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Summary in Swedish

Hjdrnan &r vart viktigaste organ. Den definierar om vi lever eller ej och vem vi ér
och den styr var kropp, savil medvetet som omedvetet. Lika viktig som den &r for
oss, lika kénslig &r den, stindigt beroende av en kontinuerlig tillférsel av syre och
ndring via blodet. Hjdrnans nervceller d&r mycket kdnsliga for avbrott i denna
forsorjning. Inom ca 10 sekunder frén att blodflodet upphor sé forlorar vi
medvetandet och inom minuter borjar nervcellerna ta permanent skada.

Individer som drabbas av skador i hjédrnan kan behdva neurointensivvérd. Denna
vérd riktas framfor allt in pé att skydda den redan skadade hjérnan mot ytterligare
skada genom att sékerstilla att hjarnan far det den behdver i form av syre och néring,
allt for att undvika sekundira skador som kan ge patienten ytterligare skador.

Den kénsliga hjarnan dr omsluten av och ddrmed skyddad av det hirda kraniet. Detta
utgdr ett gott skydd mot slag och stdtar, men innebér ocksé att en svullnad, blddning
eller annan form av expansion inuti kraniet kan orsaka ett okat tryck, vilket kan
motverka tillférseln av blod till hjirnan. Med ett stigande tryck intrakraniellt blir
drivtrycket for hjarnans blodflode ldgre, da trycket intrakraniellt haller emot
blodtrycket.

Nils Lundberg, professor i Neurokirurgi i Lund, var den forste som visade pa nyttan
av att méta tryck inuti skallkaviteten kontinuerligt. Genom att fora in en tunn kateter
i hjdrnans vétskefyllda hélrum kunde han mata trycket och visa hur det péverkade
hur det gick for patienterna. Inom dagens neurointensivvard &r detta en
standardbehandling.

Om man undersoker den intrakraniella tryckkurvan registrerad hos en patient ser
man att trycket varierar 6ver hjartcykeln. Detta beror pa att blodtryck och blodfloden
varierar dver hjirtcykeln och pa det faktum att hjarnan dr omsluten av hart ben.
Detta gor att trycket stiger i borjan av hjartcykeln, for att darefter falla under slutet
av hjartcykeln. Vid en ndrmare analys noterar man ocksé att tryckkurvan dver
hjértcykeln har flera toppar, till skillnad frén blodtryckskurvan som har en eller tva
toppar. Detta har varit ként sedan ldnge och man har tidigare forsokt forklara varfor
trycket inuti kraniet beter sig pa detta vis, men utan att n& ndgon tydlig slutsats.

Tack vare MR-teknologi har vi idag mojlighet att méata blodflodet till hjérnan,
blodflodet fran hjdrnan i venerna och flodet av cerebrospinalvitska ut fran och in
till kraniet 6ver en hjértcykel. Genom att kombinera denna metod med att observera
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den intrakraniella tryckkurvan kan vi undersdka hur de paverkar varandra. Om vi
kan forstd hur blodflodet paverkar trycket sa Sppnar sig mdjligheten att hos den
enskilde patienten folja kliniskt viktiga parametrar genom att kontinuerligt f6lja hur
tryckkurvan ser ut. P& detta sétt skulle vi kunna individualisera behandlingen for att
né optimal effekt.

Malsittningen med avhandlingen var siledes att undersoka sambanden mellan
blodfléden och den intrakraniella tryckkurvan.

Vi undersokte data fran patienter som vérdats pa neurointensivvardsavdelningen pa
SUS och jimforde de blodflodesmétningar som hade gjorts med MR med de
tryckkurvor som hade registrerats hos patienten samtidigt. 1 forsta studien (I)
undersokte vi hur den pulserande delen av blodflodet paverkade tryckkurvan. Vi
fann att det fanns en korrelation mellan dessa tvé och att den kunde forstirkas genom
att mita eftergivligheten intrakraniellt och applicera denna pé berdkningarna.

