
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reserve  [  2  ] . This coeffi cient has recently been confi rmed to be 
useful in predicting a patient’s response to third  ventriculostomy 
 [  17  ] . Relationship ( 4 ) expresses the most important law of the 
cerebrospinal dynamic compensation: When the CSF pres-
sure increases, the compliance of the brain decreases. 

 A combination of ( 1 ) with ( 2 ) and ( 4 ) gives a fi nal equa-
tion ( 5 ):

        (5)  

where  I ( t ) is the rate of external volume addition and  p  
b
  is a 

baseline CSF pressure. 
 The model described by this equation may be presented in 

the form of its electric circuit equivalent  [  11  ]  (Fig.  1 ). 

 Equation ( 5 ) can be solved for various types of external 
 volume additions  I ( t ). The most common in clinical practice is
   (a) A constant infusion of CSF ( I ( t ) = 0 for  t  < 0 and  I ( t ) =  I  

inf
  for 

 t  > 0) – see Fig.  2 :

         (6)  

  The analytical curve ( 6 ) can be matched to the real record-
ing of the pressure during the test, which results in an estima-
tion of the unknown parameters:  R ,  E , and  p  

0
  (see Fig.  2a ).  

  (b) A bolus injection of CSF (volume  D  V ):
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  Fig. 2    Methods of identification of the model of cerebrospinal 
fluid (CSF) circulation during constant rate infusion study. ( a ) 
Recording of CSF pressure ( ICP ) versus time increasing during 
infusion with interpolated modeling curve (7) Infusion of constant 
rate of 1.5 mL/min starts from vertical line. ( b ) Recording of pulse 
amplitude ( AMP ) during infusion. Rise in AMP is usually well 
correlated with rise in ICP. ( c ) Pressure volume curve. On the 

 x -axis, effective volume increase is plotted (i.e., infusion and pro-
duction minus reabsorption of CSF). On  y -axis, the increase in 
pressure is measured as a gradient of current pressure minus refer-
ence pressure  p  

0
 , relative to baseline pressure  p  

b
 . ( d ) Linear rela-

tionship between pulse amplitude and mean ICP. Intercept of the 
line with  x -axis (ICP) theoretically indicates the reference pres-
sure  p  

0
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       (7)  

     The bolus injection can be used for calculation of the PVI, 
defi ned as the volume added externally to produce a tenfold 
increase in the pressure  [  12  ] :

        (8a,b)  

   p  
p
  in the formula (8a) is peak pressure recorded just after 

addition of the volume Δ V . The PVI is theoretically pro-
portional to the inverse of the brain elastance coeffi cient 

 E . The pressure volume compensatory reserve is insuffi -
cient when PVI <13 mL, and a PVI value above 26 mL 
signifi es an “over-compliant” brain. These norms are valid 
for the PVI calculated as an inverse of  E  (according to 8b) 
using slow infusion. If the bolus test is used, norms for 
PVI are higher (the threshold equivalent to 13 mL is around 
25 mL  [  15  ] ).    

 The formula ( 7 ) for time  t  = 0 describes the shape of the 
relationship between the effective volume increase  D  V  and 
the CSF pressure, called the pressure volume curve 
(Fig.  2c ):

        (9)  

  Finally, Eq. ( 7 ) can be helpful in the theoretical evaluation of 
the relationship between the pulse wave amplitude of ICP 
and the mean CSF pressure. If we presume that the rise in 
blood volume after a heart contraction is equivalent to a rapid 
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  Fig. 3    Examples of a constant rate infusion test.  ICP  mean ICP (10-s 
average),  AMP  pulse amplitude of ICP. The blue section is the duration 
of infusion. ( a ) Normal pressure hydrocephalus (NPH): Although the 
base line pressure is normal, the resistance to cerebrospinal fl uid (CSF) 
outfl ow increased, there are lots of strong vasogenic waves, and changes 
in pulse amplitude are fairly well correlated with changes in mean ICP. 
( b ) Acute hydrocephalus post-subarachnoid hemorrhage (SAH): The 

