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Abstract 

Patients with idiopathic normal pressure hydrocephalus (INPH) have a disturbance in 

the cerebrospinal fluid (CSF) system. The treatment is neurosurgical – a shunt is placed 

in the CSF system. The infusion test is used to assess CSF system dynamics and to aid 

in the selection of patients that will benefit from shunt surgery. The infusion test can be 

divided into three parts: a mathematical model, an infusion protocol and a parameter 

estimation method. A non-linear differential equation is used to mathematically 

describe the CSF system, where two important parameters are the outflow conductance 

(Cout) and the Pressure Volume Index (PVI). These are used both for clinical and 

research purposes. The analysis methods for the non-linear CSF system have limited 

the infusion protocols of presently used infusion investigations. They come with 

disadvantages such as long investigation time, no estimation of PVI and no measure of 

the reliability of the estimates. 

 

The aim of this dissertation was to develop and evaluate novel methods for infusion 

protocols, mathematical modelling and parameter estimation methods for assessment 

of CSF system dynamics. 

 

The infusion protocols and parameter estimation methods in current use, constant 

pressure infusion (CPI), constant infusion and bolus infusion, were investigated. The 

estimates of Cout were compared, both on an experimental set-up and on 20 INPH 

patients. The results showed that the bolus method produced a significantly higher Cout 

than the other methods. The study suggested a method with continuous infusion for 

estimating Cout and emphasized that standardization of Cout measurement is necessary. 

The non-linear model of the CSF system was further developed. The ability to 

model physiological variations that affect the CSF system was incorporated into the 

model and it was transformed into a linear time-invariant system. This enabled the use 

of methods developed for identification of such systems. The underlying model for 

CSF absorption was discussed and the effect of baseline resting pressure (Pr) in the 

analysis on the estimation of Cout was explored using two different analyses, with and 

without Pr. 

A novel infusion protocol with an oscillating pressure pattern was introduced. This 

protocol was theoretically better suited for the CSF system characteristics. Three new 

parameter estimation methods were developed. The adaptive observer was developed 

from the original non-linear model of the CSF system and estimated Cout in real time. 
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The prediction error method (PEM) and the robust simulation error (RSE) method 

were based on the transformed linear system, and they estimated both Cout and PVI 

with confidence intervals in real time. Both the oscillating pressure pattern and the 

reference CPI protocol were performed on an experimental set-up of the CSF system 

and on 47 hydrocephalus patients. The parameter estimation methods were applied to 

the data, and the RSE method produced estimates of Cout that were in good agreement 

with the reference method and allowed for an individualized and considerably reduced 

investigation time.  

 

In summary, current methods have been investigated and a novel approach for 

assessment of CSF system dynamics has been presented. The Oscillating Pressure 

Infusion method, which includes a new infusion protocol, a further developed 

mathematical model and new parameter estimation methods has resulted in an 

improved way to perform infusion investigations and should be used when assessing 

CSF system dynamics. The advantages of the new approach are the pressure-regulated 

infusion protocol, simultaneous estimation of Cout and PVI and estimates of reliability 

that allow for an individualized investigation time. 
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Abbreviations 
 

ARX autoregressive exogenous input  

ARMAX autoregressive, moving average exogenous input 

BJ box-jenkins  

B-waves intracranial pressure waves 

Cout outflow conductance 

CPI constant pressure infusion 

CSF cerebrospinal fluid  

CT computed tomography 

INPH idiopathic normal pressure hydrocephalus 

Ia rate of absorption  

Iext rate of external infusion  

If rate of formation   

Iphys rate of volume changes caused by vasomotion  

Is rate of change of fluid stored in the system 

k elastance coefficient  

LTI linear time-invariant 

MRI magnetic resonance imaging 

MSE mean square error 

NPH normal pressure hydrocephalus 

OPI oscillating pressure infusion 

Pic intracranial pressure  

Pr resting pressure  

P0 reference pressure parameter  

PEM prediction error method   

PVI pressure volume index  

Rout outflow resistance  

RSE robust simulation error   
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Introduction 
 

The cerebrospinal fluid (CSF) is produced in the ventricles, flows through the 

ventricular system, surrounds the brain and spinal cord, and is absorbed to the venous 

blood. It reduces the effective weight of the brain, physically protects the brain, and 

removes metabolic by-products1. A disturbance in the CSF system can cause a 

neurological disorder known as idiopathic normal pressure hydrocephalus (INPH)2. 

This disorder mostly affects elderly patients and is characterized by dilated ventricles of 

the brain with clinical symptoms of gait and balance disturbances, dementia and 

incontinence3. To improve patients with INPH, a CSF shunt system is surgically 

implanted4-8. When CSF is diverted to the abdominal cavity, the CSF system dynamics 

are changed, and approximately three quarters of the patients improve5-7. 

To assess the CSF system dynamics, an infusion test can be performed9. The process 

can be divided into three parts: 

 

• Mathematical model  

• Infusion protocol 

• Parameter estimation method 

 

For most infusion tests, there is one particular mathematical model of the CSF 

system that is used10,11. Two important parameters are used for research and clinical 

purposes. One is the outflow conductance (Cout) that describes the ease of flow across 

the CSF outflow pathways9,12. The other is the elastance coefficient (k), which is related 

to the Pressure Volume Index (PVI) that describes the pressure-volume curve of the 

system13. During the infusion test, two needles are placed in the lumbar subarachnoid 

space. One needle is used for measurement of the intracranial pressure (Pic), which is 

manipulated via the infusion or withdrawal of Ringer solution through the other needle, 

as determined by the infusion protocol. The parameters are estimated with different 

analysis methods, using the selected mathematical model together with the obtained 

pressure and flow data. 

 

This dissertation explores the three aspects for assessment of CSF system dynamics: 

a novel infusion protocol is introduced, the mathematical model is further developed, 

and both current and new parameter estimation methods are investigated. 
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The cerebrospinal fluid system 

The French physiologist Magendie is credited for giving the cerebrospinal fluid its 

name14. It is a clear and colourless fluid that consists of 99% water. The brain and 

spinal cord are contained in a cavity with a volume of approximately 1500 ml. The 

mean intracranial volume of CSF has been measured to 195 ml using magnetic 

resonance imaging (MRI)15, and the mean spinal subarachnoid CSF volume to 81 ml16. 

There are several advantages with a fluid compartment within and around the brain and 

spinal cord. The average human brain weighs 1500 g, but when suspended in CSF the 

effective weight is only 50 g. The CSF acts as a cushion, protects the brain physically 

and removes metabolic by-products1. The CSF system is illustrated in Figure 1. 

The craniospinal compartment contains three components: brain tissue, CSF and 

blood (arterial and venous). According to the Monroe-Kellie doctrine, the cranium is a 

rigid box filled with a nearly incompressible brain, making the total cranial volume 

unchanged14, i.e. when one of these components increases in volume, another part 

must compensate and decrease in volume. The current belief is that the craniospinal 

cavity is stiff but with a slightly distensible lumbar sac. Thus, when the arteries pulsate 

due to the heartbeats and increase in volume, CSF is redistributed. The displacement of 

CSF distends the lumbar sac and compresses the veins, e.g. cerebral bridging veins. 

These are thought to be the main sources of the CSF system’s compliance17. Studies in 

cats and humans have found that one third of the total craniospinal compliance is 

found within the spinal compartment and two thirds within the intracranial 

compartment18,19.  

The intracranial pressure is affected by physiological pressure variations. These come 

from multiple sources. The pulsating heart and the respiratory movement will affect the 

intracranial pressure through arterial volume changes and venous pressure changes, 

respectively. Two other typical patterns observed in intracranial pressure measurements 

are A-waves, or plateau waves, and B-waves, which are slow, rhythmic oscillations in 

pressure with time periods of 0.5-2 minutes20. The origin of the A- and B-waves is not 

fully understood but it is thought to be related to slow arterial volume changes21. 