I den andra studien (II) jamforde vi floden och volymsforandringar intrakraniellt
med tryckkurvan och kunde visa att den forsta delen av tryckkurvan har ett samband
med snabba flodesforandringar och att den senare delen av kurvan mer paverkas av
volymsforéndringar.

I den tredje studien (III) ville vi undersdka om trycket intrakraniellt paverkade det
vendsa utflodet. Det dr kint sedan tidigare att det finns ett samband mellan vendst
utfode och intrakraniellt tryck over tid, men effekterna 6ver en hjartcykel d4r mindre
vil undersokta. Vi kunde i denna studie visa att det venosa utflodet fran hjérnan
pulserar allt mindre ju hogre trycket intrakraniellt dr och att det ddrmed sannolikt
finns ett samband mellan tryckkurvans form och det venosa utflddet.

I den sista studien (IV) anvdnds matematisk modellering. Vi beskriver det vi vet om
cirkulationen inuti kraniet med matematiska formler och forsoker dérefter efterlikna
uppmétta tryckkurvor. P4 detta sitt kunde vi visa att de manga topparna pa
tryckkurvan sannolikt beror pa tryck och volymssvingningar mellan de olika
delarna av den intrakraniella cirkulationen.

Sammantaget kunde vi visa pa att blodflddet till och fran hjérnan paverkar trycken
och att detta kan demonstreras i en matematisk modell. Med utgangspunkt fran detta
kan vi fortsitta att ldra oss mer om sambanden och didrmed i en framtid kunna né en
punkt dir analys av tryckkurvan kan bidra med viktig klinisk information.
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Abbreviations

ABP
AUCICP
AUC AV
AUC

C

CBF
CBFa
CBFv
CBV
CBVa
CCCBFMR
CCCBFMRpuls
CH
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E
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v
IJ\/puls
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MAP
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Arterial blood pressure

Area under curve of the ICP curve

Area under curve of the AV curve

Area under curve

Compliance

Cerebral blood flow

Arterial inflow to the intracranial cavity
Venous outflow from the cranial cavity
Cerebral blood volume

Arterial cerebral blood volume

Cardiac cycle cerebral blood flow measured with MRI
Cardiac cycle pulsatile cerebral blood flow measured with MRI
Cerebellar haemorrhage

Cerebral perfusion pressure

Cerebrospinal fluid

Cerebrospinal fluid flow into and out from the cranial cavity
Elastance

Electrocardiography

Total flow into and out from the cranial cavity
Hydrocephalus

Internal carotid artery

Intracerebral haemorrhage

Intracranial pressure

Intracranial pressure amplitude

Maximum ICP over a cardiac cycle

Mean intracranial pressure

Minimum ICP over a cardiac cycle
Intracranial volume

Internal jugular vein

Pulsatile component of the flow in the [JV
Ratio of pulsatile flow in the IV
Compartment

Mean arterial pressure

Magnetic resonance imaging
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NICU Neurosurgical intensive care unit
P Pressure

PDMS Patent data monitoring system
Q Flow

R Resistance

SAH Subarachnoid haemorrhage

t Time

TBI Traumatic brain injury

A% Volume

VA Vertebral artery

VENC Velocity encoding

VPI Venous pulsatile index

AICP Intracranial pressure change
AICV Change in intracranial volume
AV Volume change

p Conductance
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Introduction

This thesis concerns the intracranial pressure curve and its relationship with the
hydrodynamics of the intracranial cavity. The introduction provides a physiological
background required to understand the theoretical reasoning concerning this
relationship. It also includes a review of the methods chosen for the studies.

The intracranial volume is normally 1200-1600 ml in adults and correlates to body
height'. The brain occupies approximately 85% of this volume, while the CSF
accounts for 10% and the cerebral blood volume (CBV) constitutes 5%>.

