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Abstract 
The volume defined by the rigid cranium is shared by the brain, blood and 

cerebrospinal fluid (CSF). With every heartbeat the arterial blood volume 

briefly increases and venous blood and CSF are forced out of the cranium, 

leading to pulsatility in CSF flow and intracranial pressure (ICP). Altered 

CSF pulsatility has been linked to idiopathic normal pressure hydrocephalus 

(INPH), which involves enlarged cerebral ventricles and symptoms of 

gait/balance disturbance, cognitive decline and urinary incontinence that 

may be improved by implantation of a shunt. The overall aim of this thesis 

was to investigate the fluid dynamics of the CSF system, with a focus on 

pulsatility, and how they relate to INPH pathophysiology and treatment. 

Mathematical modelling was applied to data from infusion tests, where the 

ICP response to CSF volume manipulation is measured, to analyse the 

relationship between mean ICP and ICP pulse amplitude (AMP) before and 

after shunt surgery in INPH (paper I-II). The observed relationship, 

designated the pulsatility curve, was found to be constant at low ICP and 

linear at high ICP, corresponding to a shift from constant to ICP dependent 

compliance (paper I). Shunt surgery did not affect the pulsatility curve, but 

shifted baseline ICP and AMP along the curve towards lower values. Patients 

who improved in gait after surgery had significantly larger AMP reduction 

than those who did not, while ICP reduction was similar, suggesting that 

improving patients had baseline ICP in the linear zone of the curve before 

surgery. Use of this phenomenon for outcome prediction was promising 

(paper II). The fluid dynamics of an empirically derived pulsatility-based 

predictive infusion test for INPH was also investigated, with results showing 

strong influence from compliance (paper III).  

Clinical ICP data at different body postures was used to evaluate three 

models describing postural effects on ICP. ICP decreased in upright 

positions, whereas AMP increased. The model describing the postural effects 

based on hydrostatic changes in the venous system, including effects of 

collapse of the jugular veins in the upright position, accurately predicted the 

measured ICP (paper IV). 

Cerebral blood flow and CSF flow in the aqueduct and at the cervical level 

was measured with phase contrast magnetic resonance imaging, and 

compared between healthy elderly and INPH (paper V). Cerebral blood flow 

and CSF flow at the cervical level were similar in INPH patients and healthy 

elderly, whereas aqueductal CSF flow differed significantly. The pulsatility in 



 

 

the aqueduct flow was increased, and there was more variation in the net 

flow in INPH, but the mean net flow was normal, i.e. directed from the 

ventricles to the subarachnoid space (paper V).  

In conclusion, this thesis introduced the concept of pulsatility curve analysis, 

and provided evidence that pulsatility and compliance are important aspects 

for successful shunt treatment and outcome prediction in INPH. It was 

further confirmed that enhanced pulsatility of aqueduct CSF flow was the 

most distinct effect of INPH pathophysiology on cerebral blood flow and CSF 

flow. A new model describing postural and hydrostatic effects on ICP was 

presented, and the feasibility and potential importance of measuring ICP in 

the upright position in INPH was demonstrated. 
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Introduction 
The adult cranium is rigid, and encloses a fixed volume that is shared by the 

brain, blood and cerebrospinal fluid (CSF). The Monro-Kelli doctrine 

postulates that, as these constituents are considered essentially 

incompressible, the increases in the volume of one of the constituents must 

be compensated for by reduction in the others (82). The doctrine was 

defined for slow processes, such as a mass lesion, e.g. an intracranial 

haemorrhage, but can also be applied to interpret fast, cardiac-related 

pulsatility. Thus, with every heartbeat, when the intracranial arterial blood 

volume briefly increases, venous blood and CSF is forced out of the 

intracranial compartment (53, 54). The intracranial flow of blood and CSF is 

thus pulsatile, as is the intracranial pressure (ICP). This cardiac-related 

pulsatility has become the focus of several hypotheses on the development of 

idiopathic normal pressure hydrocephalus (INPH) (14, 32, 39, 96, 105), a 

syndrome occurring in elderly subjects that involves an unclear disturbance 

of the CSF circulation. In INPH the cerebral ventricles, which contain CSF, 

are enlarged and patients suffer from symptoms of gait and balance 

disturbance, cognitive decline and urinary incontinence (95). The syndrome 

can be treated with implantation of a shunt system that drains CSF from the 

ventricles. However, accurate diagnosis of INPH and selection of shunt 

candidates poses a challenge as the patients are elderly and symptoms may 

be similar to other diseases, and since INPH often coexists with other 

conditions (73, 95). Research is therefore on-going both with regards to 

understanding the pathophysiology of INPH, including the exact nature of 

the CSF circulation disturbance, and to perfecting prognostic testing. 

Increased or redistributed intracranial pulsatility has been suggested as the 

cause of the ventricular enlargement (5, 8, 9, 26) and as an indicator of 

positive shunt response (37), but no consensus has been reached regarding 

these theories.  

As the CSF compartment is a communicating fluid system stretching from 

the intracranial space and down along the entire spinal cord, it is exposed to 

hydrostatic pressure gradients. When a person is lying down these pressure 

gradients are negligible, but in seated or standing position the gradients 

increase substantially. Normally ICP is measured with the subject lying 

down, but in the case of INPH and several other conditions where ICP is of 

interest, the subjects will spend the majority of their daily life in an upright 

position. As such, it is important to understand how changes in posture 

affect the ICP and conditions related to it. 
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The flow and pressure dynamics of the CSF circulation, or CSF dynamics, 

have traditionally been assessed using infusion tests, an invasive technique 

were ICP is measured during active manipulation of the CSF volume. Such 

tests offer information about the CSF system as a whole, including estimates 

of key parameters describing the CSF dynamics. With the development of 

flow sensitive magnetic resonance imaging (MRI) sequences, called phase 

contrast MRI (PC-MRI), it has become possible to assess CSF flows both 

noninvasively and at discrete locations in the CSF system. Thus, much effort 

has been put into developing MRI based prognostic tests for INPH and 

finding flow-based indicators of the parameters usually assessed with 

invasive ICP based tests. 

The aim of this thesis was to analyse CSF dynamics and ICP pulsatility using 

both invasive and non-invasive techniques, in combination with 

mathematical modelling, in order to better understand and describe 

intracranial pulsatility, postural effects on ICP, and the CSF dynamic 

disturbance in INPH.  
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Background 

CSF circulation 
The cerebrospinal fluid surrounds the brain and spinal cord; it is contained 

within the cerebral ventricles in the brain and within the intracranial and 

spinal subarachnoid spaces. CSF normally circulates from the ventricles to 

the subarachnoid space, which is bounded by the two innermost meninges 

that cover the central nervous system – the pia and the arachnoid mater. 

There are four ventricles in total: the two lateral ventricles are connected to 

the third ventricle through the foramina of Monro (intraventricular 

foramina), while the third ventricle is joined to the fourth ventricle by the 

aqueduct of Sylvius (cerebral aqueduct). From the fourth ventricle CSF flows 

to the subarachnoid space through the foramen of Magendie (median 

aperture) and the foramina of Lushka (lateral apertures). In healthy elderly 

adults the total intracranial volume of CSF is approximately 70-260 ml (101), 

with 15-77 ml contained in the ventricles (3). 

 

Illustration by Anders Wåhlin. 1 

Figure 1. The CSF system and CSF circulation (arrows). 

                                                             
1 Reprinted from Andersson, K. Assessment of cerebrospinal fluid system dynamics. Novel infusion protocol, 
mathematical modelling and parameter estimation for hydrocephalus invetstigations. Umeå University. 2011. 
with permission. 
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CSF is produced in the choroid plexus in the ventricles and absorbed to the 

venous blood through the arachnoid villi in the subarachnoid space (29). In 

recent years additional routes of production and absorption have been 

suggested, with evidence of additional absorption to the lymphatic system 

(90), and fluid exchange (i.e. production or absorption of CSF depending on 

pressure and osmotic gradients) with the capillaries of the brain (outside the 

choroid plexus) via the interstitial fluid (52, 94). The total production of CSF 

is approximately 0.4 ml/min (43). This is balanced by the CSF absorption, 

which maintains a stable ICP and results in a CSF turnover rate of about 

three times per day. CSF formation is believed to be essentially independent 

of ICP (41), while CSF absorption through the arachnoid villi is driven by the 

pressure gradient between the CSF space and the venous blood (28). 

Intracranial blood circulation 
Four major arteries supply blood to the brain: the left and right internal 

carotid artery (ICA), and the left and right vertebral artery (VA). Within the 

cranium the VAs join to form the basilar artery, which is in communication 

with the ICAs via the posterior communicating arteries at the so-called circle 

of Willis. At the circle of Willis each ICA splits into an anterior and a middle 

cerebral artery, while the basilar artery divides into the left and right 

posterior arteries. These major arteries divide into smaller and smaller 

arteries before branching into the capillaries from which exchange of 

metabolites between the blood and interstitial fluid of the brain occurs. The 

capillaries then unite into intracranial veins that empty into the dural venous 

sinuses, which transport the venous blood from the brain. The dural venous 

sinuses are contained between two layers of the dura mater. This anatomical 

position means that the sinuses are less compressible than other veins, and 

therefore they do not collapse though the pressure within them is normally 

lower than the ICP (28, 48). From the sinuses the venous blood can take 

several routes, and the dominant one varies between individuals and with 

body position. In a horizontal position the majority of the blood flows 

through the right and left internal jugular veins (IJV), though in some cases 

flow through the epidural veins and vertebral plexi may dominate, and there 

may be a large difference between the flow on the left and right sides (99). In 

the upright position the jugular veins tend to collapse, and the venous 

outflow is to a larger extent directed through other routes, which may affect 

the venous pressure (2, 30, 104). 
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Intracranial pulsatility 
Arterial blood flow from the heart is pulsatile, as with each heartbeat a small 

bolus of blood is ejected from the heart at systole, whereas no blood leaves 

the heart at diastole. This pulsatility is dampened via elasticity of the arterial 

vessel walls, which enables the arteries to expand with systole, when blood 

pressure is high, to temporarily store a small fraction of the blood bolus. In 

diastole, when the blood pressure decreases, the vessels return to their 

original size and the stored blood volume is passed along the arterial tree, 

which is the reason that blood flow occurs during the entire cardiac cycle. 

This dampening mechanism is often called the Windkessel effect, after a 

system used to turn pulsatile flow to continuous flow for fire hoses (107). 

Because of the Windkessel effect blood flow becomes less pulsatile the 

further from the heart it travels in the arterial tree (91); at the level of the 

capillaries blood flow is expected to be essentially continuous (smooth) (84).  

Within the rigid confines of the cranium the Windkessel mechanism has the 

effect of transmitting pulsatility to the venous blood and CSF. Because the 

available volume in the cranium is effectively fixed in adults, and the 

contents of the cranium are essentially incompressible, volume increases in 

arterial blood are compensated by reduction of other volumes. The Monro-

Kelli doctrine states that any increase in the intracranial volume of arterial 

blood, venous blood or CSF must be compensated by an equal reduction in 

the other volumes (82). While this neglects any elasticity in the meninges 

enclosing the intracranial space, and compressibility of the brain tissue, it is 

a useful principle for understanding the intracranial volume/pressure 

dynamics. When the intracranial arteries expand in systole due to the 

Windkessel effect, a pressure wave is produced which forces venous blood 

and CSF out of the cranium (54). Venous blood flows from cerebral arteries 

to the dural sinuses, which are considered functionally extra-cranial since 

they are located in the dura mater, and thus venous outflow from the brain is 

pulsatile (19, 20, 44, 50). CSF volume is redistributed between the ventricles 

and intracranial subarachnoid space, and flows from the intracranial 

compartment to the spinal compartment (19, 20, 44, 53) where the 

compliant lumbar thecal sac expands to store the volume temporarily (80). 

In diastole this CSF flow reverses, as the intracranial arterial volume is 

reduced, leaving room for the CSF to return (44, 50).  

The expansion of arteries is also the cause of cardiac-related pulsatility in the 

ICP. The magnitude of this pulsatility, the ICP pulse amplitude (AMP), 

depends on the craniospinal compliance, essentially the ease with which 
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veins can be compressed and CSF redistributed between the different 

compartments. The higher the compliance is, the smaller the AMP that 

results from a specific degree of arterial expansion. The magnitude of the 

arterial expansion depends on the arterial pulse pressure and the elasticity of 

the arterial walls. Thus, both arterial elasticity and craniospinal compliance 

are important in controlling the pulsatile pressure the brain is exposed to. As 

we age, arteries become stiffer and dilated, particularly in the aorta and large 

arteries close to the heart (84). This may lead to increased pulsatility deeper 

in the arterial tree, including the intracranial arteries, thus exposing the 

brain to increased pulsatility and potentially making the aged brain more 

sensitive to changes in craniospinal compliance (81).  

Idiopathic Normal Pressure Hydrocephalus 
Normal pressure hydrocephalus (NPH) is a syndrome of enlarged cerebral 

ventricles (hydrocephalus) with symptoms of gait and balance disturbance, 

cognitive decline, and urinary incontinence (95). As the name implies the 

ICP remains also largely normal in NPH, and the CSF system is 

communicating, which distinguishes it from so-called obstructive 

hydrocephalus, where newly formed CSF cannot escape the ventricles. The 

first description of symptomatic hydrocephalus with communicating CSF 

systems and seemingly normal ICP is attributed to Hakim and Adams in 

1965 (1, 55). The syndrome is linked to disturbance of the CSF circulation, 

though the exact nature of the disturbance remains to be clarified.  