normal baseline pressure was measured, but the resistance to CSF out-
fl ow is high. Good response of shunt surgery was expected. ( c ) Cerebral 
brain atrophy: the base line pressure is low, but the resistance to CSF 
outfl ow is low. No vasogenic waves were recorded, and pulse amplitude 
does not respond. ( d ) Normal: the base line pressure, the resistance to 
CSF outfl ow, and other parameters are normal, and thus the result dem-
onstrates normal CSF circulation       
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bolus addition of CSF fl uid at the baseline pressure  p  
b
 , the 

pulse amplitude (AMP) can be expressed as:

        (10)  

  In almost all cases, when CSF pressure is being 
increased by the addition of an external volume, the pulse 
amplitude rises  [  2,   12  ]  – see Fig.  2b, d . The gradient of the 
regression line between AMP and  p  is proportional to the 
elasticity. The intercept, theoretically, marks the reference 
pressure  p  

0
 .  

   Synopsis of Clinical Applications 
of the Model 

    The Servo-Controlled Constant Pressure Infusion Test  [  • 7  ]  
is used for assessment of CSF disorders. Its aim is to eval-
uate the resistance to CSF outfl ow in a repetitive and reli-
able way.  

  Full identifi cation of the model, including elasticity, can • 
be made using a computerized constant rate infusion test 
 [  4  ]  supported by the dedicated software ICM+ (  http://
www.neurosurg.cam.ac.uk/icmplus/     ).  

  Use of the constant rate infusion test in many centers • 
contributed to a defi nition of profi les of ICP and its 
pulse amplitude in different possible clinical scenarios, 
including normal pressure hydrocephalus, brain atrophy, 
acute hydrocephalus, and in nondisturbed CSF circula-
tion (see Fig.  3 ).   
  Analysis of the constant rate infusion test in shunted • 
patients can be helpful in shunt assessment in vivo. The 
electrical circuit model proposed by Professor Marmarou, 
supplemented by a branch-defi ning nonlinear pressure 
fl ow performance curve, is presented in Fig.  1 . Direct 
knowledge of the curve, as assessed in shunt evaluation 
laboratories  [  1,   5  ]  allows in vivo identifi cation of the 
model and sensitive prediction whether the shunt is work-
ing properly, underdraining, or overdraining.  
  The proportional increase of the pulse waveform of • 
ICP with mean ICP, has been explained by Marmarou 
 [  12  ]  as a consequence of the exponential pressure vol-
ume curve. Although further works demonstrated that 
in a system with a good pressure volume compensa-
tory reserve, the pressure volume curve is linear  [  2, 
  16  ] , at higher pressures, the curve becomes exponen-
tial  [  2  ]  This led to analysis of a moving correlation 
coefficient (20-s to 2-min period) between mean ICP 
and AMP. The resulting RAP coefficient indicates the 
state of compensatory reserve. RAP = 0 suggests good 
compensatory reserve; RAP = 1, poor compensatory 
reserve  [  9  ] .  

  The idea of a vasogenic component of ICP led to modifi -• 
cation of Davson’s equation: ICP =  R  

CSF
  * CSF 

formation
  +  p  

ss
 + 

‘Arterial vasogenic component’ 
 The “arterial vasogenic component” is a component of • 
ICP which is derived by detection of pulsatile blood fl ow 
in nonlinear components of cerebrospinal space (intracra-
nial and arterial bed compliance, resistance of collapsible 
bridging veins, and autoregulation-controlled main cere-
brovascular resistance).     

   Conclusion 

 When Professor Marmarou was terminally ill and was asked 
by his coworkers what they should do in future years, he sim-
ply said “Continue” (Dr. G. Aygok, personal communica-
tion). There are certainly a lot of directions to continue in 
and many questions initiated by Anthony Marmarou in the 
fi eld of clinical neurosciences that remain unanswered.      
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