The brain is surrounded by the cerebrospinal fluid (CSF). Within the brain there are
four ventricles communicating with each other and filled with CSF. The ventricular
system allows CSF to flow into the subarachnoid space and through the foramen
magnum into the spinal canal®. CSF is produced in the choroid plexus within the
ventricular system and is absorbed through the arachnoid granulations. In the adult
the CSF volume is approximately 125 — 150 ml* with a daily production of about
500 mI*~.

CSF is similar to plasma though almost protein free and with some differences in
electrolyte composition. It has several functions, including homeostasis®, buoyance,
protection and transportation of waste produce from the brain®.

The Monro-Kellie doctrine

The Monro-Kellie doctrine is of paramount importance regarding the understanding
of the intracranial hydrodynamics.

The intracranial relationship between pressure and volume was first described by
the Scottish anatomist Alexander Monro in 1783”. He observed that the brain is
enclosed by the rigid cranium and that the brain itself is incompressible. Since blood
also is incompressible, he concluded that the intracranial blood volume must be
constant, and any arterial inflow consequently must be compensated by a venous
outflow. These observations were later confirmed by George Kellie through
observations during post mortal examinations and animal experiments®. The
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doctrine was later developed by George Burrows to include cerebrospinal fluid
(CSF) as one component’.

This doctrine is today referred to as the Monro-Kellie doctrine and states that any
change of one of the components must be compensated for by a reciprocal change
of the others in order to keep the total volume unchanged. A consequence of this is
that the introduction of a new intracranial volume, such as a haemorrhage or another
type of expanding mass must be compensated by a decrease of either blood or CSF.
This also applies to transient increases of mass, such as the increase of arterial
cerebral blood volume due to the pulsatile cerebral blood flow.

Figure 1. A schematic representation of the intracranial content

The dark grey area represents the brain, the middle grey area represents the cerebrospinal fluid volume and the light
grey area represents the intracranial blood volume. The total volume is constant. If one volume is expanded or a new
volume, such as a haematoma, is introduced the other volumes must decrease to compensate for this.

The intracranial pressure volume relationship

The anatomy of the cranial cavity, as enclosed in bone tissue, causes specific
prerequisites regarding volume expansion and pressure.

The first measurements of pressures within the central nervous system in humans
was reported by the German physician Heinrich Quincke'’, who introduced the
lumbar puncture and noted increased pressure within the spinal canal in meningitis.
The ventricular pressure was first measured by Hodgson in 1928''. Guillaume and
Janny reported the first cannulations of the ventricular system in order to
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continuously measure intracranial pressure (ICP) in 1951'2. In the 1960s Nils
Lundberg presented a thesis on the use of continuous ICP measurement in
neurosurgical patients'® and since then this is one of the most important tools in
neuro-intensive care. The relationship between pressure and volume inside a
compartment, such as the cranial cavity, can be described by using compliance (C),
pressure (P) and volume (V). Any given increase in pressure induces an increase in
volume and the relationship is designated as the compliance. Mathematically this is
described through the equation C = AV / AP, where A indicate a change. If the
compliance is known, this equation may be rearranged to calculate the change in
volume due to a change in pressure or the change in pressure due to a change in
volume, AV'=C x AP and AP = AV / C respectively. Another way of looking at this
relationship is through elastance (F), which is defined by the equation £ = AP/ AV,
the reciprocal of C, therefore E=1/ C.

The compliance is dependent on the expandability of the compartment, exemplified
by inflating a balloon, and the compressibility of the content of the compartment, as
in compressing an air-filled syringe. Air is compressible at the physiological range
of pressures, but solid matters and fluids are virtually incompressible at these
pressures.

Since the intracranial cavity is enclosed by bone and its content is composed of
fluids and solid matter, the compliance should be very low, causing a rapid increase
in ICP if a change in intracranial volume occurs. However, the compliance of the
intracranial cavity must be understood as a system, as it is not mainly dependent on
expansion of the cavity or compression of the content but by the extrusion of
content, i.e. blood and CSF. This is what Monro and Kellie observed.