NPH can occur as a consequence of previous neurological pathology, e.g. 

subarachnoid haemorrhage or meningitis, but it can also appear without a 

known cause, in which case it is known as idiopathic NPH (INPH). INPH 

may be difficult to differentiate from other diseases. Large ventricles as a 

consequence of hydrocephalus (where the ventricles actively expand) can be 

difficult to distinguish from large ventricles due to atrophy of the brain 

(where the brain volume is reduced and CSF fills out the volume). The 

symptoms may also be similar to those of other causes of dementia or gait 

disturbance, such as Parkinson’s disease or vascular dementia, which may 

also coexist with INPH (73). To improve the diagnostic accuracy for INPH an 

international task force published diagnostic guidelines in 2005 (95). 

In 1965 Hakim and Adams observed that shunt surgery led to clinical 

improvement in their NPH patients (1, 55), and this has remained the 

standard treatment for NPH. Shunt surgery entails implanting a catheter 

that drains CSF from the ventricles through a shunt, usually to the peritoneal 
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cavity. The shunt is most commonly designed as a pressure controlled valve, 

which keeps the CSF from draining completely and helps maintain an 

appropriate ICP level. The range of reported success rates for shunt surgery 

is very wide (62, 102), and the general consensus is that predictive testing is 

an important step in selecting patients for treatment. Opinions diverge on 

the most appropriate test, however, and improving the predictive testing is 

an important issue for the INPH research community (77).  

The pathophysiology of INPH remains another important research focus. 

Clarification is needed both of the nature of the disturbance of the CSF 

circulation and the cause of ventricular enlargement, as well as of the 

connection between the ventricular enlargement and the clinical symptoms. 

Early INPH research focused on increased resistance to CSF absorption or 

outflow (Rout) (23), which is actively reduced by the implantation of a shunt 

(68) and one of the most investigated predictive indicator (77). However, 

while this may be an aspect of the pathophysiology, even subjects with low 

Rout may improve from shunt surgery (75), and many researchers believed 

that it does not satisfactorily explain the specific enlargement of the 

ventricles without proportional increase in the subarachnoid space (18, 32, 

54). Increased intracranial pulsatility was suggested as an alternative 

mechanism in the 1970s (96), and new hypotheses based on increased or 

redistributed pulsatility are still being presented (14, 32, 39, 54). Despite the 

increasing research interest it has not yet been possible to verify any of these 

hypotheses.  

Mathematical modelling of CSF dynamics 
The CSF dynamics describe the CSF flow and pressure (ICP), as well as how 

they interact with the volume and pressure variation of blood within the 

intracranial space. Mathematical modelling of CSF dynamics is an important 

aspect of hydrocephalus research, as well as other neurological disorders 

that may affect ICP, e.g. head trauma. Several models of CSF dynamics of 

varying complexity have been proposed and advances are being made with 

regards to interaction with cerebral autoregulation and other physiological 

mechanisms (31, 47, 79, 89, 103). The model most widely used for 

assessment of in vivo CSF dynamics was first suggested by Marmarou and 

later extended by Avezaat and van Eijndhoven (11, 40, 78, 79). The model is 

based on an equivalent electrical circuit, and describes ICP as an exponential 

function of volume (figure 2): 

   (1) ICP = P1e
kV + P0



 

 8 

The volume V is the change in CSF volume from the baseline volume, or a 

change in the volume of any of the other intracranial constituents, as this 

changes the volume available to the CSF. The coefficient k is called the 

elastance coefficient as it describes the elastic properties of the CSF system, 

sometimes the pressure volume index (PVI) is used instead, they relate to 

each other as PVI=1/0.4343k. P1 and P0 are pressure constants, the sum of 

which is the baseline, or resting, ICP (ICPr), i.e. ICP when there is no volume 

change. P0 was the later addition of Avezaat and van Eijndhoven, who found 

it improved the fit of the model to experimental data (9, 11, 40). 

Compliance describes the relationship between changes in the pressure and 

volume of a system; in accordance with equation (1) the compliance of the 

CSF system is ICP dependent (figure 2), and can be described by: 

   (2) 

Based on this equation the change in ICP with time can be described by: 

  (3) 

 

Figure 2. The equivalent electrical circuit of Marmarou’s model of the CSF system 

(left), and the exponential pressure/volume curve (right). The sine waves (right) 

illustrate how the same CSF volume variation causes a larger ICP change at high ICP 

than at low ICP (i.e. compliance is ICP dependent).  

C= dV
dICP

= 1
k(ICP − P0)

dICP
dt

=
dICP
dV

dV
dt

= k(ICP − P0)
dV
dt
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The volume change with time (dV/dt) is the sum of the formation rate of CSF 

(If), the absorption rate of CSF (Ia) and the rate of any external volume 

change (Iext). The Davson equation describes CSF absorption rate as a 

function of the pressure gradient between ICP and venous pressure in the 

dural venous sinuses (Pd) and the resistance to outflow (or absorption) of 

CSF (Rout) (28, 29), according to: 

   (4) 

Baseline (or resting) ICP (ICPr) is the ICP at which the system normally 

operates, when there are no external effects on CSF volume. At ICPr the 

system is at equilibrium and thus absorption and formation are expected to 

be equal. If Pd, Rout and If are assumed to be ICP independent, If can be 

described using equation (4), and as a result the volume change with time 

can be described as: 

 (5) 

The Davson equation (equation 4) was defined for absorption to the dural 

sinus, and since it has been experimentally verified it remains useful though 

later research has identified additional absorption routes. Equation (5) 

demonstrates that the crucial aspect of the Davson equation for 

mathematical modelling of the CSF system is the linear dependency of Ia, or 

truly the sum of Ia and If, on ICP. This relationship has been verified in 

relation to determination of Rout (5, 7). Equation (5) can thus be combined 

with equation (3) to define a differential equation for ICP as: 

  (6) 

This can be solved to provide an expression of ICP as a function of time and a 

few characteristic parameters of CSF dynamics if the rate of external volume 

change (Iext) is known and well defined, e.g. during external infusion (79). 

The mathematical model can also be used to describe the ICP change 

resulting from a small instantaneous volume change based on equation (1): 

  (7) 

This can be rewritten as: 

  (8) 

Ia =
ICP − Pd
Rout

dV
dt

=
ICPr − Pd
Rout

−
ICP − Pd
Rout

+ Iext =
ICPr − ICP
Rout

+ Iext

dICP
dt

= k(ICP − P0)
ICPr − ICP
Rout

+ Iext
"

#
$
$

%

&
'
'

ICP + ΔICP = P1e
k(V+ΔV) + P0

ΔICP = (ekΔV −1)(ICP − P0)
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Equation (8) has been used to describe the pulse amplitude of the cardiac-

related ICP pulsations (AMP), in which case ΔV is the transient volume 

change caused by the systolic expansion of the intracranial arteries. 

Variation in ΔV has been assumed to be negligible during short-term rest, 

and the term (ekΔV )  can thus be estimated as a constant (11), referred to in 

this thesis as the relative pulse pressure coefficient (RPPC) (64). The 

relationship between AMP and ICP can then be described as linear, AMP 

increasing with ICP according to: 

   (9) 

This relationship has been validated in both animal and human subjects (9, 

11, 40, 64, 100). Some data has been presented suggesting that equation (9) 

is no longer valid if ICP becomes very high (9, 11, 40), which may be the case 

after head trauma or in acute cases of obstructive hydrocephalus. Though 

shunt surgery reduces ICP (36, 88), which should make this ICP range an 

interesting aspect of CSF dynamics, little effort has been put into describing 

what happens if ICP is reduced, but a few studies suggest that the linear 

relationship of equation (9) also has a lower limit (46, 100).  

Infusion tests 
Infusion tests are a way of assessing the in vivo CSF dynamics based on 

active manipulation of the CSF volume. In order to access the CSF space a 

lumbar puncture is performed, which entails inserting a needle between two 

of the lumbar vertebrae and puncturing the dura and arachnoid mater to 

position the needle opening in the subarachnoid space. For infusion tests 

two needles are usually used, one to measure pressure and one to infuse or 

withdraw artificial CSF. The pressure is normally referenced to the external 

auditory canal by placing the pressure sensor at this level and zero 

calibrating against ambient pressure. While CSF pressure is measured in the 

lumbar part of the subarachnoid space in these tests, rather than 

intracranially, it has been shown that this pressure is a good estimate of ICP 

in the supine position (i.e. horizontal, face up) (65). In this thesis the 

pressure measured during infusion test is thus designated ICP.  

Infusion test protocols entail measuring the ICP response to CSF volume 

manipulation and applying the mathematical model to the data. The volume 

manipulation can be either a predefined flow pattern, or a pressure regulated 

pattern with feedback from the measured ICP. In a constant pressure 

infusion (CPI) protocol, ICP is adjusted to different ICP levels using 

pressure-regulated infusion (figure 3) (42). Based on this data the 

AMP = RPPC(ICP − P0)
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conductance to CSF outflow (1/Rout) can be determined as the slope of a 

linear regression of the mean ICP and mean flow at each ICP level (in 

accordance with equation (5) with dV/dt=0) (6, 42). A similar procedure can 

be used to assess RPPC and P0 according to equation (9), with linear 

regression of the average ICP and AMP of each level (110), where RPPC 

corresponds to the slope and P0 to the ICP-intercept. 

In a constant flow infusion (CFI) protocol Iext is constant (figure 3) (60), and 

an expression for ICP can be analytically derived (79) from equation (6). By 

fitting the measured ICP to this expression Rout and k can be estimated (24). 

The mean AMP of the first 10 minutes of constant flow infusion (AMPmean) 

has shown promising predictive results for INPH (35). A Norwegian research 

group empirically derived AMPmean as the best pulsatility-based predictive 

parameter from constant flow infusion data (35). The predictive results of 

AMPmean approached the accuracy they had previously demonstrated using 

AMP analysis based on overnight intracranial pressure monitoring (37), 

whereas using AMPr produced less accurate results.  

 

Figure 3. A constant pressure infusion (CPI) protocol with the pressure regulation 

levels (black), and a constant flow infusion (CFI) protocol with fitted ICP expression 

(black). Arrows indicate that the patient is in seated position for CSF sampling.  
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Hydrostatic pressure gradients and posture 
Any communicating fluid system is exposed to hydrostatic pressure 

gradients when in the presence of gravity. In the case of the CSF system 

hydrostatic gradients are negligible in the horizontal position (e.g. supine), 

as the length of the CSF system is at the same level (along the spinal canal). 

In an upright position, however, the column of CSF above any point along 

the system weighs upon the CSF below, and pressure increases from the 

head to the back (69). The pressure gradient in an open system depends on 

the height of the fluid column, the density of the fluid and the strength of the 

gravitational field (57). Thus, the gradient between any two points along the 

CSF system can be predicted based on the vertical distance between them. 

However, to know the actual pressure distribution along the CSF system in a 

particular body position, the pressure must be known at some reference 

point in that specific body position. Normally ICP is measured in the supine 

position, where the pressure is essentially equal in the entire system, but this 

cannot be used to predict ICP in the upright position unless the pressure is 

known to remain the same at some point in the system, even if body posture 

is altered. Such a point, where pressure is independent of posture, is called a 

hydrostatic indifference point (HIP) (57).  

The concept of a HIP is relatively established for the venous system, where 

venous pressure is known to increase below the HIP and decrease above it 

when changing body position (57). The position of the HIP for the venous 

system is dependent on distribution of compliance in the system, i.e. how 

elastic the venous system is at different levels of the body (57). Because some 

parts of the venous system are collapsible when the pressure is reduced 

below ambient pressure, there are different HIPs for postures with the head 

up, and posture with the head down. The average position of the venous HIP 

for posture between supine and upright (head up) is slightly below the top of 

the diaphragm (49). 

It has been suggested that the concept of a HIP is applicable to the CSF 

system as well (70). Knowing the location of the HIP, as well as the pressure 

at this point in any body position, should thus allow for prediction of the 

pressure at any point in the CSF system, at any body position (for which the 

HIP is applicable). The suggested location of HIP for the CSF system when 

moving between the supine and upright position is around the second 

thoracic vertebra, i.e. in the upper chest area (70). This hypothesis is 

however based on a single study, where ICP was only measured in the supine 

and seated position, and not at any intermediate positions. There is thus a 
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need to confirm this hypothesis with a more extensive measurement 

protocol. 

The understanding of hydrostatic effects on ICP is important because despite 

the majority of ICP measurements taking place in the supine position, 

patients with INPH (and several other conditions related to CSF dynamics) 

spend most of their waking time in upright position. If ICP in the ventricles 

in the upright position is not well defined by ICP in the supine position an 

important aspect of the CSF dynamics in INPH pathophysiology may thus be 

overlooked.  

Phase-Contrast Magnetic Resonance Imaging 
Magnetic resonance imaging (MRI) is based on interaction between nuclear 

spins and magnetic fields (21, 92). Nuclear spin is a fundamental property of 

any elementary particle, including the protons contained in all tissues of the 

body. Thus, the body’s tissues can be manipulated by the magnetic fields of 

an MR-scanner, which allows for the generation of images with contrast 

between different types of tissues (63, 72, 76). A particular application of 

MRI is phase-contrast MRI (PC-MRI), which is used to measure flow 

velocity (86). In this application the velocity of moving spins, i.e. moving 

tissues, is encoded into the signal recorded by the MR-scanner using a 

magnetic field gradient. A radiofrequency pulse from the scanner causes 

rotation of the spins, and the spins that are moving along the magnetic field 

gradient are rotated to a different degree (phase) than stationary spins. 

Using two acquisitions, with magnetic field gradients in opposite directions, 

the velocity induced phase change can be identified (86). To ensure good 

resolution of velocities, without aliasing effects, where the phase wraps 

around +/- π, leading very high velocity to appear as low, a maximum 

velocity limit is set. This is referred to as the velocity encoding parameter 

(Venc) and defines the velocity magnitude at which phase wrapping occurs. 