CSF is secreted continuously by the choroid plexus22, which has an extensive blood 

supply and is found in all ventricles14. Apart from the choroid plexus, there is evidence 

for extrachoroidal formation of CSF23,24, but the relative contribution of these other 

formation sites is still unknown1. The formation rate of CSF tends to remain constant25 

at 6-7 µl/s (0.36-0.42 ml/min)26,27. 
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Figure 1. The cerebrospinal fluid system. Illustration by A Wåhlin. 

 

CSF circulates in the ventricular system that consists of four fluid-filled ventricles, 

which are connected to each other. The lateral ventricles connect to the third ventricle 

via the foramen of Monro. The fluid then passes through the aqueduct of Sylvius, and 

enters the fourth ventricle. From there, the CSF enters the subarachnoid space, which 

surrounds the brain and spinal cord, via the midline foramen of Magendie and the 

bilateral foramina of Luschka. CSF is reabsorbed from the subarachnoid space through 

various exit pathways but the main absorption is thought to be to the venous blood via 

the arachnoid granulations and arachnoid villi1. The flow across the villi is 

unidirectional, i.e. it only flows from the subarachnoidal side to the venous side28. The 

rate of absorption equals the rate of formation at steady state in normal individuals14. 

Alternative absorption sites that have been suggested include the spinal area26 and the 

choroid plexus29,30. It is also believed that the CSF flows along the cranial nerves and 

spinal nerve roots after which it can enter the lymphatic channels31-33. 
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Idiopathic normal pressure hydrocephalus 

Hydrocephalus is divided into two categories, communicating and non-communicating 

hydrocephalus34. In the former, there is an obstruction somewhere within the 

ventricular system, e.g. a stenosis or tumor. In the latter, there is communication 

between the subarachnoid space and the ventricular system, and the cause is less 

obvious. Hakim and Adams were the first to coin the phrase Normal Pressure 

Hydrocephalus (NPH) in the 1960s35-37. They described a syndrome in which patients 

had enlarged ventricles with non-elevated intracranial pressure and a clinical triad of 

gait disturbances, dementia and incontinence. There are two main groups of NPH: 

secondary and idiopathic (INPH). For the first there is a known cause, e.g. previous 

subarachnoid hemorrhage or traumatic brain injury, but there is no clear cause for the 

idiopathic group. With INPH, the challenge is to diagnose the patients and to predict 

which patients who will benefit from shunt surgery.  

The epidemiology of INPH is largely unknown. INPH affects elderly people with a 

mean age around 70 years of age34. Recent papers have suggested a larger prevalence of 

INPH than was previously suspected. In a Norwegian population, a minimum estimate 

of the prevalence of 21.9⁄100,000 inhabitants and an incidence of 5.5⁄100,000⁄year was 

found38. Among residents of assisted-living and extended-care facilities in USA, the 

estimated incidence of suspected INPH in a retrospective survey ranged from 9 to 

14%39. 

The pathophysiology of INPH is still not fully understood. This dissertation has 

focused on the measurement and characterization of the CSF system dynamics. The 

hydrodynamic properties of the CSF system are clearly important. This fact is 

supported by the finding of low Cout in patients40-42 and that the shunt, which increases 

Cout, improves the patients7,8. Apart from the disturbed CSF dynamics, INPH is 

probably the effect of a cerebrovascular disease34,43. There is a complex interaction 

between the vascular disease and altered hydrodynamics, which mainly affect the 

periventricular deep white matter. However, the exact relation and characteristic of 

each explanation are still unclear44. Other theories for the pathophysiology include a 

spinal aetiology45, non-symptomatic congenital hydrocephalus that becomes 

symptomatic with increasing age, associated to enlarged head circumference46, 

mechanical compression of the brain by the ventricles47, and increased intracranial 

pressure amplitudes of the arterial pulsations leading to secondary damage to the 

periventricular region48-50.  

Diagnostic tests are used for two purposes – to support the diagnosis of INPH and 

to decide if a patient will benefit from treatment. Several diagnostic tests exists, the 

main one being computed tomography (CT) or magnetic resonance imaging (MRI) to 
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determine whether the ventricles are enlarged3. Other tests include clinical assessment 

of motor function and neuropsychological assessment3. To further increase the 

diagnostic and prognostic value, supplementary tests are used9. There are three tests 

that are recommended by the INPH guidelines. The infusion test is used to assess CSF 

system dynamics. The other two are the tap-test and the extended lumbar drainage51,52. 

They are used for simulating the effect of a shunt by withdrawing CSF and then 

assessing changes in clinical performance.  

 Patients with INPH are treated neurosurgically by implanting a CSF shunt. The CSF 

shunt system includes a valve, a proximal tube inserted into a ventricle, and a distal 

tube, which is usually placed in the abdominal cavity. The shunt alters the 

hydrodynamics of the CSF system by diverting fluid from the ventricular system to the 

abdomen5-8. Postoperatively, Cout plays an important role when assessing whether or 

not the implanted shunt is working correctly53-55. In a study performed in Sweden, the 

annual incidence of surgery for INPH was found to be 0.9 per 100,000 adults56. Based 

on the incidence numbers38,39 as previously stated, these studies suggests that only 

about one fifth of all INPH patients are treated with a shunt despite that approximately 

three quarters improve5-7. A major challenge for research in INPH is to increase these 

numbers with better diagnostic and predictive methods. 

 

A mathematical model of the CSF system 

To assess the CSF system dynamics, a mathematical model of the CSF system is 

needed. All infusion tests in this dissertation were based on the particular model of the 

CSF system that was first presented by Marmarou10 and then further developed by 

Avezaat and Eindhoven11. It assumes a lumped model and a spatially invariant pressure. 

Another assumption is that there is conservation of CSF. This means that the total rate 

of formation of CSF (If) and rate of a possible external infusion (Iext) is equal to the rate 

of absorption of CSF (Ia) and rate of change of fluid stored in the system (Is). Thus, 

 

f ext a s .I I I I+ = +   (1) 

 

The well established model of CSF absorption was presented by Davson57. The 

nature of drainage to the venous blood is assumed to be linear, i.e. the rate of 

absorption is proportional to the pressure-gradient between the CSF side of the 

granulation (Pic) and the dural sinus side (Pd). The proportionality coefficient is the 

outflow conductance (Cout) or its reciprocal, the outflow resistance (Rout). Accordingly, 

it is assumed to be pressure independent27,58,59. The Cout is a physiological parameter of 
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the filtration process and describes the ease of flow across the CSF outflow pathways 

while Rout depicts the resistance to flow. The model for the CSF absorption is written 

as: 

 

( ) ic d
a ic d out

out

.
P P

I P P C
R
−

= − =   (2) 

 

In steady state conditions the formation rate is equal to the absorption rate. 

Combining equation (1) and (2), the intracranial pressure at this state is defined as the 

resting pressure Pr. 

 

f
r d

out

.
I

P P
C

= +    (3) 

 

For analysis of data from infusion investigations, it is assumed that both Pd and If 

can be approximated as constants. Thus, Pr is assumed to be a constant. 

Another component of the CSF system is its compliance. By definition, compliance 

is the ratio of volume and pressure change, dV/dPic, i.e. it is a description of how the 

system is affected by a change in volume or pressure. A mono-exponential function 

(Figure 2) is used to describe the pressure-volume relationship10,60: 

 

ic r ,kVP P e=    (4) 

 

where k is the patient specific elastance coefficient (assumed constant).  

This was later extended with the term P0 that causes a shift of the pressure-volume 

curve along the pressure axis11. This was initially for mathematical reasons, without any 

physiological concept61, but it has afterwards been linked to the physiological 

mechanisms governing equilibrium pressure62, relation to pressure in the venous 

system60, and changes in body position63. With P0 included, the pressure-volume 

relationship is written as: 

 

ic 1 0 .
kVP P e P= +    (5) 

 

Thus, the compliance of the lumped parameter model of the CSF system can be  
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Figure 2. The pressure-volume curve. The exponential relationship between change in pressure (∆Pic) and 
volume (∆V) is shown. At higher pressure levels, the same volume variation will produce a much larger 
pressure variation than at lower pressure levels. 

 

written as: 

 

  
ic ic 0

1
.