As the volume inside the cranium is constant, the pressure inside the cranial cavity
is dependent on the components ability to harbour an increase in one of them. If one
component expands other components must be reduced by extrusion and the ICP
rises to the pressure required to reach this new equilibrium. When this capacity is
exhausted the intracranial pressure rises rapidly in a nonlinear manner as initially
described by Ryder and colleagues'* and through experiments determined to be of
a logarithmic nature'>'’. As the cranial cavity is connected to the spinal canal
through the foramen magnum, it is more correct to use the term cranio-spinal
compartmentlg.
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Intracranial compartment

Foramen magnum

Spinal compartment

-

Figure 2. The cranio-spinal compartment
A schematic drawing of the cranio-spinal compartment. CSF flows between the intracranial compartment and the
spinal compartment through the foramen magnum.

The relationship was experimentally determined to be a function of the natural
logarithm, using elastance, in variations of the expression:

ICP = ICP,; x eEX4V,

where ICP,, is the normal, physiological steady state ICP, before the intracranial
volume change'®!'*22,

Using Magnetic Resonance Imaging (MRI) it has been shown that actually there
seems to be a slight increase in intracranial volume (ICV) over the cardiac cycle due
to the rapid inflow of arterial blood**? and that this is compensated for in some
way, possibly by movement of the brain tissue caudally?®®.
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ICP

AICV

Figure 3. The cranio-spinal elastance curve
ICP as a function of AICV, using the cranio-spinal elastance equation. The slope of the curve is determined by the
elastance.

The intracranial pressure curve morphology

The ICP varies over the cardiac cycle, producing a curve. It usually displays a
number of peaks with varying amplitude. Early on these peaks were interpreted as
secondary to the opening and closing of the heart valves. The peaks are named after
their order, P1, P2, P3 and so on>"%%,.

Another hypothesis was that the ICP curve is shaped by the transmission of the
arterial blood pressure (ABP) into the cranial cavity”. It was noted that the ICP
curve was dampened when the choroid plexuses, where arteries are in close conjunct
with the ventricles, were extirpated®. This has however recently been questioned in
a study measuring flow within the ventricular system using MRI*'.

If the transfer of the ABP is what shapes the ICP curve it is however difficult to
understand the multitude of peaks featured in the ICP curve. The ABP curve is
usually only composed by two peaks. To explain this, research has been conducted
using Fourier transformation of the ABP curve. Since the ABP curve is composed
by several sinusoidal curves the selective dampening of some of the frequencies
composing the ABP curve could be the reason of the multiple peaks®***. This theory
does not take previous research coupling intracranial volume changes to the ICP
curve into account.".
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Figure 4. The intracranial pressure curve over one cardiac cycle
An intracranial pressure curve registered in one patient over one cardiac cycle. The peaks are highly distinguishable
and marked P1, P2, P3 and P4. ICPamp is the amplitude of the curve.

Venous pulsations were also early proposed as the cause of the ICP curve* and in
a study using dogs it was concluded that it was a combination of arterial and venous
pulsations that shaped the ICP curve®.

In an attempt to measure intracranial compliance without increasing ICP artificially
by injecting fluids into the ventricular system Avezaat and colleagues began to
examine the ICP amplitude. Their thought was that with every heart stroke a volume
of arterial blood was injected into the intracranial cavity and thus the ICP amplitude
would represent the intracranial compliance®. This hypothesis was tested in dogs
and compared to compliance measurements by inflating a balloon intracranially.
They found a linear relationship between the two models, concluding that ICP
amplitude could be used to estimate elastance. They also noted that the volume-
pressure relationship changed to a linear relationship when the ICP reached a certain
level, which they attributed to a failure of autoregulation. They concluded that
beyond this point the arterial volume injected into the cranial cavity with each heart
stroke became dependent on the ICP, and therefore the calculated elastance
changed".