From the phase and magnitude of the signal recorded by the MR-scanner 

during a PC-MRI sequence, an anatomical image and a corresponding 

velocity map can be reconstructed (86). Figure 4 shows an example of aa 

anatomical image and a phase image (velocity map) illustrating the blood 

flow through arteries and veins at the cervical level of the spine. 

PC-MRI sequences are most commonly adapted to measure velocity in the 

direction perpendicular to the image plane, i.e. the velocity “through” the 

image. This is called 2D PC-MRI and is very useful for measuring flow 

through a well-defined cross section. By measuring over a time of a few 
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minutes, while simultaneously recording an electrocardiogram (ECG) or 

peripheral pulse signal, the data can be retrospectively sorted according to 

when in the cardiac cycle it was acquired (86). This procedure is called 

retrospective cardiac gating and enables reconstruction of a set of images 

describing the flow velocity over the entire cardiac cycle. By delineating the 

relevant areas or regions of interest (ROI) in the image, e.g. the lumen of a 

blood vessel, and multiplying the cross-sectional area with the average 

velocity the flow through the ROI can be quantified. Because the flow can be 

quantified over the cardiac cycle it is also possible to assess the pulsatility of 

the flow.  

PC-MRI techniques have been successfully used to measure cerebral blood 

flow, as well as CSF flow, in both healthy and INPH (12, 20, 22, 44, 51, 53, 

83, 97). Most such studies have however been performed on small groups of 

INPH patients and/or controls, or on poorly defined groups of 

hydrocephalus patients or control subjects. There is thus a need for 

verification of previous results in a larger study with well-defined inclusion 

criteria. 
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Figure 4. A magnitude (A) and phase image (B) from a PC-MRI sequence, showing 

the anatomy (A) and velocity map (B) of a cross section of the body at a cervical level. 

Black arrows show the IJV (dark in velocity map), white arrows the VA (central) and 

ICA (bright in velocity map). By integration over the vessel lumen for a set of these 

images, flow through the arteries (black) and veins (grey) can be quantified during 

the entire cardiac cycle (C).  
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Aims 
The overall aim of this thesis was to assess the CSF dynamics in human 

subjects using invasive and non-invasive methods, and further develop the 

mathematical model describing the CSF system, particularly with respect to 

pulsatility, postural effects, and implications for INPH. The specific aims of 

the included papers were: 

I. To establish a model of the relationship between mean ICP and ICP 

pulse amplitude in a wide ICP range, specifically including ICP both 

above and below the normal resting state (baseline ICP) in INPH. 

II. To study the effect of shunt surgery on the curve describing the 

relationship between mean ICP and ICP pulse amplitude, and the 

position of baseline/resting ICP on this curve, as well as how these 

effects relate to gait improvement in INPH subjects. 

III. To investigate the influence of CSF dynamic parameters on an 

empirically derived pulsatility-based predictive infusion test for 

INPH (AMPmean), using mathematical modelling and clinical data, in 

order to clarify the physiological interpretation of the test. 

IV. To define three alternative models describing the postural effects on 

ICP, relating to hydrostatic gradients, and evaluate them against 

prospectively collected clinical data, in order to improve the 

physiological understanding of the postural effects on ICP. 

V. To present and compare cerebral blood flow and CSF flow in INPH 

and healthy elderly, based on PC-MRI measurements. 
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Materials and methods  

General overview 

Table 1. Overview of the included materials and methods of the papers. 

Paper I II III IV V 

INPH subjects  ✔ ✔ ✔ ✔ ✔ 

Healthy elderly controls     ✔ 

Infusion test data ✔ ✔ ✔ ✔  

PC-MRI measurements     ✔ 

Pulsatility analysis ✔ ✔ ✔  ✔* ✔ 

New mathematical 

modelling 
✔  ✔ ✔  

Predictive tests  ✔    

Postural effects    ✔  

* Results only included in thesis frame text. 

Ethical approval 
The Regional Ethical Review Board in Umeå approved all the studies 

presented in this thesis.  

Subjects 
At our Neurological department suspected NPH patients underwent MRI 

measurements and infusion tests before any decision was made about 

treatment with shunt surgery. All patients who received a shunt also had an 

infusion test as part of the routine surgical follow-up 3-6 months later to 

assess if the shunt was functioning.  

In papers I-III patients with the relevant infusion test protocols were 

retrospectively identified. The initial criterion for identifying patients for 

papers I-II was a pre- and postoperative infusion test performed within a 

specific time period. The charts of the patients that qualified for either study 

were evaluated by one of two neurologists, who classified them according to 

the INPH guidelines. Subjects classified as probable or possible INPH were 

included, and their de-identified infusion data were analysed. Four subjects 
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in each study were excluded due to poor ICP data quality. The final groups 

consisted of 25 subjects for paper I, and 51 subjects for paper II. Inclusion 

and exclusion of subjects, and characteristics of the final groups, are 

illustrated in figure 5. Paper I included subjects from November 2003 to 

October 2009 whose preoperative infusion test protocol included an 

automatic tap test. Paper II included subjects from November 2003 to April 

2011 who had a functioning shunt at the postoperative infusion test. A shunt 

was deemed to have a dysfunction if: 

• Postoperative Rout>8.4 mmHg/(ml/min), or 

• Postoperative Rout=4.2–8.4 mmHg/(ml/min) and >50% of 

preoperative Rout, or 

• Shunt revision (replacement) was performed, regardless of 

indication/cause.  

Subjects were not included if no Rout was available, as the shunt function 

could then not be confirmed. The subjects of paper II were also classified 

according to their improvement in gait speed after shunt surgery. Subjects 

with a gait speed increase >0.1 m/s were classified as gait improvers. For 9 

subjects gait speed data was not available. In these cases an experienced 

neurologist, blinded to the CSF dynamic results, evaluated pre- and 

postoperative video recordings of the gait/balance testing of the subjects to 

classify the improvement. 

In paper III all patients with a preoperative CFI protocol (with an infusion 

rate of 1.5 ml/min) completed between November 2003 and September 2011 

were included. Two subjects were excluded due to less than 10 minutes of 

constant flow infusion, one subject due to an extended pause (>30 s) in the 

infusion and one subject due to poor ICP data quality. The final group 

consisted of 18 subjects; their characteristics are shown in table 2. 

Paper IV was based on prospective collection of ICP data at different tilt 

angles of the upper body. Patients undergoing infusion tests for suspected 

NPH between August 2011 and March 2012 were invited to participate in a 

study with an adjusted infusion test protocol including the tilt procedure. 

Subjects were included in paper IV if the entire tilting procedure was 

completed. The first subject was investigated at different tilt angles and was 

therefore excluded, one subject was excluded due to technical difficulties 

with the infusion apparatus and one subject due to poor ICP data quality 

(excessive noise). The final study group consisted of 27 subjects; their 

characteristics are shown in table 2. 
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Figure 5. Selection and characteristics of subjects in paper I and II. 
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Table 2. Population characteristics of paper III and IV. 

Study Subjects  Age: mean ± SD (range) [years] Sex: Female / Male 

III 18  76 ± 5 (67-82)  6 / 12 

IV 27  73 ± 7 (58-86)  7 / 20 

The healthy elderly subjects of paper V were part of a study investigating 

the normal CSF dynamics in elderly (74). Subjects were recruited via an 

advertisement in the local newspaper, and were eligible if they were 60-82 

years old without neurological or psychiatric disorder, as well as signs of 

advanced atherosclerotic disease. Included subjects underwent an MRI 

research protocol including PC-MRI sequences; exclusions were made if the 

structural MR images showed signs of previous stroke or Arnold-Chiari 

malformation. During December 2007 to February 2010 all patients with 

suspected NPH were invited to participate in a study with an MRI research 

protocol including the same PC-MRI sequences used for the healthy. The 

medical records of all patients investigated for NPH during this time were 

later analysed by a neurologist to retrospectively classify the patients 

according to the INPH guidelines. Subjects who were classified as probable 

or possible INPH were thus included in paper V. Inclusion and exclusion of 

subjects in paper V are illustrated in figure 6. Characteristics of the final 

groups are shown in table 3. 

Table 3. Population characteristics of paper V. 

 Healthy Subjects (range) INPH subjects (range) 

Subjects   43   22 

Female / Male  24 / 19  10 / 12 

Age [years]  69 ± 6 (61-81)  72 ± 6 (60-82) 

MMSE1  29 ± 1 (28-30)  27 ± 3 (21-30) 

VV2 [ml]  41 ± 19 (16-99)  177 ± 79 (57-406) 

Evans Index2  0.28 ± 0.03 (0.23-0.36)  0.38 ± 0.04 (0.31-0.49) 

Heart rate3 [bpm]  64 ± 9 (47-85)  69 ± 12 (47-89) 

All values presented are mean ± SD (range), expect for sex and number of subjects. 1 N=21 INPH. 2 N=41 
Healthy 3 PC-MRI sequence 1. MMSE: Mini-mental State Exam score. VV: Ventricular volume.  
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MMSE: Mini-mental Exam Score. 

Figure 6. The selection of healthy elderly and INPH subjects in paper V.  

Infusion test protocols 
At our neurological department infusion tests were performed using an 

infusion apparatus with automated test protocols; this equipment was an in-

house development that has recently been commercialized (Likvor 

CELDA®, Likvor AB, Umeå, Sweden). The standard infusion test protocol 

was the CPI protocol (see figure 3). In cases of difficulty withdrawing fluid 

from the CSF space this was replaced by a CFI protocol (see figure 3); this 
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usually occurred as the first elevated pressure level was reached, and ICP 

regulation by infusion and withdrawal of CSF was initiated. All infusion tests 

analysed in this thesis, regardless of protocol, began with a baseline 

registration of 15-20 minutes with the patient in a supine position and no 

infusion/withdrawal of CSF (figure 7), in order to determine the baseline 

(resting) ICP (ICPr). The patients were then placed in a seated position for 

removal of a CSF sample for analysis of biomarkers. After this, the patients 

were again placed in the supine position and the infusion started. Due to the 

removal of the CSF sample, ICP at the start of infusion was generally lower 

than ICPr. This was used to gather data below ICPr in paper II. After the 

infusion a 10-minute relaxation phase followed, where ICP was allowed to 

passively decrease to baseline. Preoperative infusion tests were concluded 

with an automated tap test where CSF was drained until ICP was zero 

(ambient pressure), or until 50 ml had been collected. A tap test is another 

predictive test used in NPH, where a volume of CSF is drained from the 

system to simulate the short-term effect of a shunt, and the clinical response 

is estimated, commonly by measuring improvement in gait/balance (108). In 

paper I the automated tap test was used to gather data below ICPr. 

 

Figure 7.2 The different segments of ICP data (grey) of a CPI protocol with an 

automated tap test, with the corresponding net infused volume (black).  

                                                             
2 Modified and reprinted from paper I with permission: Qvarlander S, Malm J, Eklund A. The pulsatility 
curve – Relationship between mean intracranial pressure and pulsation amplitude. Physiological 
Measurement. 2010;31(11):1517-28. 
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In paper III only subjects with CFI protocols were investigated in order to 

analyse the mean ICP pulse amplitude (AMP) of the first 10 minutes of 

constant rate infusion (AMPmean). For the purposes of paper III, mean AMP 

was calculated for the first 10 minutes of infusion, in accordance with the 

definition in the original study (35), while calculations of Rout and k (PVI) 

were based on the entire infusion segment. 

In paper IV a prospective research-specific test protocol was used, where a 

tilting procedure was performed as the patients were seated for CSF 

sampling after the baseline registration. The procedure consisted of tilting 

the backrest of the bed using the built in tilting function and an inclinometer 

to guide the tilting and measure the achieved angles. ICP was measured for 2 

minutes at seven tilt angles: 0° (supine), 12°, 27°, 37°, 47°, 57°, and 71° (the 

most upright position of the backrest). The lowest part of the bed was tilted 

with the backrest (though to a slightly smaller degree) so that at the 

maximum tilt the patient was seated with legs bent. In the supine position 

the pressure sensors were placed at the level of the external auditory canal, 

which was selected as the zero-reference level for ICP. At each increased tilt 

angle the height of the external auditory canal was measured in relation to 

the pressure sensor, using a laser sight, so that ICP could be retrospectively 

referenced to this level without moving the sensors.  

ICP data quality 
Assessment of ICP pulsatility based on measurement using needles and fluid 

catheter systems require good placement of the needle opening and can be 

influenced by noise, which may result from coughing or patient movement, 

or from the infusion pump. All studies in this thesis where AMP was 

measured included some form of manual (visual) or automatic evaluation of 

data quality, where poor data quality resulted in the exclusion of 

measurements or in removal of shorter data segments (e.g. during 

coughing). Four subjects were excluded in paper I, 10 subjects and 13 

partial data segments in paper II, one subject in paper III and one subject 

in paper IV (only from the AMP analysis). All evaluation of data quality in 

paper II was performed blinded to the evaluation of gait improvement. 

Post processing of ICP data 
All ICP data analysis was performed with MATLAB (version R2007b, The 

Mathworks Inc., Natick, MA). ICP data sampled at 100 Hz was low-pass 

filtered with a cut-off frequency of 10 Hz using a 5th order Butterworth filter 

implemented using an algorithm for zero-phase digital filtering. This filter 
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was used to reduce noise from the infusion pump (a rotating peristaltic 

pump) and other high frequency disturbances. To calculate AMP values, 

cardiac-related pulsations were isolated from respiratory variation and other 

slow waves in ICP using a high-pass filter with a cut-off frequency of 0.5 Hz, 

of the same type and with the same implementation as the low-pass filter. 

The effects of the filters are illustrated in figure 8. 

 

Figure 8. Unfiltered ICP sampled at 100 Hz (black) shows respiratory variation and 

noise from the infusion pump, the low-pass filtered ICP (red) shows reduced noise, 

while the high-pass filtered ICP (green) shows reduced slow variations. 