( )
dV
dP k P P

=
−

  (6) 

 

Instead of using the elastance coefficient to quantify the compliance, the term 

Pressure Volume Index (PVI) is often used. It is the amount of fluid that is needed to 

raise the pressure by a factor of 10. The exponential pressure-volume curve is plotted 

with a logarithmic pressure axis versus volume, and the slope of the resulting straight 

line is defined as PVI10. If the pressure starts at Pstart, and the infused volume ∆V 

changes the pressure to Pp, then PVI is given by: 

  

p
10

start

PVI .

log

V
P

P

Δ
=

⎛ ⎞
⎜ ⎟
⎝ ⎠

  (7) 

 

It is related to the elastance coefficient by the following equation: 

 
1

PVI .
0.4343k

=   (8) 
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The non-linear model of the CSF system 

The pressure change with time can be written as: 

 
( )( )ic ic .

dP V t dP dV

dt dV dt
=   (9) 

 

With the compliance term modeled as in equation (6), equation (9) can be written as: 

 

 ( )ic
ic 0 .

dP dV
k P P

dt dt
= −   (10) 

 

It is assumed that the only variation in volume is on the CSF side, thus dV/dt is 

described by Is. With the assumption of conservation of fluid, equation (1), equation 

(10) can be rewritten as: 

 

( )( )ic
ic 0 f aext .

dP
k P P I I

dt
I= −− +   (11) 

 

The expression inside the parentheses can be rewritten using equation (3), i.e. Pr is 

inserted in the equation, and together with the absorption model, equation (2), Pd can 

be removed and the final differential equation becomes: 

  

( ) ( )( )ic
ic 0 ext out ic r .

dP
k P P I C P P

dt
= − − −  (12) 

 

This is the non-linear mathematical model of the CSF system10,11. It describes how 

Pic varies with time, depending on patient-specific parameters. 

 

The infusion test 

The infusion test is used to assess the hydrodynamic properties of the CSF system9. 

Two needles are placed in the lumbar subarachnoid space, i.e. the CSF system. One 

needle is used for infusion or withdrawal of Ringer solution (artificial CSF). Via the 

infusion, the CSF system is manipulated and the corresponding pressure response is 

measured with the other needle. With the relationship between input/output data, i.e. 

flow and pressure, and a mathematical model of the CSF system, the hydrodynamic 
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properties can be characterized by estimating the parameters of the system, e.g. Cout and 

PVI. 

For most infusion tests that are perfomed today, it is the lumped-parameter model 

of the CSF system, equation (12), which is used10,11. For these, three different infusion 

tests are used, i.e. they use different infusion protocols and parameter estimation 

methods. The infusion can be either passive, with a pre-set infusion rate, or active, with 

pressure regulation via a controller. The first approach was used when the constant 

infusion method was introduced in 1970 by Katzman and Hussey64, where the step 

response of the system is studied. That analysis method uses a steady state approach 

that analyses the static properties of the system. The constant infusion method is 

probably the most widely used method due to its relative simplicity, both in regard to 

hardware requirements for the infusion protocol, and to the parameter estimation 

method that is used. The analysis was further developed by Czosnyka et al. that enabled 

a computerized analysis of the dynamic properties of the system65. Another method, 

the bolus infusion, was introduced by Marmarou in 1978, and it investigates the 

impulse response of the system10.  

The second approach to the infusion test, in which a reference pressure is defined 

that regulates the infusion, is used for the constant pressure infusion (CPI) method. It 

was introduced in the late seventies by Ekstedt and Friden27,59,66, where elevated 

constant pressure levels were achieved via pressure regulation. This method has since 

been further developed with improvements in hardware and analysis methods leading 

to a highly standardized infusion apparatus67 that has been commercialized. 

An advantage of the infusion test is the objective assessment of the results, and that 

the results are independent on the performance of the patient and/or investigator. 

However, this makes it important that the produced estimates are reliable and can be 

interpreted accurately. The different analysis methods are based on the same 

mathematical model, but differ in their use of the baseline resting pressure. Published 

results indicate that the analysis method has an effect on the estimated Cout68. Another 

challenge with an infusion test is that the frequency, regularity, and amplitude of the 

physiological variations that affect the intracranial pressure will vary between patients. 

A shortcoming of the model is the fact that it does not model these variations. They are 

patient-specific and will affect the accuracy of the individual patient’s investigation69. A 

patient with smaller variations will produce more reliable estimates during a shorter 

investigation time than a patient with larger variations. 

Another problem with current methods is that the steady state methods have been 

suspected to produce different estimates for Cout as compared to the bolus infusion  
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method. This has generated different cut-off values for selecting patients who would 

benefit from shunting9,70-72. Still another problem is that the analysis methods and 

infusion protocols have been restricted which has led to limitations. These include the 

length of the investigation time, no estimation of PVI, and the accuracy and estimates 

of reliability for the parameters. To achieve sufficient quality for the estimated 

parameters with an individualized investigation time for each patient, the infusion test 

should provide real time estimates of both parameters together with estimates of 

reliability. This would be beneficial for the patient and decrease costs for the health care 

system. 
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Aims 

The general aim of this dissertation was to develop and evaluate new and improved 

methods for assessment of CSF system dynamics with respect to infusion protocol, 

mathematical modelling, and parameter estimation methods. 

 

The specific aims were: 

To compare current infusion protocols and their parameter estimation methods, and to 

investigate whether Cout, as determined by steady state infusion methods, differs from 

that determined by the bolus infusion method. 

To investigate how the use of baseline resting pressure in the analysis influences the 

estimate of Cout. 

To further develop the non-linear mathematical model of the CSF system. 

To propose a new infusion method that includes an infusion protocol better suited for 

the CSF system characteristics, and new parameter estimation methods for real time 

estimation of Cout and PVI with estimates of reliability. 

To evaluate the new method, both on an experimental set-up and in a clinical trial. 
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Materials and methods 

The investigations were performed with an infusion apparatus73 on both an 

experimental set-up and patients. All data were collected during the investigations and 

analysed afterwards using Matlab® (The Mathworks, Inc., Boston, MA, USA) with the 

System Identification Toolbox. The difference between methods was denoted ∆Cout 

(new method – reference method). Results are given as mean±standard deviation (SD). 

Pearson’s correlation coefficient was used for correlation analysis. The Bland Altman 

method74 and the paired t-test were used to compare estimated parameters, and p<0.05 

was considered statistically significant.  

 

Infusion apparatus 

The infusion apparatus (Figure 3) was developed in-house73. It was personal computer–

based and included an electronic control unit, two disposable pressure transducers 

(PMSET 1TNF-R, BD Critical Care Systems Pte Ltd, Singapore), a peristaltic pump 

(Reglo-Analog-E, MS/CA1-E/12-160, Ismatec, Switzerland), and a set of tubing. Data 

were collected at 100 Hz sampling rate and resampled to 1 Hz.  

The electronic control unit included amplifiers for the pressure signal. In Papers I, 

III and V, consecutive measurements with two or three different infusion protocols 

were used. To accommodate for this, additional algorithms were developed in 

LabView. For the new infusion protocol (Papers III and V), a new proportional-plus-

integral controller was used. It was designed for a linearized system, and applied to the 

non-linear system using a technique known as exact feedback linearization75. 

 

Experimental set-up 

To be able to test new infusion protocols and parameter estimation methods, an 

experimental set-up of the CSF system was used (Figure 4). The set-up consisted of a 

cavity formed in polymethylmethacrylate. The shape of the cavity produced the 

compliance of the set-up, i.e. at lower pressures a large added volume is needed to raise 

the pressure, while at higher pressures, a smaller volume is needed to raise the pressure 

an equal amount (see Figure 2). PVI was set to 25.9 ml by design73. Before Paper III, 

careful measurements were made that yielded a PVI of 25.5 ml. By using an outflow to  
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Figure 3. The infusion apparatus. Illustration by K Henje. 

 

a container with continuous overflow, Pr was set to 1.56 kPa13. The Cout was simulated 

through the use of five to seven T304 stainless steel pipes (Papers I-III) with different 

Cout. These were connected to the cavity and the overflow container. Six repeated 

investigations were performed on each pipe. 