By analysing the ICP curve morphology it was found that distinct features could be
correlated to low cerebral blood flow®’ and intracranial compliance has been
suggested to affect the ratio between P2 and P1%. Further measurements of ICV
changes using phase contrast MRI has been linked to the ICP curve morphology™”*°.
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Cerebral hydrodynamics

Cerebral blood flow

The brain is extremely vulnerable to ischemia, i.e. loss of blood supply. Within
seconds of a cessation of blood supply to the brain conscience is lost*'and within
minutes the neurons start to take irreversible damage®’. At the other extreme, if
cerebral blood flow (CBF) reaches supra normal levels the brain may also be
damaged due to the hyper perfusion syndrome®.

In traumatic brain injury (TBI) secondary damage to neurons may follow the initial
insult due to several mechanisms**. Neuro intensive care is to a large extent focused
at avoiding further damage to the brain by avoiding increased ICP due to cerebral
oedema formation, compromising CBF*. Otherwise the CBF may be insufficient to
adequately oxygenate the cerebral tissue***’. Bedside monitoring of CBF could
possibly improve outcome in patients with head injuries*.

Arterial blood flow

The cerebral blood flow (CBF) is supplied through four arteries, two on each side.
The main supply is through the internal carotid arteries (ICA) and to a smaller extent
blood is also supplied by the vertebral arteries (VA)®.

When the heart contracts, blood flows into the cranial cavity in a pulsatile manner,
i.e. it increases and decreases over the cardiac cycle. The flow is in that sense
composed of a pulsatile and a constant component™”.

Measuring CBF was initially done using the Fick equation as described by Kety and
Schmidt in 1944°! and based on the arterio-venous difference in concentration of an
inert freely diffusible substance, like nitrous oxide. Due to the methodology, the
value of CBF is usually presented as ml/100g brain/min, where normal values are
approximately 50-65 ml/100g brain/min’®. It is not possible to determine the flow
pattern over the cardiac cycle with this method and hence the ratio of pulsatile and
non-pulsatile flow can’t be determined.

Another method to measure CBF is phase contrast MRI. This method measures flow
in the supplying arteries over the cardiac cycle. Summarising the flow in these
vessels provides the CBF over one cardiac cycle. CBF is then calculated by
multiplying the flow over one cardiac cycle with the heartrate®™. The method is
reliable regarding both accuracy and reproducibility®®. Measurements provide a
flow curve over the cardiac cycle, making it possible to determine pulsatile and non-
pulsatile flow.

23



In order to maintain blood supply to the brain the cerebral blood flow is subject to
auto regulation, meaning that the CBF is kept constant within certain physiological
limits and able to meet the cerebral demands. In a series of ground-breaking
experiments Lassen was able to demonstrate that the CBF was consistent over a
wide range of mean arterial pressure (MAP)>.

Flow through blood vessels may be calculated by the formula Q = AP /R, where Q
is flow, AP is the pressure difference over the vessels and R is the resistance to blood
flow through the vessels. The actual driving pressure of CBF is cerebral perfusion
pressure (CPP) which is defined as CPP = MAP — ICP.

The autoregulation is dependent on increasing the resistance in the cerebral vascular
system, thereby reducing flow™*.

CBF

50 150
MAP (mmHg)

Figure 5. A representation of the Lassen curve
Cerebral blood flow as a function of the mean arterial pressure in normal conditions.