In the original version of the infusion apparatus software (before 

commercialization) an on-line pulsatility analysis evaluated 100 samples at a 

time for a complete cardiac cycle, and if a complete cycle was detected only 

the corresponding data samples were stored. Due to this the stored 100 Hz 

data for the oldest investigations in paper I-III are concatenated data sets. 

The data sets contained complete pulsations and thus sufficient information 

for a pulsatility analysis, but the concatenation (with every pulsation starting 
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at an arbitrary point in the cardiac cycle) made the design of a robust 

detection algorithm for individual cardiac cycles complicated. To avoid 

analysis artefacts an approach with a fixed time window was chosen. In this 

algorithm AMP was calculated as the difference between the maximum and 

minimum ICP of each 1.5-second time-window, and mean ICP as the mean 

value of ICP that had not been high-pass filtered. The calculation is 

illustrated in figure 9. The feasibility of this algorithm, for both continuous 

and concatenated data sets, was evaluated and confirmed against a manual 

pulsatility analysis. 

In the data collection of paper IV 100 Hz data was stored for both the 

measurement and the infusion needle, and since analysis was only 

performed on data sampled before the start of infusion, AMP could be 

estimated from both signals. In each subject the signal from the needle with 

the highest mean AMP for the entire tilting procedure was used for the final 

analysis (i.e. the same needle was used for all tilt angles). As all collected 

data sets were continuous, a more sophisticated algorithm for AMP 

calculation was designed. The algorithm was based on estimating the length 

of cardiac cycles from the fundamental frequency of a Fast Fourier 

Transform (FFT) of the ICP signal. One estimate of the cardiac cycle length 

was calculated for every 6-second time-window of ICP. Within the first 

estimated cardiac cycle length of ICP data the minimum value was detected 

as the first diastolic ICP, and the first systolic ICP as the maximum value 

within 1 cardiac cycle length from the diastolic ICP. The next diastolic ICP 

was then detected as the minimum value within 1 cardiac cycle length from 

the systolic ICP, and so on (figure 9). A set of exclusion criteria was enforced 

to reduce the presence of noise incorrectly detected as cardiac-related ICP 

pulsations. Cardiac cycles, defined as the period from one diastolic ICP to the 

next, were excluded if: 

• the length was outside the range of 400-1700 ms  

• the systolic ICP was more than 1700 ms or less than 400 ms from 

either of its neighbouring systolic ICPs 

• the distance between either of the diastolic ICPs and the systolic ICP 
was less than 100 ms. 

For the included cardiac cycles individual values of mean ICP (from diastolic 

to diastolic ICP) and AMP (difference between systolic and diastolic ICP) 

were calculated. If more than 25% of a data segment was discarded by the 

algorithm, the subject was excluded from the AMP analysis (1 subject).  
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Figure 9. The algorithm of paper I-III (where some 100Hz data sets were 

discontinuous) detected one systolic ICP (filled red circles) and one diastolic ICP 

(filled green circles) per fixed time-window (1.5 s, stars), which caused occasional 

averaging of more than one pulsation (A). The algorithm of paper IV was designed to 

detect every systolic (red) and diastolic (green) ICP (A, open circles; B, dots), and 

used a set of exclusion criteria to remove values likely to be caused by noise (B, 

dashed curve: excluded ICP section, circles: included systolic/diastolic ICP). 
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Baseline values of ICP and AMP (ICPr and AMPr) where estimated as the 

averages of ICP and AMP of the last 5 minutes of the baseline registration in 

papers I-III. In paper III the suggested predictive parameter AMPmean was 

determined as the mean AMP value of the first 10 minutes of constant flow 

infusion. In paper IV values of mean ICP, mean AMP and mean tilt angle 

were calculated for each 2-minute segment of the tilting procedure (each tilt 

angle).  

Mathematical modelling and derivations 

The relationship between ICP and AMP 

The relationship between ICP and AMP could be assessed using data from 

the segments of an infusion test where the ICP was manipulated, thus 

providing data at different ICP levels. According to equation (9) the 

relationship between ICP and AMP is linear, and the slope of this 

relationship, RPPC, could be determined through linear regression, with 

AMP as the dependent variable and mean ICP as the independent variable. 

The intercept of the regression line with the ICP-axis was the pressure 

constant P0. The validity of equation (9) is well established for ICP above 

ICPr and up to approximately 40 mmHg (11, 64).  

To assess the stability of RPPC and P0, the parameters were estimated from 

two sets of regressions in paper I: one based on the infusion segment, and 

one based on the relaxation segment of the data (see figure 7). The estimates 

of RPPC and P0 from the relaxation segment were determined based on least 

squares linear regression of all pairs of mean ICP and AMP values of this 

segment (64). For the estimation based on the infusion segment linear 

regression was performed using the median values of ICP and AMP of each 

of the regulated ICP levels of the CPI protocol (110).  

In paper I the relationship between ICP and AMP was also assessed in a 

wider ICP range, including values below ICPr, based on data from both the 

relaxation and tap test segments (see figure 7). To accurately determine the 

average relationship for the group of INPH patients, a normalization 

procedure was performed (figure 10). In this normalizing procedure all the 

AMP values from the relaxation and tap test segments were rescaled 

according to (figure 10 B): 

 
 (10)  AMPnorm = AMP ⋅ mean(RPPC) RPPC( )
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In equation (10) mean(RPPC) was the group average of RPPC (determined 

from the relaxation segment), while the other parameters were subject 

specific values (figure 10 A). ICP values were translated for each subject 

according to (figure 10 C): 

  (11)  

where mean(P0) was the group average of P0.  

 

Figure 10.3 The normalization procedure (paper I): estimation of RPPC and Po by 

linear regression (relaxation data) (A, red) and averaging for the group (blue), 

normalization of AMP using RPPC (B, green: original data), and normalization of ICP 

using P0 (C, green: original ICP, normalized AMP). After normalization the linear 

segment of the data was aligned with the mean regression line (D). 

                                                             
3 Modified and reprinted from paper I with permission: Qvarlander S, Malm J, Eklund A. The pulsatility 
curve – Relationship between mean intracranial pressure and pulsation amplitude. Physiological 
Measurement. 2010;31(11):1517-28. 

ICPnorm = ICP − P0 −mean(P0)( )
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The normalized values (figure 10 D) were sorted according to the magnitude 

of ICPnorm and grouped into 2 mmHg wide intervals from -1 mmHg to 35 

mmHg (with the AMPnorm values sorted according to the corresponding 

ICPnorm values). For every subject and interval, median values of ICPnorm and 

AMPnorm were calculated. From these values group means and standard 

deviations (SD) for each interval were determined and used to illustrate the 

average relationship between ICP and AMP, designated the pulsatility curve. 

To estimate the minimum of the curve for every individual the minimum 

median value of AMP (AMPmin), and the corresponding median ICP 

(ICPAMPmin), were used. To accurately estimate the position of the baseline 

values on the normalized curve, i.e. the resting state, ICPr and AMPr were 

normalized in accordance with equations (10) and (11) using the estimates of 

RPPC and P0 from the infusion segment (as this data was sampled closer in 

time to the baseline registration). The difference between the minimum 

values and the baseline values were labelled potential AMP reduction (AMPr 

- AMPmin) and recommended ICP reduction (ICPr - ICPAMPmin). 

In paper II no normalization was applied, but the same averaging 

procedure as in paper I was used, with the exception that the ICP intervals 

had a width of 1 mmHg (rather than 2 mmHg). Since automated tap tests 

were not performed in all investigations (and never after shunt surgery), 

data from the infusion segments were used, and values below ICPr were 

attained from the data recorded just prior to the start of infusion after the 

subject was returned to the supine position following sampling of CSF. 

AMPmin, ICPAMPmin, potential AMP reduction and recommended ICP 

reduction were determined in the same fashion as in paper I. These values 

were however only presented for those subjects where both zones of the 

pulsatility curve identified in paper I could be detected upon visual 

inspection. To estimate RPPC and P0 only the median values of ICP within 

the appropriate ICP range determined in paper I was used (the linear zone), 

along with the corresponding AMP values. All parameters were determined 

both from the preoperative and the postoperative infusion investigation, 

along with the changes in ICPr and AMPr between the two investigations.  

In paper III, values of ICP sampled during the infusion, within the 

appropriate range determined in paper I, were sorted according to 

magnitude, and AMP values were sorted according to the corresponding ICP. 

For each set of five values, median values of ICP and AMP were then 

determined and used in a linear regression to estimate RPPC and P0. In most 

cases ICP was above ICPr at the start of the constant infusion (as constant 
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pressure infusion had been attempted), i.e. ICPstart>ICPr, and all values were 

in the appropriate range for the regression.  

Determination of Rout and k 

In paper III estimates of Rout and k were calculated by fitting 1 Hz ICP data 

from the infusion to a theoretical expression of ICP as a function of time. 

This expression was derived from equation (6) (with Iext=1.5 ml/min) using 

variable substitution (x=1/[ICP-Po]) and the integrating factor method (10, 

79). The resulting expression was: 

 

 (12) 

The fitting procedure was based on minimization of the sum of the squared 

residuals. ICPr was the mean ICP of the last 5 minutes of the baseline 

registration and ICPstart was determined as the mean ICP of the 10 seconds 

before the start of infusion. In one subject ICPr was below P0, which is 

outside the range of the mathematical model; estimates were then based on 

the approximation of P0=ICPr-2.3 mmHg (4). In another subject the 

relationship between AMP and ICP was in the low zone identified in paper I 

(i.e. not linear), data sampled in this zone was excluded from the Rout and k 

estimation as equation (12) was not applicable here. 

Theoretical expression for AMPmean 

To determine a theoretical expression for AMPmean in paper III an 

expression for the corresponding ICP (ICPmean) was first derived. The mean 

ICP over the first 10 minutes of constant flow infusion can be calculated from 

equation (12) using integration over time according to: 

   (13) 

The P0 term of equation (12) resulted simply in P0, while the remaining term 

could be rewritten as: 

 

 (14) 

ICP(t) =
RoutIext + ICPr − P0( ) ICPstart − P0( )

ICPstart − P0 + RoutIext + ICPr − ICPstart( )e−tk Iext + ICPr −P0( ) Rout( )
+ P0

ICPmean =
1
T
ICP dt

0

T

∫

RoutIext + ICPr − P0
T

ICPstart − P0( )
ICPstart − P0 + RoutIext + ICPr − ICPstart( )e−tk Iext + ICPr −P0( ) Rout( )

dt
0

T

∫
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This integral could be solved based on rules for integration of fractions and 

exponentials, which lead to the following expression for ICPmean: 

  

(15) 

To use AMPmean for outcome prediction in NPH the infusion should start at 

ICPr, in this case equation (15) could be simplified to: 

 

 (16) 

Since AMP can be described as a linear function of ICP (equation 9), 

AMPmean could be described as a linear function of ICPmean: 

  (17) 

Based on equations (16) and (17) a theoretical expression for AMPmean could 

thus be derived. To verify the validity of the expression theoretical values of 

AMPmean were calculated for each subject in paper III using the individual 

estimates of Rout, k, RPPC, P0, and ICPr. For this analysis an expression for 

AMPmean was based on equation (15) and (17), with ICPstart set to the mean 

ICP of the last 10 seconds before the start of infusion (as in the estimation of 

Rout and k), in order to best reflect the experimental conditions during the 

infusion test.  

Assessment of influence of CSF dynamic parameters on AMPmean 

From the theoretical expression for AMPmean the CSF dynamic parameters 

that should influence the value of AMPmean were identified. A parameter 

sensitivity analysis was then performed to assess the strength of the 

influence of these parameters on AMPmean, within the range of values that 

may be expected when investigating NPH patients. Each parameter was 

varied separately in the theoretical expression according to the measured 

mean ± 2 SD of the NPH group, while the other parameters were kept 

constant at their mean values. The resulting AMPmean values were then 

plotted to illustrate the parameter influence. The change in AMPmean 

resulting from a variation of mean ± 1 SD was also determined, and the ratio 

of this value to the measured SD of AMPmean in the NPH group was 

calculated.  

ICPmean =
Rout
Tk
ln
RoutIext + ICPr − ICPstart + ICPstart − P0( )eTk Iext + ICPr −P0( ) Rout( )

RoutIext + ICPr − P0
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Models of postural effects on ICP 

In paper IV three models describing postural effects on ICP were defined 

and evaluated. The models were defined to predict ICP at any head-up tilt 

angle (of the upper body) based on a value of supine ICP. For the purposes of 

the model descriptions ICP(α) is used to designate baseline ICP (ICPr) at tilt 

angle α. The models are illustrated in figure 11.  

 

Figure 11.4 The three models of paper IV describe the change in ICP due to postural 

effects (Pdiff): model 1 (A), model 2 (B), and model 3 (B-C). 

The first model (model 1, figure 11 A) was based on the currently accepted 

concept of a HIP (hydrostatic indifference point) for the CSF system, which 

was first introduced by Magnæs (70): 

  (18) 

LHIPCSF was the distance from the auditory canal to HIPCSF. Model 1 assumed 

that at a specific point in the CSF system, the HIPCSF, pressure remained 

constant for any positive tilt angle. ICP (at the level of the auditory canal) 

thus changed with the height of the hydrostatic column from HIPCSF to the 

auditory canal.  

                                                             
4 Modified and reprinted from paper IV with permission : Qvarlander S, Sundström N, Malm J, Eklund A. 
Postural effects on intracranial pressure: modeling and clinical evaluation. Journal of Applied Physiology. 
2013 Sep 19. [Epub ahead of print].  

ICP(α) = ICP(0°) − ρgLHIPCSF ⋅ sin(α)
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The second and third model (model 2 and 3, figure 11 B-C) were based on 

Davson’s equation for CSF absorption (equation 4) (28, 29), which defines a 

relationship between ICP and venous pressure in the dural sinus (Pd), and 

hydrostatic pressure gradients in the venous system. Based on Davson’s 

equation ICPr can be described as: 

   (19) 

Both models assumed that equation (19) was valid at all (positive) tilt angles. 