To produce physiological pressure variations, e.g. breathing and B-waves, in the set-

up, a separate pump was used. To define the variations, resting pressure recordings 

were taken from infusion investigations with INPH patients. With the known 

compliance of the set-up, flow/volume patterns were calculated and added to the set-

up with the pump. In Papers I and II, a peristaltic pump was used. In Paper III, the 

physiological variations were added via a new syringe pump. This allowed for a larger 

rate of volume of flow and, with the aid of a position sensor and a closed system, a 

more precise control of the added physiological variations.  
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Figure 4. Schematic illustrating the experimental set-up. The experimental set-up was connected to the 
infusion apparatus. The intracranial pressure was given by the height of the water column. The shape of the 
cavity gave the compliance. The resting pressure was obtained via the continuous outflow to the container. 
The outflow conductance was simulated through the use of various steel pipes, and the physiological 
variations were added to the set-up via a separate pump. Illustration by A Wåhlin. 

 

Patients 

All patients had a communicating hydrocephalus according to an MRI investigation. 

The major part of the patients in this thesis fulfilled the criteria of “probable” or 

“possible” INPH according to INPH guidelines3. Except six cases (Paper I), all 

infusion tests were performed as a part of the preoperative investigation. Those six 

investigations were performed following shunt surgery in order to confirm a 

functioning shunt. All investigations were performed at the Umeå University Hospital, 

except 20 investigations that were performed at the University Hospital in Uppsala 

(Paper V). Details of the patient populations are given in Table 1. 

 

Table 1. The different patient populations for each study. 

 I II IV V 

Number of patients 20 30 63 47 

Male / female 14 / 6 23 / 7 45 / 18 33 / 14 

Age (mean ± SD) 73 ± 9 71 ± 10 70 ± 11 71 ± 9 
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Ethical considerations 

Papers I, III and V were prospectively performed. After receiving written as well as oral 

information, informed consent was obtained from all patients included in these studies.  

The Regional Ethical Review Board at Umeå University approved all aspects of these 

studies. Papers II and IV were retrospectively performed. The Regional Ethical Review 

Board reviewed these studies and concluded that there were no ethical issues. 

 

The infusion investigation 

The infusion investigation was performed on the experimental set-up and on patients. 

For the patients, two needles were inserted into the spinal canal at the L3-L4 interspace 

with the patient in a sitting position. One needle was used for infusion or withdrawal of 

fluid while the other needle was used for pressure measurement. To avoid unnecessary 

influence on the CSF system, the importance of minimizing leakage during lumbar 

puncture was accentuated to the physician. The patient was placed in supine position, 

the zero-pressure reference level of the infusion apparatus was placed at the centre of 

the auditory meatus, and the pressure measurement was initiated. Thereafter, the 

pressure was continuously measured during the entire investigation.  

In this dissertation all investigations started with 10-20 minutes of Pr measurement. 

This was followed by routine sampling of CSF with the patient in a sitting position. 

With the patient back in supine position, the infusion of Ringer solution began. When 

several infusion protocols were performed during the same investigation, the order was 

randomized. For Paper I, the protocols were the CPI, bolus, and constant infusion. For 

Papers III and V, the protocols were the CPI and oscillating pressure pattern. There 

was a relaxation phase between each protocol, and if resting pressure had not been 

reached during this phase, pressure regulation by fluid withdrawal was used. The length 

of the investigation (and each protocol) varied depending on the study and whether it 

was an experimental or a clinical investigation. 
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Assessment of CSF system dynamics 

The infusion test is used for assessment of CSF system dynamics. The process to 

obtain estimated parameters from measured pressure and flow can be divided into 

three steps: 

 

• Mathematical model  

• Infusion protocol 

• Parameter estimation method 

 

First, to describe the relationship between input and output, or in other words, to 

characterize the dynamics of the CSF system, a mathematical model is needed. Second, 

an infusion protocol suited for the CSF system is used, where the input (flow) will 

affect the CSF system during the infusion and produce a measurable output (pressure). 

Finally, based on the chosen mathematical model and the assembled data, the 

parameters of the mathematical model are estimated using an appropriate parameter 

estimation method. 

 

This dissertation has investigated all three steps and they will be outlined in the 

following three sections. 

 

Further development of the mathematical model 

The mathematical model of the CSF system, equation (12), was further developed in 

this dissertation, with the inclusion of a term that describes the physiological variations 

that affect the CSF system, and it was transformed into a linear system (Paper III).  

The original mathematical model, equation (12), was extended to account for 

volume variations of the vasomotion that affects the system, e.g. B-waves, by addition 

of the parameter Iphys. This gives: 

 

( ) ( )( )ic
ic 0 ext phys out ic r ,

dP
k P P I I C P P

dt
= − + − −  (13) 

 

where Iphys models the rate of arterial volume variations in the system. Equation (13) 

is the extended non-linear differential equation. It was transformed into a first-order 

linear time-invariant (LTI) system76. By introducing the virtual control signal u and a  
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change of variables according to: 
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   (14) 
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and accordingly 
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1
,
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equation (13) can be rewritten as: 

 

( )r 0 out ,
dx

k P P C x ku w
dt
= − − − +   (17) 

 

where 
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P P
= −

−
   (18) 

 

is treated as a lumped disturbance term. Thus, the CSF system is written in the form 

of an LTI system (equation (17)). 

 

Infusion protocols 

There are two different approaches on how to execute an infusion protocol. One is to 

use a predefined infusion pattern (constant infusion or bolus infusion). The other is to 

achieve a predefined pressure pattern via regulation of the infusion (constant pressure 

infusion or oscillating pressure pattern). The different infusion protocols used in this 

dissertation are illustrated in Figure 5, where they have been applied to a theoretical 

CSF system. For simplicity, they are illustrated without any physiological variations 

affecting the system. 
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Figure 5. Illustration of the different infusion protocols used in this dissertation. Measured pressure is shown 
above, and corresponding flow below for each infusion protocol applied to a theoretical CSF system. Bolus 
infusion (I) and constant infusion (II) are flow-regulated. Constant pressure infusion (III) and oscillating 
pressure pattern (IV) are pressure-regulated. 

 

The constant infusion protocol used an infusion rate of 1.5 ml/min for 20 minutes 

(Paper I). The bolus infusion protocol consisted of three repeated 4 ml bolus infusions 

with 5 minutes of relaxation phase (15 minutes for experimental set-up) between them 

(Paper I). The CPI protocol regulated the pressure to six elevated pressure levels in 

steps of 0.4 kPa, each lasting 7 minutes, for a total infusion protocol time of 42 minutes 

(Papers I, III, IV, and V) (10 minutes per level for Paper II). 

In Paper III a new infusion protocol was introduced. It used a regulated oscillating 

pressure pattern during the infusion (Figure 5). The oscillating reference pattern was 

based on theoretical considerations77 and knowledge of the inherent dynamics of the 

CSF system. Typical time constants of a CSF system and frequencies where 

physiological variations are expected, i.e. breathing and B-waves at 0.01-0.4 Hz were 

taken into consideration. The range of frequencies for the oscillating pressure pattern 

was 0.004-0.04 Hz (Figure 5). It is desirable to have as large an effect on the CSF  
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system as possible. The accuracy of estimated Cout will be dependent on the mean 

pressure increase. Therefore, the pressure increase and the oscillations should be large 

so that the signal-to-noise ratio is clearly measurable. However, due to safety concerns 

and the fact that it has been shown that Cout is no longer linearly dependent on pressure 

if the pressure increase is too high78, the mean increase above Pr was limited and set to 

1.5 kPa with an oscillating pattern that had a maximum peak-to-peak pressure 

amplitude of 1 kPa. 

In practice, the protocol started with the pressure increase from baseline resting 

pressure, and was followed by 20 minutes of active infusion for an oscillating pressure 

pattern. This choice of reference pattern creates a persistently excited system77 that 

yields information about both parameters of interest at all times, i.e. both Cout and PVI 

can be estimated. For those cases where the infusion was temporarily halted, the 

investigation time was automatically extended. An example of a measured pressure 

response from a patient investigation (Paper V), with the CPI and oscillating pressure 

pattern protocol, and the various phases during the investigation are shown in Figure 6. 