The concept of a HIP for the venous system (HIPvein) is well established (57), 

and formed the basis for defining the hydrostatic pressure gradients in the 

venous system in models 2 and 3. Pd in the supine position was estimated as 

equal to venous pressure at HIPvein (PHIPvein), so that: 

   (20) 

Accordingly equation (19) could be rewritten as: 

  (21) 

since PHIPvein was by definition independent of tilt angle. Model 2 assumed 

that the venous system was fully communicating, and that Pd at any tilt angle 

could be described by PHIPvein and the hydrostatic pressure gradient between 

HIPvein and the dural sinuses at the level of the auditory canal, according to: 

 (22) 

where Lheart was the distance from auditory canal to the heart, and 

Lheart-HIPvein the distance from the heart to HIPvein. Using equations (21-22) 

model 2 was then defined as (figure 11 B): 

 (23) 

In model 2 ICP thus varied with the hydrostatic gradient in the venous 

system from HIPvein to the dural sinus (at the level of the auditory canal). 

ICPr = RoutIf + Pd

ICP(0°) = RoutIf + PHIPvein

ICP(α) = ICP(0°) − PHIPvein + Pd(α)

Pd(α) = PHIPvein − ρg Lheart + Lheart−HIPvein( ) ⋅ sin(α)

ICP(α) = ICP(0°) − ρg Lheart + Lheart−HIPvein( ) ⋅ sin(α)
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Model 3 (figure 11 B-C) included effects of collapsed veins in the more 

upright positions, and thus equation (22) was not assumed to be valid at tilt 

angles above a critical limit (αlim). The model assumed that a segment of the 

venous system, likely at the level of the neck, would collapse when the 

pressure within reached zero (ambient pressure) at αlim, and that the venous 

pressure at the top of the collapsed segment would remain equal to 0 for all 

higher tilt angles. For α≥αlim Pd could then be described by: 

  (24) 

where Lcollapse was the height of auditory canal above the top of the collapsed 

venous segment. Based on equations (21), (23), and (24), model 3 was then 

defined as a system of two equations: 

 

 (25, 26) 

In model 3 ICP thus varied with the hydrostatic gradient in the venous 

system from HIPvein to the dural sinus as long as the venous system was fully 

communicating (figure 11 B), and with the hydrostatic gradient from the top 

of the collapsed venous segment to the dural sinus after the collapse (with 

the addition of the constant PHIPvein) (figure 11 C). 

Determination of parameters describing postural effects on ICP 

To evaluate the models of paper IV against data from NPH subjects the 

parameters included in the models needed to be determined. Lheart was 

approximated for each individual by measuring the distance between the 

middle of the sternum and the auditory canal with the subject in the supine 

position. Lheart-HIPvein, Lcollapse, and LHIPCSF could, however, not be directly 

measured, and were instead estimated by fitting the models to the ICP values 

measured at the different tilt angles of the infusion test protocol of the study.  

The study that first suggested the existence of HIPCSF measured ICP only in 

supine and seated position (70). The individual estimates of LHIPCSF in paper 

IV were thus based only on the ICP values from the supine measurement and 

the highest tilt angle, according to: 

LHIPCSF =
ICP(0°) − ICP(71°)

ρg ⋅ sin(71°)
  (27) 

Predicted values of ICP at all the measured tilt angles could then be 

determined for model 1, using equation (18) and the individual values of 

ICP(0°). 

Pd(α) = −ρgLcollapse ⋅ sin(α)

ICP(α) = ICP(0°) − ρg Lheart + Lheart−HIPvein( ) ⋅ sin(α) α < αlim

ICP(α) = ICP(0°) − PHIPvein − ρgLcollapse ⋅ sin(α) α ≥ αlim

$

%
&

'
&
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With three parameters to be estimated for model 3, there was a certain risk 

of improved prediction of ICP due to overfitting. To compensate for this 

Lheart-HIPvein and Lcollapse were estimated on the group level, as the individual 

variation in these parameters was assumed to be small. Lheart-HIPvein was 

determined in the same way for models 2 and 3, thus only data from the tilt 

angles where the venous system was assumed to be fully communicating in 

both models were used. Based on the expected location of collapsed venous 

segments at the neck and HIPvein at the diaphragm (49, 104), and a normal 

PHIPvein (equivalent to supine CVP) the venous system was expected to be 

fully communicating at the two lowest tilt angles (0° and 12°). Lheart-HIPvein 

was thus calculated using group mean values according to: 

 
 (28) 

With Lheart-HIPvein estimated, the ICP values predicted by model 2 could be 

calculated from equation (23), using the individual values of Lheart and 

ICP(0°). 

 

To estimate Lcollapse for model 3 equation (26) was used, which is only valid 

for α≥αlim. Thus, the data from the tilt angles >12° were used, i.e. those not 

used to calculate Lheart-HIPvein (based on the same argument). The estimation 

was based on regression analysis of the five group means of ICP measured at 

α>12° as the dependent values, and the group means of α as the independent 

values (Levenberg-Marquart least squares algorithm, initial guesses: Lcollapse 

= 10 cm, PHIPvein = 4.5 mmHg).  

 

A corresponding regression algorithm was used to estimate patient specific 

values of PHIPvein from the system of two equations (25, 26) describing model 

3. This regression was performed for each subject, using the ICP values from 

each tilt angle as the dependent values, and α as the independent values 

(initial guess: PHIPvein = 4.5 mmHg). From Lheart-HIPvein and the individual 

values of Lheart, Lcollapse, and PHIPvein, estimates of αlim could be calculated 

based on: 

 (29) 

Thus, with estimates for all the parameters needed, the ICP values predicted 

by model 3 could be calculated based on equation (25-26). 

Lheart−HIPvein =
mean ICP(0°)( ) −mean ICP(12°)( )

ρg ⋅ sin(12°)
−mean Lheart( )

αlim = sin−1
PHIPvein

ρg ⋅ Lheart + Lheart−HIPvein − Lcollapse
#
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Magnetic Resonance Imaging 
All MRI measurements of paper V were performed with a 3T Achieva 

scanner (Philips Healthcare, Best, the Netherlands) using an 8-channel head 

coil. Three PC-MRI scans were used for flow measurements (figure 12). The 

first measured flow in the internal carotid arteries (ICAs), vertebral arteries 

(VAs), and internal jugular veins (IJVs) at the level between second and third 

cervical vertebrae (PC-MRI 1). The second measured cervical CSF flow at the 

same level (PC-MRI 2). The third measured aqueduct CSF flow at mid level 

of the aqueduct (PC-MRI 3). Based on signals acquired from a peripheral 

pulse detector or an ECG, 32 cardiac frames were retrospectively 

reconstructed for each sequence. The placement of the PC-MR imaging 

planes is illustrated in figure 12, and specific settings used for the scans are 

presented in table 4.  

 

Figure 12. Sagittal section of anatomical MR image showing the approximate 

locations of the PC-MRI planes: sequence 1-2 (blood flow and cervical CSF flow, 

lower line), sequence 3 (aqueduct, upper line). 

Table 4. Settings of the MRI scans of paper V. 

Sequence FA [°] TR [ms] TE [ms] Voxel size [mm3] Venc [cm/s] NSA 

PC-MR 1 15 9.6 5.8  0.9 × 0.9 × 6 70 2 

PC-MR 2 10 16 11  1.2 × 1.2 × 5 7 2 

PC-MR 3 10 15 10  1.2 × 1.2 × 5 20 2 

FA: flip angle. TR: repetition time. TE: echo time. Venc: encoding velocity. NSA: number of signal averages.  
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Post processing of MRI data 

Flow quantification 

Flow quantification from the PC-MRI data was performed using the software 

Segment (version 1.9 R2832) (56). The lumen of the blood vessels, and cross-

sections of the cervical CSF space and aqueduct were manually delineated 

with regions of interest (ROI) including a small margin of surrounding 

stationary tissue. All ROI were manually inspected and, if needed, corrected 

for aliasing effects. Manual background phase correction was performed 

using additional correction ROI, drawn in surrounding stationary tissue. 

Figure 13 shows an example of a PC-MR image frame from sequence 1 with 

ROI. The software calculated the average measured velocity of each ROI for 

every cardiac frame, as well as the ROI area, and these values were exported 

to Excel (Microsoft® Office Excel 2003, Microsoft Corp., Redmond, WA) for 

further post-processing. The velocities of the correction ROI were subtracted 

from the corresponding blood and CSF ROI in each cardiac frame, and the 

resulting velocities were multiplied with the ROI areas to determine the flow 

rate in each cardiac frame, producing the flow waveform over the cardiac 

cycle. 

Determination of flow parameters 

The flow waveforms of the right and left ICAs and VAs were summed to 

produce the cerebral blood flow (CBF). The flow waveforms of the right and 

left IJVs were summed to produce total IJV flow. For each flow waveform 

the net flow was determined as the mean flow over the cardiac cycle. For the 

CBF and total IJV flow waveforms a pulsatility index was also determined as 

the difference between the maximum and minimum flow, divided by the net 

flow. For the aqueduct flow the mean of the absolute values of flow (flow 

magnitude) over the cardiac cycle, designated average total flow, was 

calculated according to the description of Luetmer et. al. (67). Stroke 

volumes (SV) were calculated for each waveform by subtracting the net flow 

and performing a cumulative integration; the difference between the 

maximum and minimum of the resulting volume was the SV. The CBF SV is 

interpreted as the total intracranial arterial expansion of the cardiac cycle, 

corresponding to the ΔV of the RPPC parameter and the equations 

describing AMP. SVs were also calculated from the sum of the CBF and IJV 

flow waveforms (arteriovenous SV), the sum of the CBF and cervical CSF 

waveforms (arteriocervical SV), and the sum of the CBF, IJV and cervical 

CSF waveforms (intracranial SV). In these calculations the IJV waveform 

was used to describe the waveform of the total cerebral venous outflow, and 
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the waveform was thus scaled to have the same mean as the CBF waveform, 

as the total cerebral inflow and outflow should be equal. 

Average blood and CSF flow waveforms were determined for the INPH group 

and the healthy elderly group. First, the waveforms were synchronized 

between individuals to compensate for variation in the cardiac gating. The 

synchronization was based on identifying the cardiac frame with the steepest 

rise in the CBF waveform and using this as the zero-frame for all the 

waveforms of the subject. In three healthy elderly the signal for the cardiac 

gating was changed from ECG to peripheral pulse signal between PC-MRI 

sequences 1-2 and 3; these subjects were excluded from the determination of 

the average aqueduct flow waveform (and aqueduct flow delay). 

 

Figure 13. Anatomical (magnitude) image (left) and velocity map (phase image, 

right) from a PC-MRI scan of blood flow at the cervical level (above the carotid 

bifurcation, PC-MRI sequence 1). The manually delineated regions of interest (ROI) 

are: internal jugular veins (blue), internal carotid arteries (red), vertebral arteries 

(green), and background phase correction ROI (yellow). 

Determination of timing parameters 

The pulsatility of the arterial flow propagates to the venous and CSF flow, 

thus the CBF waveform precedes the IJV and CSF waveforms (20). To 

estimate the delays between waveforms a cross-correlation procedure was 

used. After subtraction of the net flows cross-correlation coefficients 

between the (total) ICA flow waveform and each of the other waveforms were 

calculated (scaled so that autocorrelation at zero-lag produced a coefficient 
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of 1). The maximum correlation coefficient was determined, and the 

corresponding lag was multiplied by the time between cardiac frames to 

estimate the delay time. To avoid erroneous values resulting from waveforms 

with low pulsatility the correlation coefficient maximum was discarded if it 

was <0.5, and no delay was calculated; this occurred for the IJV delay in one 

healthy elderly subject.  

Statistics 
Statistics were calculated using PSAW Statistics (version 18, IBM, Armonk, 

NY). Results of statistical tests were considered significant where p<0.05.  

In papers I-II values from measurements performed of the same subjects 

were compared using two-tailed paired Student’s t-tests, and values from 

different groups using two-tailed independent samples t-tests (with 

adjustment for unequal variances). Correlation was assessed using Pearson’s 

correlation coefficient. In paper I, the relationship between AMP and ICP 

was analysed using linear regression, with one-sample t-tests for the slope 

estimates, and lack-of-fit tests for the regression models. To perform the 

lack-of-fit tests the group mean values of ICP were used as the independent 

values, with the median AMP values of every subject as the dependent 

values. To analyse predictive power in paper II, receiver operating 

characteristic (ROC) curves were calculated, which show sensitivity vs. 1-

specificity based on different cut-off values of the test parameter. A variable 

with no predictive power at all would have an area under the ROC curve of 

0.5, the tested parameters were thus considered to have predictive power if 

the area under the curve was significantly different from 0.5. 

In paper III theoretical and measured values of AMPmean were compared 

using a two-tailed paired Student’s t-test, linear least-squares regression, 

and Pearson’s correlation coefficient (linear correlation). Partial correlation 

analysis was performed for each CSF dynamic parameter by calculating 

Spearman’s ρ (rank correlation) between the parameter and AMPmean, with 

correction for the other parameters. Spearman’s ρ was chosen since the 

theoretical expression implied that the relationships were nonlinear; partial 

correlation was used to compensate for potential correlation between 

parameters.  

In paper IV the models were evaluated using an adjusted lack-of-fit test, 

where the residuals between predicted and measured ICP were compared 

using analysis of variance (ANOVA) with tilt angle as the categorical factor. A 
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significant result implied a relationship between the residuals and the tilt 

angle, meaning the model was not a good description of the data. ANOVA 

was also used to analyse the effect of changes in tilt angle on ICP and AMP.  