 

 
Figure 6. The infusion investigation started with measurement of Pr (I) followed by CSF sampling with 
patient in a sitting position (II). Back in the supine position, the first infusion protocol (CPI) started (III). 
This investigation had two consecutive protocols. The first protocol was followed by a relaxation phase (IV) 
and pressure regulation back to Pr (V). Phases I-IV are typical for an infusion investigation with the CPI 
protocol. The second protocol was the oscillating pressure pattern (VI). The investigation ended with a final 
relaxation phase (VII). Reprinted with permission from Paper V. 
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Parameter estimation methods 

The final step of the infusion test is to estimate the system’s parameters. With the 

mathematical model of the CSF system, equation (12), and a chosen infusion protocol, 

there are a number of ways of performing parameter estimation. Here, both those in 

present use and the new estimation methods introduced in this dissertation are given. 

The currently used infusion methods were compared in Paper I. In Papers II, III and 

V, the estimates from the new parameter estimation methods were compared with a 

reference method.  

 

Constant pressure infusion 

In this dissertation, the CPI method has been used as the reference method, with two 

different ways of estimating Cout. The CPI protocol regulated Pic to six consecutive, 

predetermined pressure levels (Figure 5). Thus, the system was in steady state at each 

level. The relation between Iext and Pic can be derived from equation (2). This gives: 

 

ext out ic constant.I C P= +   (19) 

 

Mean intracranial pressure was measured on each level, as well as the net flow 

needed to maintain that constant pressure. This produced a graph with six 

pressure/flow points that did not include Pr. For the first analysis, the estimate Cout was 

determined as the slope of the linear regression of these points (Papers I-IV)73. The 

second analysis method incorporated Pr in the analysis (Papers IV and V). The elevated 

pressure and flow points were averaged into a single mean pressure and flow point 

( icP , extI ) and Cout was calculated as: 

 

ext
out

ic r

.
I

C
P P

=
−

   (20) 

 

Constant infusion 

For the method based on the constant infusion protocol (Figure 5), two estimation 

methods were used. With a constant infusion, the CSF system will end up in a steady 

state, i.e. when Ia = Iext + If. Combining the steady state condition with the model for  
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CSF absorption, equation (2), and Pr, equation (3), the relation between Iext and Pic is: 

 

( )ext out ic r .I C P P= −   (21) 

 

With the system in steady state, the pressure is at a raised plateau level and Cout was 

obtained by dividing Iext by the pressure difference between the plateau level and Pr. 

This is the classic way of estimating Cout64. The other way to estimate Cout was to use 

the non-linear differential equation of the CSF system (equation (12)). The analytical 

solution can be found with variable substitution and the method of the integrating 

factor10. When there is a constant infusion, i.e. the Iext is constant (Iconst), the general 

solution can be simplified to: 
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 (22) 

 

where Pstart is the pressure when the constant infusion begins. Using the Levenberg-

Marquardt optimization routine, equation (22) was fitted to the measured pressure data 

to produce estimates of Cout. 

 

Bolus infusion 

With the bolus infusion, the estimate of Cout was determined from the relaxation phase 

following the bolus (Figure 5). Again, the analytical solution of equation (12) was 

simplified, and solving for Cout leads to: 

 

p ric
10

p ic r

out
r

PVI log

.

P PP
P P P

C
t P

⎛ ⎞−
⎜ ⎟⎜ ⎟−⎝ ⎠=   (23) 

 

The PVI was estimated from the initial pressure rise via equation (7). Equation (23) 

was applied in two ways, both using a visual fitting to the measured pressure data as 

well as a computerized fitting that used the Levenberg-Marquardt optimization routine.  
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Three methods for estimating the CSF system’s parameters were introduced in this 

dissertation: the adaptive observer, the prediction error method, and the robust 

simulation error method. These three methods were based on the original non-linear 

system (Paper II) and the transformed linear system (Papers III and V). In contrast to 

the currently used methods, these three new methods can be used with an arbitrary 

infusion protocol. In this dissertation, these new methods were applied to data that was 

generated with the CPI protocol (Paper II) and the new oscillating pressure pattern 

protocol (Papers III and V). 

 

Adaptive observer 

The first new parameter estimation method was named the adaptive observer (Paper 

II). It was obtained from the original non-linear differential equation (13). It produced 

simultaneous estimates of Cout and Pic, with data from the infusion investigation. The 

adaptive observer was defined by the following two differential equations: 

 

r
ext out

ic ic

1ˆˆ ˆ ˆ ,
kPd

x kI x C k c x
dt P P

⎛ ⎞ ⎛ ⎞
= − + − + −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
 (24) 
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C k x
dt P P

γ
⎛ ⎞⎛ ⎞

= − − −⎜ ⎟⎜ ⎟
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  (25) 

 

The observer uses measured Iext and Pic to generate estimates of Cout and Pic ( outĈ  

and ic
ˆ ˆ1/P x= ). The gains γ and c were adjustable for tuning of convergence rate and 

smoothness of convergence. For the observer to be able to determine Cout with 

convergence of the estimates, the measured data must contain sufficient information. 

In practice this meant that Pic must be different than Pr. This was always the case since, 

during an infusion protocol, fluid was added to the system and Pic was raised above Pr. 

 

Prediction error 

The second estimation method (Papers III and V) used the transformed linearized 

system, equation (17). The relationship between the measured output x and controlled 

input u of an LTI system can be extended to a general family of model structures76  
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according to: 

 

( ) ( )
( )
( )

( )
( )

( )( ) ,
B q C q

A q x t u t e t
F q D q

= +  (26) 

 

where e is Gaussian white noise representing disturbances to the system and A, B, C, 

D and F are polynomials of the form: 

 

( ) 1
11 ... ,a

a

n
nA q a q a q−−= + + +   (27) 

 

with q being the shift operator, i.e. q-nx(j) = x(j-n). Equation (26) can be directly 

applied to the transformed LTI system, equation (17). From the structure of the CSF 

system, equation (17), it is seen that the polynomials A, B, and F were first order. By 

adding the polynomials C and D, physiological variations can be modelled. For the 

transformed system it is possible to obtain a discrete time relationship between input u 

and output x. The infusion apparatus used a constant input signal over the sampling 

intervals T. Therefore, a zero-order-hold discretized system of equation (17) was used76, 

with time instants t = jT, j = 1, 2, …, written as: 

 
 ( ) ( ) ( )( ) ,x jT T ax jT bu jT w jT+ = − + +  (28) 

 

and 
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The sample interval of the collected data was 1 Hz (T = 1 s) and the parameters Cout 

and k were calculated as: 
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There exist several parameter estimation methods for the general family of model 

structures in equation (26). In this dissertation, the commonly used prediction error 

method (PEM)76 was utilized. In short, the estimates were obtained by minimizing the 

prediction error, i.e. the difference between measured and estimated output. The 

optimization routine used the Levenberg–Marquardt algorithm. In Papers III and V, 

three different model structures were used, the autoregressive exogenous input (ARX), 

(polynomials A, B), the autoregressive, moving average exogenous input (ARMAX), 

(polynomials A, B, C) and the Box-Jenkins (polynomials A, F, C, D) with different cut-

off frequencies for the low-pass pre-filtering of data. The latter two had different model 

orders for the physiological variations, as modelled with the polynomials C and D. 

Applying the PEM on equation (28) with a chosen model structure produced estimates 

of the parameters a, b, and w. Inserting this into equation (31) and (32) resulted in 

estimates of Cout and PVI (via equation (8)). If there was sufficient information in the 

collected data, the PEM produced an estimated parameter covariance matrix76. This 

was used to estimate reliability parameters of Cout and PVI. 

 

Robust simulation error 

The third approach for parameter estimation (Paper V) used the LTI system, equation 

(17), without the w term. With values for Cout and PVI together with data from the 

oscillating pressure pattern protocol, a simulated pressure response was computed. The 

combination of Cout and PVI that minimized (via nonlinear regression79) the mean 

square error (MSE) between measured and simulated pressure as given by the model 

were used. This parameter estimation method was called the Robust Simulation Error 

(RSE). The RSE method also produced confidence intervals for both estimates via a 

statistical hypothesis F-test. For a given set of combinations of Cout and PVI, the 

calculated MSE was compared with the best MSE (from which the estimates were 

taken), and if they were not significantly different, the combination was considered 

within the confidence region80. Confidence intervals were obtained from minimum and 

maximum values within the confidence region. 
 

The parameter P0 was used for the PEM and RSE method (Paper V), otherwise it 

was set to zero (Paper I). It was estimated from the relationship between Pic amplitudes 

and Pic from data obtained with the CPI protocol61.  
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Real time estimation and investigation time analysis 

For the adaptive observer, the PEM and the RSE method, estimates of the parameters 

are obtained during the ongoing investigation. All three methods utilize all data up until 

a given time, and by performing the estimation algorithm once every time a new sample 

is collected, i.e. every second, real time parameter estimation was possible. The 

estimation methods PEM and RSE also produced estimates of reliability. To investigate 

possible individualized investigation times, stopping criteria were introduced. In paper 

III, for the PEM, the investigation was considered ended when the maximum and 

minimum estimate of Cout stayed within 2 µl/s/kPa for the preceding 2 min of the 

investigation and the estimated reliability parameter for Cout stayed below 2 µl/s/kPa. 

The corresponding stopping criteria in paper V for the RSE method were when the 

maximum and minimum estimate of Cout stayed within ±0.5 µl/s/kPa and the 

confidence intervals stayed within ±1 µl/s/kPa for the preceding two minutes of the 

investigation. 
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Results  

The results include both experimental and clinical investigations. Current infusion 

protocols and their parameter estimation methods have been investigated (Paper I) as 

well as the effect of Pr in the analysis on estimated Cout (Paper IV). The novel infusion 

protocol and the new parameter estimation methods were evaluated on the 

experimental set-up (Papers II and III) and in a clinical setting by comparison with the 

reference CPI method (Paper V). 

 

Comparison of current infusion methods 

The bolus infusion, the constant infusion and the CPI methods were compared in 

Paper I. The bolus infusion method was analyzed with the visual and computerized 

estimation methods. The constant infusion method was analyzed with the static and 

dynamic estimation methods, and the CPI method was analyzed with the method 

without Pr. Investigations were performed with all three infusion protocols in 

randomized order, both on the experimental set-up, with and without simulated 

physiological pressure variations, as well as on 20 patients (6 with a shunt, 14 without).  

For the experimental set-up, without added physiological variations, the agreement 

between the methods was good. However, with the addition of physiological variations, 

Cout as estimated with the visual bolus method was significantly higher at the low range 

of Cout, i.e. the clinically most relevant range. Repeatability (standard deviation after 

controlling for variation between pipes) was better for the steady-state methods: CPI, 

1.19 µl/s/kPa, constant infusion, 1.83 µl/s/kPa and 1.55 µl/s/kPa, fitting and plateau 

respectively, versus the bolus method, 3.15 µl/s/kPa and 3.48 µl/s/kPa, visual and 

computerized fitting respectively, n=42.  

The results were confirmed with the clinical data, where good agreement was found 

for the steady state methods, but again, the visual bolus method produced a higher Cout. 

For those eight patients that were preoperatively investigated and where all three 

infusion protocols and all five parameter estimation methods were successfully 

performed, mean Cout as estimated by the methods is shown in Figure 7.  

Both estimation methods with the bolus infusion protocol produced a higher mean 

than the steady-state methods. The visual bolus method gave a significantly higher Cout 

(p<0.05). 
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Figure 7. Estimated Cout for those patients where it was possible to perform all estimation methods during 
the same investigation (n=8). Error bars indicate SEM. CPI=constant pressure infusion, CI:fit=constant 
infusion with fitting analysis, CI:plateau=constant infusion with plateau analysis, BI:visual=bolus infusion 
with visual analysis, and BI:fit=bolus infusion with fitting analysis. Reprinted from Paper I with kind 
permission from the JNS Publishing Group. 

 

Effect of resting pressure on estimated conductance 

To investigate the effect of Pr in the analysis for the estimation methods, and to 

understand limitations of the current mathematical model, Cout was estimated using two 

different analysis methods, with and without Pr. The estimates were denoted Cincl Pr and 

Cexcl Pr, respectively. The patient population consisted of 63 patients that underwent a 

CPI protocol as part of their preoperative evaluation for NPH. There was a correlation 

between the two methods (r=0.79, n=63, p<0.01). The paired difference between the 

estimation methods was significant (∆Cout=-2.1±2.7 µl/s/kPa, n=63, p<0.01) where 

the method with Pr (Cincl Pr) estimated a higher Cout. This is illustrated in the Bland-

Altman plot in Figure 8. 

 

New infusion protocol and parameter estimation methods 

The adaptive observer was applied on data obtained with the CPI protocol and 

estimated Cout was compared with the that of the CPI method (Paper II). The results 

for the experimental set-up showed a similar reproducibility for the two estimation 

methods, and there was no significant difference between them (n=42). For patients,  

 



29 

 
Figure 8. Bland-Altman plot of the two analysis methods, with and without Pr, for 63 patients. The 
horizontal lines are mean±1.96 SD. The open diamonds illustrate those patients with marked B-waves during 
the Pr measurement. Reprinted from Paper IV with kind permission from Fluids and Barriers of the CNS. 

 

the methods showed good agreement, but with a small significant difference (∆Cout= 

0.84±1.25 µl/s/kPa, n=30) (Paper II).  

The oscillating pressure pattern was introduced in Paper III and used in Papers III 

and V. The PEM (model structures ARX, ARMAX and Box-Jenkins with different 

model order and filter cut-off frequencies) was evaluated with the new infusion 

protocol on the experimental set-up (Paper III). The results showed good 

reproducibility for many of the combinations. For Cout, it was found that the best 

estimates were obtained with an ARX model structure and a filter cut-off of 0.05 Hz. 

With the stopping criteria, the median investigation time was 6.1 min. The difference 

compared to the reference (CPI) method was not significant (∆Cout=0.08±1.35 

µl/s/kPa, n=42, p=0.68). For PVI, the Box–Jenkins model structure was used with a 

filter cut-off of 0.2 Hz and model polynomials C and D were both fifth orders. PVI 

was estimated to 23.7±2.0 ml. 

In Paper V, both the CPI and the oscillating pressure pattern protocol were 

performed on 47 INPH patients. All three parameter estimation methods were 

evaluated with the oscillating pressure pattern protocol and compared with the 

reference method (CPI with Pr in the analysis). Controlling for order, the results for 

Cout showed systematic differences for all methods. Both the adaptive observer and the 

RSE method produced better results than the PEM. The adaptive observer and the 

RSE method had mean differences of 1.2 µl/s/kPa or less and standard deviations 
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below 2.3 µl/s/kPa (Table 2). Based on the results and characteristics of each method, 

the RSE method was selected for investigating individualized investigation times. The 

parameter estimation of Cout for a patient with possibility for reduced investigation time 

is shown in Figure 9. 

 

 
Figure 9. A parameter estimation of Cout (thick line) with estimates of reliability (thin lines) for one patient 
with the Robust Simulation Error method applied to data obtained with the oscillating pressure pattern 
protocol. The estimate of Cout and its confidence intervals converge as the investigation continues. For 
comparison, dotted horizontal line is Cout as obtained with the CPI protocol after 42 minutes. Time given by 
the stopping criteria is marked with vertical dotted line. Reprinted with permission from Paper V. 

 

With the stopping criteria, the investigation time could have been reduced from the 

pre-set 20 minutes of active infusion to 10-19 minutes for 19 patients. The overall 

difference was ∆Cout=1.2±1.8 µl/s/kPa, n=47 (Table 2). These results are illustrated in 

the Bland-Altman plot in Figure 10.  

With the most deviating point excluded, there was no significant correlation between 

the difference ∆Cout and mean Cout. Estimated PVI after time reduction was 16.1±6.9 

ml, n=47. 
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Figure 10. Bland-Altman plot showing the difference between the Robust Simulation Error method (with 
the oscillating pressure pattern protocol) and reference method versus the average between the two methods 
(n=47). The horizontal lines are mean±1.96 SD. The 19 patients with reduced investigation times are given 
by the filled diamonds. The open diamonds represent those that went the full investigation time. Encircled 
diamonds are the six investigations with only inflow during the infusion protocol. Reprinted with permission 
from Paper V. 