As age and sex are reasonable confounders for several flow parameters, 

comparisons in paper V were based on multiple linear regression with the 

measured parameter as the outcome parameter, INPH status as a predictor, 

and sex and age as covariates.  
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Results 

The pulsatility curve 
Figure 14 illustrates the average relationship between AMP and ICP, 

designated the pulsatility curve, for the 25 INPH subjects of paper I. At 

higher ICP (14-32 mmHg) the relationship had a linear zone (slope 0.61, 

p<0.01, lack-of-fit: p=0.79), where AMP was ICP dependent in accordance 

with equation (9). At lower ICP, however, the curve transitioned from linear 

into a zone (0-10 mmHg) where AMP was essentially constant (ICP 

independent), though with a trend towards a negative linear relationship 

(slope -0.02, p=0.10; lack-of-fit: p=0.88). The resting state of pulsatility was 

defined by the operating point on the curve, i.e. the position of the baseline 

values (ICPr, AMPr). The operating point varied extensively between 

subjects, and was found in both the linear and the essentially constant zone 

of the curve, as well as the transitional phase. Potential AMP reduction, i.e. 

the distance in AMP between the operating point and the ICP independent 

zone (AMPr - AMPmin), is illustrated in a histogram in figure 15. This 

parameter showed a strong correlation to AMPr (R=0.96, p<0.01).  

Parameters describing the pulsatility curve and operating point in papers I-

II are shown in table 5. Neither RPPC nor P0 were different when comparing 

estimates from the infusion and relaxation segments of the data (paper I, 

mean difference: 0.01 ± 0.09, p=0.56; 0.7 ± 2.8 mmHg, p=0.21), and the 

correlation between the two sets of values was high (R=0.80, p<0.01; 

R=0.72, p<0.01). RPPC and P0 also did not differ significantly before and 

after shunt surgery (paper II, mean difference: 0.01 ± 0.15, p=0.71; 0.2 ± 

3.7 mmHg, p=0.65).  

ICPr and AMPr, corresponding to the operating point on the pulsatility curve, 

were both significantly reduced by shunt surgery in paper II. For the 24 

subjects where the ICP independent zone of the pulsatility curve was 

identified in both the pre- and postoperative investigation, the 

recommended ICP reduction was also significantly decreased, whereas there 

were no significant differences in ICPAMPmin or AMPmin (table 4). 
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Figure 14.5 The pulsatility curve: the average relationship between AMP and ICP 

(red circles and bars: mean ± 1.96SD) showed a linear, ICP dependent zone at higher 

ICP and an essentially constant, ICP independent zone at lower ICP (black lines). The 

horizontal boxplot illustrates the range of (normalized) ICPr in paper I. 

 

Figure 15.5 Histogram of the potential AMP decrease (AMPr - AMPmin) of paper I. 

                                                             
5 Modified and reprinted from paper I with permission: Qvarlander S, Malm J, Eklund A. The pulsatility 
curve – Relationship between mean intracranial pressure and pulsation amplitude. Physiological 
Measurement. 2010;31(11):1517-28. 
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Table 5. Parameters describing the pulsatility curve and operating point in different 

data segments (paper I) and before/after shunt surgery (paper II). 

 Paper I (N=25) Paper II (N=51) 

 Infusion Relaxation Preop. Postop. 

RPPC  0.61 ± 0.16  0.60 ± 0.12  0.59 ± 0.14  0.58 ± 0.21 

P0   8.7 ± 4.1  9.4 ± 3.1  8.5 ± 3.5  8.3 ± 3.2 

ICPr   12.3 ± 1.9  12.5 ± 2.1*  9.5 ± 2.4 

AMPr   2.5 ± 1.4  2.6 ± 1.6*  1.5 ± 0.6 

Recommended ICP reduction   5.2 ± 3.9  2.0 ± 1.7*  0.3 ± 2.4 

Potential AMP reduction   1.3 ± 1.2  0.8 ± 0.6  0.5 ± 0.7 

ICPAMPmin   7.0 ± 3.2  10.8 ± 2.0  9.6 ± 2.7 

AMPmin   1.1 ± 0.4  1.4 ± 0.5  1.1 ± 0.6 

All pressures are in units of mmHg. * Statistically significant difference between values before and after shunt 
surgery. Preop.: Preoperative values (before shunt surgery). Postop.: Postoperative values (after shunt 
surgery). Values on grey background are calculated for N=24 subjects with identifiable ICP independent zones 
of the pulsatility curve. 

Response to shunt surgery 
Of the 51 subjects of paper II, 42 (82%) improved in gait after shunt 

surgery. The decrease in AMPr was significantly larger in gait improvers than 

non-improvers (1.2 ± 1.6 mmHg versus 0.2 ± 0.5 mmHg, p<0.01), though 

there was no significant difference in ICPr reduction (p=0.30). The pre- and 

postoperative values of all parameters of paper II grouped according to gait 

improvement are presented in table 6. Most notably, preoperative AMPr and 

potential AMP reduction were significantly higher in subjects who improved 

in gait. Preoperative AMPmin was significantly higher in gait improvers, and 

remained significantly higher after shunt surgery. ROC curve analysis was 

based on the subjects where the ICP independent zone of the pulsatility 

curve was identified in the preoperative data (N=30). AMPr, potential AMP 

reduction, and recommended ICP reduction showed statistically significant 

predictive power for gait improvement from shunt surgery. The ROC curves 

for these parameters are shown in figure 16. 
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Table 6. Parameters describing the pulsatility curve and operating point in subjects 

improved and non-improved in gait after shunt surgery in paper II. 

 Preoperative  Postoperative 

 

Gait 

improvers 

(N=42) 

Non-

improvers 

(N=9) 

Gait 

improvers 

(N=42) 

Non-

improvers 

(N=9) 

RPPC  0.59 ± 0.13  0.57 ± 0.20  0.58 ± 0.21  0.57 ± 0.23 

P0  8.1 ± 3.5*  10.6 ± 2.9  7.9 ± 3.1  10.2 ± 2.8 

ICPr  12.6 ± 2.3g  12.0 ± 1.1  9.4 ± 2.3  10.0 ± 2.9 

AMPr  2.8 ± 1.6*  1.4 ± 0.4  1.6 ± 0.6  1.2 ± 0.4 

Recommended ICP reduction  2.4 ± 1.5  0.6 ± 1.7  0.3 ± 2.6  -0.1 ± 1.4 

Potential AMP reduction  1.0 ± 0.6*  0.3 ± 0.3  0.5 ± 0.7  0.3 ± 0.6 

ICPAMPmin  10.6 ± 1.8  11.6 ± 2.6  9.1 ± 2.5  11.4 ± 3.2 

AMPmin  1.5 ± 0.5*  1.0 ± 0.2  1.2 ± 0.6*  0.8 ± 0.3 

All pressures in units of mmHg. * Statistically significant difference between improved and non-improved 
subjects. Values on grey background: N=19 improved or N=5 non-improved subjects with identifiable ICP 
independent zones of the pulsatility curve before and after shunt surgery. 

 

Figure 16.6 Receiver operating characteristic (ROC) curves for AMPr (black), 

potential AMP reduction (dashed light grey), and recommended ICP reduction 

(dotted dark grey), based on data from 30 subjects in paper II (24 gait improvers). 

                                                             
6 Modified and reprinted from paper II with permission: Qvarlander S, Lundkvist B, Koskinen L-O D, Malm 
J, Eklund A. Pulsatility in CSF dynamics: pathophysiology of idiopathic normal pressure hydrocephalus.  
Journal of Neurology, Neurosurgery, and Psychiatry. 2013;84(7):735-41. 
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AMPmean – Mean pulse amplitude  

AMPmean is the mean AMP of the first 10 minutes of constant flow infusion, 

in paper III the theoretical expression derived for this parameter was: 

 

 (30) 

The individual theoretical values of AMPmean calculated from this equation 

(with adjusted ICPstart, see equation 15) were not significantly different from 

the measured values of AMPmean (mean difference: 0.01 ± 0.13 mmHg, 

p=0.70). The calculated and measured values showed strong correlation 

(R=0.98, p<0.01), this is illustrated with the regression line in figure 17.  

 

Figure 17.7 The relationship between measured and theoretical AMPmean (measured 

AMPmean = theoretical AMPmean×0.97 + 0.4 mmHg). The two cases where data was 

partly measured outside the range of the mathematical model are shown as stars. 

From equation (30) Rout, (ICPr-P0), k and (ekΔV-1)=RPPC were identified as 

CSF dynamics parameters with influence on AMPmean. The measured values 

                                                             
7 Modified and reprinted from paper III with permission: Qvarlander S, Malm J, Eklund A. CSF dynamic 
analysis of a predictive pulsatility-based infusion test for Normal Pressure Hydrocephalus. Medical and 
Biological Engineering and Computing. 2013 Oct 23. [Epub ahead of print]  
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of these parameters, along with AMPmean, ICPr, and P0, are shown in table 7. 

This table also shows the results of the partial correlation analysis between 

these parameters and AMPmean; all parameters were significantly correlated 

to AMPmean. The assessment of the strength of the influence of these 

parameters is illustrated in figure 18. Variation in k resulted in the largest 

changes in AMPmean, while Rout showed the weakest influence; for a variation 

of mean ± 1 SD the simulated AMPmean change was 2.9 SD for variation in k 

and 0.6 SD for variation in Rout. The simulated change in AMPmean for 

variation in (ICP-P0) was 1.2 SD. As no measurements of ΔV were performed 

in paper III, the influence of this parameter was not assessed and in the 

analysis of the other parameters it was kept constant at 2.3 ml. This value 

was calculated from the mean of the measured values of RPPC and k 

(ΔV=ln([RPPC+1]/k). 

 

Figure 18.8 The simulated change in AMPmean resulting from a variation of mean ± 

2 SD in [ICPr – P0] (blue), k (red), or Rout (green). Dashed and dotted lines show 

mean ± 2 SD of the measured AMPmean. 

                                                             
8 Modified and reprinted from paper III with permission: Qvarlander S, Malm J, Eklund A. CSF dynamic 
analysis of a predictive pulsatility-based infusion test for Normal Pressure Hydrocephalus. Medical and 
Biological Engineering and Computing. 2013 Oct 23. [Epub ahead of print]  
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Table 7. Measured parameters and partial correlation analysis of paper III (N=18). 

 Measured values Partial correlation to AMPmean 

AMPmean [mmHg]  9.7 ± 4.7  

ICPr [mmHg]  11.5 ± 2.4  

P0 [mmHg]  6.3 ± 2.7  

(ICPr-P0) [mmHg]  5.2 ± 2.6 0.66* 

Rout [mmHg ml-1 min-1]  14.8 ± 4.7 0.58* 

k [ml-1]  0.21 ± 0.08 0.82* 

RPPC  0.62 ± 0.19 0.88* 

The partial correlation was calculated as the rank correlation coefficient (Spearman’s ρ) between the 
parameter and AMPmean, while correcting for the other identified CSF dynamic parameters (on grey 
background).  

Postural effects on ICP 
The measured ICP and predicted ICP of each model of paper IV are shown 

in figure 19, along with the measured values of AMP. ICP decreased 

significantly with tilt angle, while AMP increased (p<0.05). In the adjusted 

lack-of-fit analysis models 1 and 2 showed significant lack-of-fit, as their 

residuals changed with tilt angle (ANOVA: p<0.05), whereas model 3 did not 

(ANOVA: p=0.65). The estimated parameters of each model are shown in 

table 8.  

Table 8. Measured and estimated parameters of the models of paper III (N=27). 

 Estimated / measured value Range 

LHIPCSF [cm]  18.4 ± 4.7  10.6 - 27.2 

Lheart-HIPvein [cm] 9.0  

 Lheart [cm]  24.9 ± 2.5  19 - 29 

Lcollapse [cm] 11.0  

PHIPvein [mmHg]  5.3 ± 2.5  0.7 - 10.1 

αlim [degrees]  19 ± 10  3 - 41 
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Figure 19.9 The top panel shows the measured mean ICP (black squares) at each tilt 

angle, as well as the mean predicted ICP for model 1 (red circles), 2 (blue diamonds), 

and 3 (green triangles) (N=27). The bottom panel shows the measured mean AMP at 

each tilt angle (N=26). Bars illustrate mean ± SD for the group. 

                                                             
9 Modified and reprinted from paper IV with permission: Qvarlander S, Sundström N, Malm J, Eklund A. 
Postural effects on intracranial pressure: modeling and clinical evaluation. Journal of Applied Physiology. 
2013 Sep 19. [Epub ahead of print]. 
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Cerebral blood flow and CSF flow 
The measured parameters describing cerebral blood flow and CSF flow in the 

aqueduct and at the cervical level in INPH and healthy elderly are shown in 

table 9 (paper V). The average flow waveforms for each group are 

illustrated in figure 20. There were significant differences in aqueduct flow, 

with higher flow pulsatility in INPH. No other flow waveforms showed 

significant differences, except for an indication of lower CBF in the diastolic 

phase in INPH (figure 20), which corresponded to a trend towards higher 

CBF pulsatility index in INPH (p=0.08). Net CBF was not significantly 

different in the groups, though the distribution in INPH did have its peak at 

low net CBF, but also a few subjects with high net CBF. A post hoc analysis 

revealed that the entire (non-significant) mean difference in net CBF was 

explained by a difference in net ICA flow (p=0.09), and that mean diastolic 

ICA flow (defined as mean flow during the last 20 of the 32 frames of the 

cardiac cycle) was significantly lower in INPH (p=0.01). 

Table 9. Measurements of craniospinal blood and CSF flow in paper V. 

 Healthy (N=43)  INPH (N=22)  p value 

Aqueduct net flow [ml/min]  0.26 ± 0.25  0.48 ± 1.31 0.28 

Aqueduct SV [µl]  86 ± 46  189 ± 184 <0.01* 

Average total aqueduct flow [ml/min]  11 ± 5  25 ± 24 <0.01* 

Aqueduct area [cm2]  0.11 ± 0.02  0.25 ± 0.2 <0.01* 

Cervical CSF SV1 [µl]  716 ± 244  655 ± 281 0.25 

Net CBF [ml/min]  715 ± 136  673 ± 157 0.18 

CBF SV (ΔV) [µl]  2039 ± 567  2174 ± 914 0.79 

CBF pulsatility index  1.4 ± 0.3  1.6 ± 0.5 0.08 

Net IJV outflow [ml/min]  542 ± 181  546 ± 143 0.87 

IJV SV [µl]  1219 ± 582  1267 ± 764 0.78 

IJV pulsatility index  1.4 ± 0.5  1.3 ± 0.6 0.84 

Intracranial SV1 [µl]  1026 ± 436  935 ± 464 0.25 

Arteriovenous SV [µl]  1213 ± 522  1361 ± 798 0.84 

Arteriocervical SV1 [µl]  1392 ± 513  1404 ± 577 0.50 

Venous delay2 [ms]  43 ± 34  44 ± 29 0.77 

Cervical CSF delay1 [ms]  13 ± 16  16 ± 16 0.63 

Aqueduct delay3 [ms]  104 ± 34  104 ± 40 0.99 

Cervical to aqueduct CSF delay1,3 [ms]  91 ± 30  91 ± 34 0.93 

1 N=20 INPH. 2 N=42 healthy. 3 N=41 healthy. * Statistically significant difference. Values on grey background 
indicate significant difference in the comparison. All delays are in relation to the ICA flow waveform, except 
cervical to aqueduct delay. 
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Figure 20. The average waveforms for CBF (A), IJV flow (B), cervical CSF flow (C), 

and aqueduct flow (D) for the healthy elderly group (red) and the INPH group 

(black). The bars show the confidence intervals of the mean, where bars that do not 

overlap indicate a significant difference between the groups.   
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Discussion 

Intracranial pulsatility 
The results of paper I confirmed that the pulsatility curve, i.e. the 

relationship between AMP and ICP, had a linear part at higher ICP (figure 

14). It was also established that at lower ICP, the curve was essentially 

constant. The pulsatility curve can thus be said to have an ICP dependent 

zone (at higher ICP), where the Marmarou model is applicable (11, 26, 64), 

and an ICP independent zone, where the unchanging AMP implies that 

compliance can be described as constant (26, 100). An alternative 

interpretation is that the intracranial arterial volume change of each cardiac 

cycle is altered at low ICP, but this would require a gradual alteration with 

ICP that balances out the non-linear compliance. Additionally, given that 

pressure in the arteries is much higher than the ICP, it is perhaps unlikely 

that the ICP reduction would be sufficient to affect the distensibility of the 

intracranial arteries. The interpretation of the ICP independent zone as one 

of constant compliance is in line with previous studies (26, 100), though the 

addition of this zone to the mathematical model has not been universally 

applied. The physiological interpretation of the transition to constant, 

maximum compliance can only be speculated on without additional 

research. Based on the current interpretation of the source of craniospinal 

compliance, i.e. compressibility of intracranial veins and elasticity of the 

spinal CSF compartment, perhaps the most likely cause of reaching a 

maximum compliance is maximum dilation of intracranial veins. At 

maximum venous dilation additional ICP reduction could not lead to further 

increase in the volume of venous blood that could be forced from the 

intracranial space, and thus compliance would likely not increase further. 

Paper I showed that RPPC and P0, which describe the linear zone of the 

pulsatility curve, were not significantly affected by which segment of the 

infusion data that was analysed. This implies that the external manipulation 

occurring during the infusion phase did not disturb the estimation of the 

parameters, and contradicts previous suggestions of a hysteresis in the 

pressure volume curve related to changes in the elastance index (k) (59). It 

implies that there is at least short-term stability of the pulsatility curve in 

INPH, which reinforces the possibility of using the curve for interpretation of 

the state of the CSF dynamics. 

The AMP increase with increasing tilt angle that was identified in paper IV 

may indicate that intracranial pulsatility is amplified in upright position, 
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potentially due to reduced total compliance. It is however also possible that 

the change in body position causes a redistribution of the total craniospinal 

compliance, leading specifically to reduced spinal compliance (71). This is an 

important distinction, since previous studies have demonstrated that AMP 

measured via lumbar puncture are highly correlated to that measured 

intracranially, but somewhat dampened at lower ICP (16, 34). This 

dampening is likely related to the spinal compliance (16), and thus the 

dampening may be reduced with a change in body position. This possibility 

is supported by two previous studies that presented data on intracranially 

measured AMP in supine and upright position where no difference was seen 

(36, 93). Neither of these studies was however designed to assess the effect of 

postural changes on ICP pulsatility specifically, and thus additional research 

should ideally be performed in order to confirm the findings. It is important 

to note that any comparison of the absolute values of AMP presented in this 

thesis to values from other studies or research centres must account for 

differences in measurement methods, including type and location of 

pressure sensors. A critical aspect of the ICP pulsatility analysis in this thesis 

is that all comparisons and interpretations are based on values determined 

using the same methods and, perhaps most importantly, any methodology 

related measurement bias would not have significantly affected the overall 

shape of the pulsatility curve. 

Treatment and outcome prediction in INPH 
Paper II revealed that the pulsatility curve was not affected by shunt 

surgery, whereas the operating point [ICPr, AMPr] was shifted along the 

curve towards lower values (table 5). The explicit function of a shunt is to 

reduce Rout; as shown in paper II and previous studies, this in turn causes a 

reduction in ICPr and AMPr (36, 88). Based on the lack of change in RPPC 

(= ekΔV )  in paper II, the AMPr reduction was related to a compliance 

increase caused only by the reduced ICPr rather than a reduction in k 

(corresponding to increase in PVI) or ΔV. AMPr reduction thus likely occurs 

for those patients operating in the ICP dependent zone of the pulsatility 

curve before shunt surgery, while those patients operating in the ICP 

independent zone will not experience improvement in compliance, and thus 

no reduction in AMPr. 

That AMPr reduction after shunt surgery was significantly higher in gait 

improvers than non-improvers, while ICP reduction did not differ, implies 

that the gait improvers were those operating in the ICP dependent zone of 

the pulsatility curve before shunt surgery. The apparent relationship 
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between improvement in gait and AMPr reduction could imply that the 

reduced pulsatile stress on the brain leads to reversion of the gait 

disturbance. This is in line with several, as yet unconfirmed, hypotheses on 

the pathophysiology of INPH (14, 32, 54). As the AMPr reduction is also an 

indication of a compliance increase, however, it could alternatively be a sign 

that compliance increase is important for improvement (independent of 

AMP). It has been suggested that patients operating in the ICP independent 

zone before shunt surgery may have enlarged ventricles due to cerebral 

atrophy rather than INPH, thus explaining the lack of clinical improvement 

after surgery (25). However, it is important to note that there may be a 

distinction between INPH subjects with reversible symptoms, and INPH 

subjects whose symptoms can be reversed by a shunt, specifically. While 

shunt surgery is the established treatment for INPH, it is possible that given 

increased knowledge about the pathophysiology of INPH a treatment that is 

successful in more subjects can be achieved. Given the results of paper II, an 

alternative way of lowering AMPr may be effective, perhaps even in patients 

operating in the ICP independent zone. Such a device has been suggested 

(66) but has not yet been tested in human subjects.  

The ROC analysis of paper II implied that use of the pulsatility curve shows 

promise for prediction of outcome from shunt surgery in INPH. While the 

distance between the operating point and the ICP dependent zone showed 

similar predictive power to AMPr, which has previously been investigated for 

predictive power with the results suggesting lower negative than positive 

predictive power (27, 35), combining these parameters may help to improve 

prediction. While the absolute value of AMPr likely reveals something of the 

pulsatile stress the brain is exposed to, it does not take into account whether 

the shunt can reduce this stress, which is the idea behind using the 

pulsatility curve and operating point for prediction. The predictive 

parameter AMPmean, which was analysed in paper III, was empirically 

formulated by a Norwegian research team trying to achieve similar 

predictive accuracy using AMP analysis based on infusion data, as previously 

demonstrated using AMP assessment based on overnight ICP monitoring 

with intracranial sensors (37). The predictive results of AMPmean approached 

that of AMP form overnight monitoring, whereas AMPr produced less 

accurate results (35). The results of paper III clearly emphasize the relation 

between AMPmean and compliance, through the strong influence of the 

elastance coefficient k, which also affects the slope of the pulsatility curve. 

There will also be a large effect on AMPmean if the subject is operating in the 

ICP independent zone of the pulsatility curve at ICPr, as AMP will then not 
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increase at the beginning of the infusion, leading to a lower AMPmean value 

for the 10 minute infusion period. Based on the results of paper III AMPmean 

was interpreted as reflecting how much AMP varies with changes in the 

intracranial volumes, i.e. how AMP changes as ICP shifts on the pulsatility 

curve. A similar indication is likely provided by analysis of AMP during 

overnight monitoring, when intracranial volumes may vary naturally, e.g. 

due to arterial autoregulation, explaining why these two analyses have 

comparable predictive power (35).  

Most parameters used or investigated for outcome prediction in INPH share 

the feature of correctly identifying a subgroup of patients with potential for 

improvement, while showing little ability to distinguish the remaining 

improvers from non-improvers (77, 109). A previous study has shown that 

accuracy of prediction improved when combining PVI and Rout analysis, 

compared to using either parameter separately (61). Analysis of the 

pulsatility curve can be seen as a way of combining several aspects of CSF 

dynamics, thus possibly preventing potential improvers from being 

overlooked. Increased Rout, for example, is likely to shift the operating point 

higher on the pulsatility curve, as formation and absorption of CSF would 

balance each other at a higher ICPr. A high RPPC could in turn cause such a 

shift to have measureable impact on AMPr even if the change in Rout was 

small. Rout, AMP, and the elastance index, which is very similar to RPPC but 

based on diastolic rather than mean ICP, have all been used for prediction in 

INPH (8, 33, 75, 77). Additionally the RAP index, which describes how AMP 

correlates to ICP and thus should be low in the ICP independent zone and 

high in the ICP dependent zone of the pulsatility curve, has been suggested 

as potentially useful for outcome prediction (106). All these tests may in a 

sense be summarized using pulsatility curve analysis. Even a tap test can be 

interpreted as relating to the pulsatility curve, as removal of CSF reduces 

ICP, and may or may not reduce AMP depending on the location of the 

operating point. In other words the location of the operating point on the 

pulsatility curve also predicts whether a tap test will reduce AMP, and based 

on the results of paper II, potentially if the patient will temporarily improve 

from the CSF removal.  

Pathophysiology of INPH 
Paper V showed that of the investigated parameters describing cerebral 

blood flow and CSF flow in the aqueduct and at the cervical level, only 

parameters relating to pulsatility in the aqueduct flow showed significant 

differences between healthy elderly and INPH. Aqueduct SV, as well as 
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average total aqueduct flow were both significantly higher in INPH, though 

there was no significant difference in aqueduct net flow. In contradiction to 

previous studies (12, 87), aqueduct net flow was not found to be reversed in 

INPH, though there was a very large between-subject variation in this 

parameter. Likely, this variation contributed to the observed difference in 

average total aqueduct flow, as the use of the absolute values in the 

determination of this parameter means that both the magnitude of 

pulsatility and the magnitude of the net flow affect the value. Overall these 

results imply that flow in the aqueduct was more dynamic in INPH, 

including both higher pulsatility and potentially more slow variation, leading 

to the large observed variation in the net flow when measured over 

approximately 2 minutes with PC-MRI. 

The ventricular volume was naturally higher in INPH given that ventricular 

enlargement is a cardinal feature of the syndrome; in addition the aqueduct 

area was larger. Both of these findings may relate directly to that of increased 

pulsatility in the aqueduct flow, as an increased volume of CSF in the 

ventricles, as well as a reduced resistance to flow in the aqueduct, may lead 

to more CSF being flushed from the ventricles as the intracranial arteries 

expand (12). This may also account for the large variation on the net flow, as 

a slow change in the intracranial blood volume (e.g. due to autoregulation) 

would likely force more CSF from the ventricles if these are large, 

temporarily increasing the net flow. It is also possible, however, that the 

increased cardiac-related pulsatility in the aqueduct signifies an increased 

pulsatile pressure gradient between the intra and extra ventricular space that 

is part of the cause of the ventricular enlargement, rather than an effect of it. 

While most studies aimed at comparing the pressure in the ventricles and 

the subarachnoid space have thus far not detected a difference (38, 98), the 

occurrence of pulsatile flow through the aqueduct is in itself evidence that a 

local pulsatile pressure gradient exists. Potentially, an increase in this 

gradient, or asymmetry between the systolic and diastolic phase, may cause 

stress on the ventricular walls and periventricular brain parenchyma, leading 

to ventricular expansion. Reducing this pulsatile stress may then lead to 

improvement of the clinical symptoms, as suggested by paper II. 

Though paper V suggested a trend towards higher pulsatility in CBF in 

INPH (table 9), and lower diastolic ICA flow in INPH, net CBF did not differ 

between INPH and healthy elderly. The entire mean difference in net CBF 

stemmed from a difference in the ICA flow, suggesting that any reduction in 

blood flow mostly affected the anterior circulation during diastole. That net 
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CBF was not reduced is in contradiction to several previous studies, based on 

both PC-MRI measurements of arterial flow (12, 13), and PET measurements 

of total brain perfusion (85). However, a previous study has also identified a 

fraction of INPH subjects with high net CBF, possibly due to a smaller degree 

of brain atrophy (15). This is in agreement with the distribution of net CBF in 

the INPH subjects of paper V, where the peak was at low net CBF (though 

still in the normal range), but values were observed up to the highest net 

CBF of the healthy elderly subjects.  