 

 
Table 2. Difference between new parameter estimation methods and reference method, denoted ∆Cout  
(* the two analyses were performed on the same pressure and flow data). Units are µl/s/kPa, RSE=robust 
simulation error, Pr=resting pressure, PEM=prediction error method, ARX=autoregressive exogenous input, 
and CPI=constant pressure infusion. 

Parameter estimation method ∆Cout n Paper Infusion protocol 

Adaptive observer 0.8±1.3* 30 II CPI 

RSE 0.9±1.8 47 V oscillating pressure pattern 

RSE (individual investigation times) 1.2±1.8 47 V oscillating pressure pattern 

Adaptive observer -0.7±2.3 47 V oscillating pressure pattern 

CPI excl Pr -2.1±2.7* 63 IV CPI 

PEM (ARX) 2.3±3.3 47 V oscillating pressure pattern 
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Discussion 

This dissertation has dealt with the assessment of CSF system dynamics through the 

use of an infusion test, where both current and newly developed infusion methods have 

been investigated. The use of an infusion test is important for research and clinical 

purposes9: for both pre- and postoperative tests for patients with INPH, for aiding in 

predicting outcome9,40-42, and for assessing shunt function53-55. Better diagnostic and 

predictive methods are needed9 to find and select those patients that would benefit 

from shunt surgery. 

 

Current state of infusion tests 

Three common infusion methods are the bolus infusion, the constant infusion, and the 

constant pressure infusion10,65,73. In Paper I, these were compared and evaluated. The 

results were in accordance with previously published results9,70-72, where the bolus 

infusion method differed with a significantly higher estimated Cout than the other two 

methods (Figure 7).  

The results indicated that the effect of physiological variations were a major cause 

for the differences between methods. To analyse the pressure response is a challenge 

for all infusion methods, and especially so with a bolus infusion. For some INPH 

patients (and their CSF systems), the induced pressure response to the 4 ml bolus 

infusion of fluid was simply not large enough for any meaningful estimation to be 

made. Another challenge was related to the involved frequencies. In some cases, the 

relaxation phase that followed the infusion, and the physiological variations (B-waves), 

were within the same frequency range. Both visual and computerised fitting of the 

relaxation curve were evaluated, but problems were present for both. The subjective 

nature of the former became evident and the latter still needs improvement in areas 

related to the involved frequencies. An alternative explanation for the observed 

difference was that the rapid injection of fluid during the bolus infusion protocol 

caused a physiological response of the CSF system. 

A difference between methods was the use of the parameter Pr in the analysis. This 

could have been a possible cause for the difference. The mathematical model that was 

used for the absorption of CSF, i.e. Davsons equation, assumes, for CSF dynamic 

infusion tests, that Pd and If are constant and that Cout is pressure-independent. Thus, Pr 

is assumed to be constant (equation (3)). However, it has been shown that Pr, Cout, and 

PVI are affected during an infusion test73,81. Since the new parameter estimation 

methods introduced in this dissertation include Pr in their analysis, it was of interest to 
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investigate the effect of Pr in the analysis on the estimated Cout, both from a model 

perspective, scrutinizing the above assumptions, and because of the difference in Cout 

that has recently been clinically observed68. In Paper IV, two different methods, with 

and without Pr, were applied to the same CPI protocol data and compared. The results 

showed a small but significant difference (Figure 8). 

Each of the model assumptions for CSF absorption could be a potential source for 

the discrepancy. However, based on the results of Paper IV, it was not possible to 

deduce what assumption that was the major contributor to the systematic difference. If 

the assumption that Cout is linear is incorrect in the vital region near or at Pr, the 

Davson equation would not accurately describe the system. Still, the conclusion from 

Paper IV was that the Davson equation was believed to be correct, and that the 

discrepancy between methods came from variations in Pd and/or If during the infusion. 

This would mean that the estimated Pr before infusion was not representative during 

the infusion. This affects the estimation of Cout. 

The difference that was observed between methods in Papers I and IV emphasized 

the need for standardization of these measurements for comparison between studies 

and when setting threshold values for selecting patients for shunting. 

 

A novel approach for infusion tests 

Current infusion methods have limitations. The non-linear nature of the model of the 

CSF system has restricted the choice of infusion protocol and parameter estimation 

methods. This has led to disadvantages where the quality of estimated CSF dynamic 

parameters will vary depending on spontaneous variations of the intracranial pressure, 

investigation time, infusion protocol, and estimation method. A reliable estimate of Cout 

is very important. One reason for the published differences between methods9,70-72 and 

as seen in Papers I and IV, may be that too little effort and care have been placed on 

the quality of the measurement and estimation of Cout. New infusion tests should seek 

to remedy these disadvantages and produce reliable estimates with an individualized 

and minimized investigation time. 

In Papers II, III, and V, three parameter estimation methods for the CSF system 

were introduced and evaluated, both with the CPI protocol (Paper II) and the novel 

oscillating pressure pattern (Papers III and V), on the experimental set-up (Papers II 

and III) and in a clinical setting (Papers II and V). They took advantage of the in-house 

developed infusion apparatus73 with its possibility for pressure-regulated protocols. 

Unlike current methods, which are intimately linked to their specific infusion protocol, 

i.e. impulse, step or constant pressure levels, the new estimation methods could be 
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applied to data obtained with any infusion pattern. There are further possibilities that 

should be explored within the area of optimal input design77, but in this dissertation, 

the oscillating pressure pattern was introduced (Paper III). It was an infusion protocol 

that was theoretically well suited for the CSF system. The pressure regulation and 

continuous infusion made sure that the system was always excited, regardless of its 

characteristics, and kept the intracranial pressure within a chosen, safe pressure interval. 

Thus, this pattern was not restricted by a predefined time-window, as is the case for the 

bolus infusion, in which large vasogenic variations during critical sequences may occur, 

and unlike the constant infusion82, the pressure regulation meant that the investigation 

never had to end prematurely due to dangerously high intracranial pressure. With the 

oscillating and raised pressure, both Cout and PVI could be estimated. 

The first estimation method was called the adaptive observer (Paper II). It was based 

on the non-linear model, equation (12), and estimated Cout in real time. The adaptive 

observer could be used, with some restriction, with an arbitrary infusion pattern, and in 

Paper II it was evaluated using the CPI protocol. The results showed a good 

reproducibility, and the difference compared to the CPI method was clinically 

insignificant73,83. However, the adaptive observer had some methodological limitations. 

These included the lack of an estimate of PVI and no estimates of reliability for Cout. 

One major contribution of this dissertation with regard to new parameter estimation 

methods was the transformation of the non-linear mathematical model of the CSF 

system into a linear time-invariant system (equation (17)) (Paper III). In contrast to 

other methods84,85, no approximation was involved, because it is an exact linearization 

by means of change of variables; it does not add any new assumptions to the model. 

This enabled the use of system identification methods specifically developed for LTI 

systems76. Thus, instead of having to deal with a non-linear system response, the 

linearized CSF system could be modelled using the general family of model structures 

(equation (26)) and made it possible to use any infusion protocol. This, together with 

the term Iphys (equation (13)) that accounts for rate of volume variations caused by 

changes in arterial vessel diameter, enabled the addition of a disturbance term and the 

possibility to model physiological variations during the infusion. Based on the linear 

model of the CSF system, two different parameter estimation methods were utilized.  

The prediction error method was evaluated in Paper III on the experimental set-up. 

Its major advantage was the simultaneous estimation of both parameters in real time 

with confidence intervals. The results from the experimental set-up with applied 

stopping criteria showed that individualised investigation times were possible with a 

potential for major time reduction. The ARX model structure was used for Cout 

estimation, and with the stopping criteria there was no significant difference as 
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compared with the reference method. It was seen that the added possibility of 

modelling the physiological variations was beneficial for PVI estimation, as indicated by 

the results when a BJ model structure produced the best results.  

The third parameter estimation method of this dissertation was introduced in Paper 

V, and was called the Robust Simulation Error method. It was based on the 

transformed model, equation (17). The PEM uses the one-step-ahead prediction of the 

model for the parameter estimation, while the RSE method used the whole simulated 

curve when estimating the parameters. The RSE method did not include any 

disturbance term. Although the addition of this type of term adds modelling possibilites 

for the physiological variations, the choice of model order and filter cut-off frequencies 

adds complexity to the PEM, in contrast to the RSE method. As with the PEM, the 

RSE method provided estimates for both parameters with estimates of reliability.  

 

Clinical evaluation 

In the final paper, 47 patients with hydrocephalus underwent an infusion investigation 

with both the CPI and the oscillating pressure pattern protocol. While others have 

performed studies with repeated infusion tests71,83, this is to my knowledge the largest 

study with repeated infusion tests that has been performed, resulting in a total of 94 

infusion tests. The adaptive observer, the prediction error method and the RSE method 

were applied on the OPI pressure and flow data and compared to the estimates of the 

reference (CPI) method. Based on the results in Paper IV and the fact that all new 

parameter estimation methods used Pr, the analysis including Pr was chosen for the 

reference method.  

An effect of the inherent characteristics of the vascular and CSF system is that the 

precision of estimated parameters is limited. Studies with repeated infusion protocols 

have shown a mean difference of 1.2-2.5 µl/s/kPa and standard deviations of 1.2-2.6 

µl/s/kPa73,83. The results in this dissertation are in accordance with these numbers 

where the repeatability for Cout appears to be around 1-2 µl/s/kPa (Table 2). This was 

the case both for bench test results (Papers I and III) and for patients (Paper V). This 

gives an indication of the expected limits for Cout measurements. 

Each of the three parameter estimation methods produced results that were feasible, 

but it was the adaptive observer and the RSE method that produced estimates of Cout 

that were within clinically acceptable limits73,83. The PEM was not as good on patients 

as would be expected from the bench test results in paper III. An obvious difference 

between the two papers is that the investigations were performed on the experimental 

set-up in Paper III and on patients in Paper V. By design, the experimental set-up 
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represents the model of the CSF system (equation (12)). However, as shown in paper 

IV, unfulfilled assumptions in the CSF model can exist. This could be a reason for why 

the PEM was not performing as well as hoped for, and the results indicate that the RSE 

method was less sensitive to these model errors. Due to the advantages of the RSE 

method, i.e. real time estimates of both PVI and Cout with confidence intervals, robust 

results and best agreement with the reference method, the RSE method was the one 

most suitable for further evaluation.  

 With applied stopping criteria, the results were still robust and within acceptable 

limits to the reference method. The investigation times could be individualized (Figure 

9) and 19 patients’ investigation times could have been reduced from the preset 20 

minutes. It is likely that less strict criteria would have produced even shorter 

investigation times, but with a reduced quality of the estimated parameters. The 

stopping criteria will allow for a future implementation where there is an automatic 

break of infusion once sufficiently reliable parameter estimates have been obtained. 

Although 20 minutes of infusion produced Cout in good agreement with the 42-minute 

reference method, 28 patients still needed the full investigation time. This motivates 

that longer active infusion times should be investigated in future studies (Figure 10). 

The results of Paper V showed that the RSE method provided results within clinically 

acceptable limits to that of the reference method with a considerable reduction in 

investigation time.  

A weakness of pressure-regulated infusion is that it requires both infusion and 

withdrawal of fluid in order to regulate the pressure. This was the case for the 

oscillating pressure pattern, but as observed in Paper V where six of the 47 (13%) 

investigations had flow obstruction and the operator had to switch to an inflow-only 

protocol, the RSE method still produced estimates of Cout in reasonable concordance 

with the reference method (Figure 10). 

This dissertation has mainly focused on the parameter outflow conductance. The 

other parameter suggested to be important for hydrocephalus is the pressure volume 

index13. Closely linked to the PVI of the CSF system is the parameter P0 which will 

directly affect the estimate of PVI (equation (6)). In Paper III, the PEM with a BJ 

model structure was found to produce the best PVI results. For the clinical data (Paper 

V), no reference values were available for PVI, but the PVI estimates for both the PEM 

and the RSE method were in the same range as those previously presented in the 

literature13,18,86,87. However, work still remains to be done in this area. This includes 

how to obtain sufficient data for the estimation of P0 with the use of the oscillating 

pressure pattern protocol, evaluation of the accuracy and repeatability of the PVI, and 

determining which estimation method that should be recommended for PVI. 
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The Oscillating Pressure Infusion method 

The novel oscillating pressure pattern and the new parameter estimation methods 

together represent the Oscillating Pressure Infusion (OPI) method. This dissertation 

has shown that the oscillating pressure pattern together with the RSE method produced 

results that were in good agreement with the reference (CPI) method. It comes with the 

following advantages: a theoretically better suited infusion protocol for the CSF system, 

a pressure-regulated protocol that will excite the system regardless of its characteristics, 

it will ensure that the pressure stays within safe limits, and both PVI and Cout are 

estimated in real time with measures of reliability. Thus, an individualized investigation 

time is possible that enables an automatic termination of the infusion protocol when 

the estimates are within sufficiently reliable limits.  

It is my belief that the OPI method has all of the components that are needed for 

performing an infusion test with accurate and reliable results, and it should be used 

when assessing CSF system dynamics. 

 

Future development 

As always, further work is needed, and the results and discussions have revealed new 

approaches that should be investigated. Although a new infusion protocol was 

introduced, other approaches on how to find the “optimal” infusion protocol should 

be undertaken. Things that should influence the design of any future choice of infusion 

protocol include an adaptive approach and the inclusion of estimation of the reference 

parameter P0 with the OPI method.  

The results from Paper IV suggest that the assumptions of the CSF absorption 

model during active infusion should be further investigated, e.g. by investigating the 

pressure/flow relationship in the vicinity of Pr in more detail, and by monitoring the 

central venous pressure variation. The term Iphys that describes the physiological 

variations enables the modelling of these. Understanding them will increase basic 

knowledge of the CSF system where these variations have previously been suggested as 

indicators for shunt surgery20,88-90.  

The accuracy, reliability, repeatability of the PVI parameter should be further 

investigated, in order to determine its clinical relevance, and to decide what estimation 

method that should be used.  

Finally, large prospective studies with assessment of CSF system dynamics should be 

pursued with the new OPI method, both for INPH and for other patient groups where 

the CSF system dynamics is thought to have a role in the disease. 
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Conclusions 

This dissertation investigated current infusion tests and presented novel approaches for 

assessment of CSF system dynamics.  

Current infusion protocols and their parameter estimation methods were 

investigated. The results showed a higher Cout when using the bolus infusion protocol, 

Therefore it is suggested that a method with continuous infusion should be used, and 

standardization of measurements is necessary. 

Including Pr in the estimation methods resulted in a higher Cout, where unfulfilled 

model assumptions were a possible cause. This needs to be taken into consideration 

when setting Cout threshold values for shunting and when comparing results from 

studies using different infusion test protocols. 

The non-linear mathematical model of the CSF system was further extended to 

include a term for physiological variations, and it was transformed into a linear time-

invariant system, enabling the use of system identification methods developed for such 

systems. 

An oscillating pressure pattern protocol and new parameter estimation methods 

were introduced. The parameter estimation methods were based on both the original 

non-linear model of the CSF system, and the transformed linear model. The infusion 

protocol and the estimation methods were evaluated on the experimental set-up and in 

a clinical setting. They produced robust estimates of Cout and PVI in real time with 

estimates of reliability. The estimates of Cout were within clinically acceptable limits to 

that of the reference method. The Robust Simulation Error method was identified as 

the best parameter estimation method. 

The new approach, called the Oscillating Pressure Infusion method, has several 

advantages. The pressure-regulated infusion protocol produces simultaneous estimates 

of Cout and PVI with estimates of reliability and enables individualized investigation 

times for patients. For assessment of CSF system dynamics, the OPI method should be 

used. 
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