No difference in the delay of the venous or cervical CSF flow waveform was 

found between INPH and healthy elderly (paper V). Earlier PC-MRI studies 

have shown reduction of these delays in INPH, which is interpreted as a sign 

of reduced compliance (12, 13, 97). The magnitude of the values seems to 

suggest that the difference between paper V and the earlier studies may be in 

the estimates for the healthy elderly population rather than the INPH 

subjects. As the healthy elderly population of paper V was larger than those 

of previous studies, this may suggest that the present result is more reliable. 

For paper V a slightly different methodology for assessing the delay was 

employed, chosen after evaluation of several methods as the most robust for 

large inter-subject variation in the flow waveforms, but none of the evaluated 

methods produced significant differences between the groups. Based on the 

findings of papers I and II, a large variation of compliance may be 

expected in INPH, as a large variation in the location of the operating point 

on the pulsatility curve was found. The pulsatility curve illustrates the 

compliance in relation to the subject’s own maximum value however, 

whereas flow delay likely reflects an absolute value, similarly to AMPr. Thus, 

paper V suggests that the absolute value of compliance probably does not 

differ in healthy elderly and INPH, but a comparison of the pulsatility curve 

and operating point between the populations may provide more information 

about potential differences in the overall state of compliance.  

No differences were found in CBF SV (ΔV), arteriovenous SV, or intracranial 

SV (paper V). CBF SV is interpreted as the same arterial volume change (ΔV) 

included in RPPC, i.e. the one that contributes to AMP. Thus, if there is 

increased AMP in INPH, as has been suggested (45), this should not stem 

from an increase in the arterial input. However, with normal flow delays in 

INPH in paper V indicating normal compliance, neither should AMP 

increase be caused by reduced compliance. Thus, additional study may 

contradict the suggested AMP increase, or potentially INPH may consist of 

two subgroups: one with increased intracranial arterial pulsatility, and one 
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with reduced compliance. Both of these changes would lead to increased 

AMP, which should correspond to larger pulsatile stress on the brain, a 

suggested cause of INPH (14, 54). Alternatively, redistributed pulsatility in 

the intracranial space has also been suggested as a cause of INPH (32). This 

is not contradicted by the results of paper V, as all flow pulsatility except that 

in the aqueduct was measured at the inlet/outlet of the intracranial space. It 

can thus not be determined if the pulsatility travels farther in the arterial 

tree, perhaps even into the capillaries, in INPH compared to healthy elderly. 

The increase of aqueduct flow pulsatility, without corresponding changes in 

the other flows, does suggest that at least the CSF pulsatility is redistributed. 

The increased volume of CSF expelled from the ventricles, without increased 

flow to the spinal compartment, must indicate additional alterations in the 

intracranial CSF flows, likely in the intracranial subarachnoid space. This is 

likely related to the redistribution of CSF volume in INPH where the 

ventricles are enlarged, but the CSF volume at the high convexities of the 

intracranial subarachnoid space is reduced (111). Whether the redistribution 

of CSF flow is a cause or an effect of the ventricular enlargement in INPH, 

however, remains to be clarified.  

All the flow parameters investigated in paper V showed considerable 

overlap between INPH and healthy elderly, often with larger variation in 

INPH. This finding illustrates one of the more difficult issues of INPH 

research, i.e. the most appropriate way to select a representative study 

population. Generally the INPH population is heterogeneous in both the 

clinical findings and the CSF dynamics. This presents the problem of 

whether the best research approach is to select only the most typical 

patients, or those who improve from treatment, where differences and effects 

may be easier to identify, or to use a more generous selection that better 

reflects the clinical reality, but may inadvertently include patients who have 

been misdiagnosed or those where multiple conditions coexist that might 

affect the results. In paper V the choice was made to follow the INPH 

guidelines as closely as possible, regardless of predictive test results or 

whether subjects were shunted, in order to get a reproducible selection of 

subjects. Thus, the results are most useful for describing the state of the 

general INPH population, and for planning of future studies on the INPH 

pathophysiology, and not for prediction of shunt surgery outcome. 

Extension of the mathematical model of CSF dynamics 
The extension of the Marmarou model with a zone of constant compliance 

below a certain ICP was first suggested several decades ago (100), but has 
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not previously been properly investigated, and thus not fully accepted. 

Previous publications have mentioned that the ICP independent zone can be 

detected in the infusion investigation data of a relatively small fraction of 

patients, but the results of paper I (figure 14-15) suggest that up to half of 

all INPH subjects may be operating in or near the ICP independent zone at 

rest/baseline. Thus, accounting for this zone in the CSF dynamic analysis of 

infusion tests may be crucial for a substantial number of INPH subjects. If, 

for example, an ICP curve fitting approach is taken for the data of a CFI 

protocol in order to determine Rout, including data in the ICP independent 

zone entails fitting data to a model that does not apply, and may significantly 

affect the estimated Rout value. In the later studies of this thesis, care was 

taken not to include data in the constant compliance zone in calculations 

based on the assumption of ICP dependent compliance. The exception was 

the calculation of AMPmean in paper III, which was always based on the first 

10 minutes of constant flow infusion, according to the definition of the 

parameter. The effect of this could be seen in the results, where the 

theoretically derived expression for AMPmean was less accurate for the two 

individuals where the Marmarou model was not applicable for all data than 

for the overall group. The inclusion of the extension of the mathematical 

model also becomes necessary for analysing the effects of shunt surgery on 

CSF dynamics, since shunted subjects generally have low ICP, as observed in 

paper II (table 5).  

Modelling of postural and hydrostatic effects on ICP 
Of the three models evaluated in paper IV only the one based on Davson’s 

equation with hydrostatic gradients affected by venous collapse (model 3) 

accurately described postural effects on ICP. This model closely followed the 

measured ICP on the group level, and the residuals of the individual fittings 

did not differ with tilt angle, which implies that there was no significant lack-

of-fit. Furthermore, the estimated Lcollapse, LHIPvein, and PHIPvein of this model 

corresponded well to expected values for collapse of the internal jugular 

veins (IJVs) (104), the location of HIPvein (49), and central venous pressure 

(48), which should be essentially equal to PHIPvein in the supine position.  

Both the model based on a hydrostatic indifference point for the CSF system 

(HIPCSF, model 1) and the model based on Davson’s equation without effects 

from venous collapse in upright position (model 2) showed significant lack-

of-fit. While it may be argued that both of these models would have produced 

smaller residuals with different procedures for estimating LHIPCSF and 

LHIPvein, the observed lack-of-fit would still apply, as the overall shape would 
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not be altered. In fact, both of these models represent a sinusoidal 

relationship between tilt angle and ICP, which is in contradiction both to the 

measured ICP of paper IV and a previous study (17). Model 2 also predicted 

a much larger change in Pd than shown by a previous study of venous 

pressure in the confluence sinuum (connection between the sagittal, straight, 

and occipital sinus) (58), which was close to the Pd change predicted by 

model 3. While a HIPCSF can always be found when comparing only two body 

positions, using this concept for prediction of ICP in intermediate body 

positions was not feasible. 

Though model 3 uses Davson’s equation to describe how hydrostatic 

gradients in the venous system are transferred to the ICP, the basic 

physiological interpretation of that equation is that ICP is regulated to a level 

where absorption of CSF (the ratio of the pressure gradient to the dural 

venous sinus and Rout) balances If, along with any external volume change. 

Change of ICP through absorption of CSF, or through production of new CSF 

that is not absorbed, is however a slower process than the change observed 

with body position in paper IV. While the venous system is fully 

communicating the venous and CSF system should remain in balance, but 

when venous collapse occurs and potentially forms a separate hydrostatic 

compartment above the collapsed segment this equilibrium is likely altered. 

An additional mechanism for immediate transference of the changes in 

intracranial venous pressure to the ICP is then probably needed to fully 

explain the physiology of the postural effects on ICP, though Davson’s 

equation seems sufficient to explain it mathematically. This mechanism may 

include changes in the intracranial volume of venous blood, though further 

research is needed to establish this theory.  

The idea of venous collapse governing the hydrostatic pressure gradients to 

the dural venous sinus is not new (48), and matches invasive pressure 

measurements in the IJVs (30) and confluence sinuum (58). Nonetheless, it 

may seem counterintuitive, as the blood flowing into the intracranial space 

must naturally return to the heart even in upright position, implying an open 

system. This seeming contradiction could be explained by the collapsible 

segment of the IJVs functioning similarly to a pressure valve, opening and 

closing to regulate pressure around a certain level. While venous outflow has 

been demonstrated to increase in alternative pathways to the IJVs in upright 

position, thus maintaining an open venous system, flow in the IJVs is 

generally not zero (2, 104). The alternative pathways, e.g. the cerebral 

venous plexus, likely have higher resistance to flow, explaining why the IJVs 
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dominate blood flow in the supine position. Thus, intracranial venous 

pressure will increase somewhat in order to maintain flow when the IJVs are 

collapsed. This pressure increase also applies to the IJVs, which should open 

as soon as pressure exceeds ambient pressure (zero) and re-establish flow 

through this pathway. With re-established flow pressure will then decrease 

again, and the venous segment collapse once more. In this fashion 

hydrostatic pressure gradients from HIPvein and pressure gradients related to 

resistance to venous outflow should balance each other, and pressure at the 

top of the collapsed venous segment should fluctuate around zero. This 

location should then remain the reference point for hydrostatic gradients in 

the intracranial veins, for any body position where a segment of the IJV is 

collapsed. 

Future research  
The newly defined model of postural effects on ICP that was proved to be 

viable for prediction of ICP at different tilt angles in paper IV shows 

promise for further research advances, and the methodology clearly 

demonstrated the feasibility of studying ICP in an upright position. Plans 

have been initiated for a study including ICP measurement in several body 

positions with simultaneous assessment of IJV area and flow, and ideally 

venous pressure, to confirm the validity of the interpretation that venous 

hydrostatic gradients, affected by venous collapse, are transferred to ICP.  

The predictive results of the pulsatility curve analysis in paper II were 

promising, but it is important to note that the group of non-improvers was 

small and that all subjects were selected for shunt surgery based on the 

current practice at our Neurological department, which includes evaluation 

of Rout and tap test in addition to the clinical picture. Thus, these results 

should be confirmed in a larger, prospective study. While a prospective study 

has not yet been initiated, pulsatility curve analysis is in the process of being 

incorporated in the current INPH infusion protocol at the department. The 

new infusion protocol (figure 21) incorporates the pulsatility curve with Rout 

estimation based on a newly developed system identification approach (4), 

and a tap test, shortening the investigation time while presenting a more 

complete picture of the CSF dynamics. The hope is that by assessing several 

aspects of CSF dynamics the risk of overlooking subjects with potential for 

improvement from shunt surgery will decrease. In a large prospective study, 

it would also be useful to evaluate the pulsatility curve analysis using 

intracranial ICP sensors, as the results may be clearer when the influence of 

pulse dampening in the spinal compartment and the risk of measurement 
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issues due to poor needle positioning is removed. Another option, or ideally 

a supplementary analysis, would be to evaluate whether more robust 

assessment of ICP pulsatility, similar to that achieved with intracranial 

sensors, may be achieved by placing the subject in an upright position when 

measuring ICP via lumbar puncture. Mean ICP measured in upright position 

may also prove a more useful indicator of an INPH patient’s actual status, 

and the recommended body position for clinical ICP evaluation may need to 

be revised. Assessing ICP in both supine and upright position would allow 

for evaluation of whether changes in ICP relating to postural effects, and 

thus venous pressure or IJV collapsibility, may relate to the pathophysiology 

of INPH. 

 

Figure 21. The new infusion protocol includes pulsatility curve analysis, estimation 

of Rout, and a tap test (grey: simulated ICP, black: pressure regulation levels). 
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Conclusion 
This thesis confirmed that the relationship between ICP and AMP, which 

was designated the pulsatility curve, is linear at higher ICP, the ICP 

dependent zone, and established that it was essentially constant at lower 

ICP, the ICP independent zone. It was shown that INPH subjects may 

operate at different positions along the pulsatility curve, i.e. their baseline 

values of ICP and AMP (the operating point) may be in either the ICP 

dependent or independent zone. The concept of using the pulsatility curve 

and operating point to predict outcome from shunt surgery was introduced 

and evaluated with promising results. It was found that the pulsatility curve 

was not altered by shunt surgery, while the operating point was shifted along 

the curve towards lower values. The patients that improved in gait after 

surgery experienced larger AMP reduction, while ICP change was similar, 

suggesting that the difference between improvers and non-improvers may be 

the preoperative location of the operating point on the pulsatility curve. This 

location describes the state of craniospinal compliance, which was also 

shown to be an important factor for the predictive parameter AMPmean. 

Introduction of pulsatility curve analysis provided a new tool for CSF 

dynamic analysis, which can be used to describe common aspects of several 

currently used predictive tests, and may offer an improved approach to 

outcome prediction in INPH.  

A new model describing postural effects on ICP was introduced. The model 

used Davson’s equation for CSF absorption to describe how hydrostatic 

pressure gradients in the venous system were transferred to the ICP, 

including effects from venous collapse in upright position. This description 

was proved feasible by evaluation against clinical data, whereas the 

previously established concept of a hydrostatic indifference point for the CSF 

system was proved to not fully describe the postural effects on ICP. 

Finally, it was confirmed that aqueductal CSF flow was significantly different 

in INPH compared to healthy elderly, whereas cerebral blood flow and 

cervical CSF flow were similar in both groups. Parameters describing 

pulsatility in aqueduct flow were increased in INPH, but while the net flow 

showed larger variation in INPH, the mean net flow was normal. 

In conclusion, this thesis made advancements in the modelling of ICP and 

CSF dynamics, and emphasized the importance of studying ICP pulsatility 

and compliance in order to better understand the pathophysiology and 

treatment of INPH. 
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