In the presence of pathological conditions, the curve may be shifted due to adaption,
such as in the case of chronic hypertension® and there is firm evidence of
dysfunction of the autoregulation in traumatic brain injury and its association with
worsened outcome’®”’. In order to maintain CBF in such circumstances, it is of
value to know the individuals autoregulatory state®®.
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Venous blood flow

Cerebral venous outflow is thought to be the result of compression of the
intracerebral veins, in accordance to the Monro-Kellie doctrine. The thin walled
veins are compressed by the increasing ICP and this causes expulsion of venous
blood from the brain into the sinuses®®. The venous blood flow from the cranial
cavity may then take several pathways®*®'. The principal common pathways are the
internal jugular veins (IJV), whereas secondary pathways include the vertebral veins
and the cervical epidural veins®. The meningorachidian plexus has also been
suggested as an alternative pathway, depending on intrathoracic pressure or
posture®>4,

The influence of venous pressure on ICP was early recognized**. In cases of elevated
ICP it was noted that elevating the head decreased ICP®*®® and this has been
confirmed in several studies®”*’. Disturbances in intracranial venous outflow have
been identified as a possible mechanism in intracranial pressure volume
disturbances, such as idiopathic normal pressure hydrocephalus’’".

Cerebrospinal fluid

The flow of CSF out from the cranial cavity into the spinal canal is pulsatile and
dependent on the changes in ICP over the cardiac cycle®, dampening the ICP
response to arterial intracranial inflow during systole**. If the communication
between the intracranial cavity and the spinal canal is disturbed this capacity is
reduced, causing an overall reduced compliance of the cranio-spinal system'®.

Magnetic resonance imaging

To measure the variations in CBF, cerebral venous outflow and the movement of
CSF out from and into the cranial cavity over the cardiac cycle, an MRI technology
was chosen.

MRI is based on the properties of protons (hydrogen atoms). The protons have the
nuclear property of spin and this makes them behave like bar magnets. When placed
in a magnetic field they align along the magnetic field, either with it (spin up) or
against it (spin down). When aligned against the magnetic field the protons have a
higher inherent energy than when they are aligned with the field. Subjected to a
specific radio frequency signal some of the protons change direction from spin up
to spin down. When the signal is turned off some of the protons revert to the lower
energy state which causes them to emit a signal. This signal can be detected and
used to produce an image of the tissue through complex signal processing’>.
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Flow measurements

To measure flow through a vessel phase contrast MRI may be used. When applying
brief magnetic field gradients in the direction of flow a phase shift in the
magnetisation of the flowing material can be observed. This phase shift is directly
proportional to the flow velocity which thereby can be calculated””. The flow
velocity is determined in pixels and the flow of each pixel equals the area of the
pixel multiplied by the flow velocity measured in that pixel. The flow in all pixels
within the vessel are then summarized. If the images are acquired evenly distributed
over the cardiac cycle, using gating against the ECG signal or the peripheral pulse,
a flow curve over the cardiac cycle is acquired. This technique is sometimes referred
to as cine phase contrast, implying the temporal component’.

Figure 6. A scout image over the lower part of the head
The scout image is aquired perpendicular to the arteries and veins of interest. The vessels are shown bright white.

The method doesn’t require calibration and has been validated against in vitro
models™®.
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The plane of the picture should be perpendicular to the flow direction to achieve
optimal flow measurements, else there will be an angle dependent error
underestimating flow velocity. Errors introduced by not achieving this should
however mathematically be cancelled out by an increase in area of the vessel
proportional to the decrease of the flow velocity.

The phase contrast images are post processed with a software which interprets the
raw data and transforms the images to flow curves’’. The areas of the vessels are

encircled by a region of interest, either manually or with automated systems which
78,79

differentiate flow from static tissue

Figure 7. A phase contrast image of the vessels

One of the images of the cardiac cycle. The vessels are seen as white or black, depending on the direction of flow.
Thin white arrows represent the carotid arteries, thick white arrows the vertebral arteries and black arrows the internal
jugular veins.
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Figure 8. A phase contrast image of the cerebrospinal fluid flow
One of the images of the cardiac cycle. The CSF flow around the medulla is shown by the arrow. Aliasing phenomena
can be noted in the carotid arteries in the top of the figure, due to a lower VENC used in CSF meauserments.

Possible errors of the phase contrast MRI measurement of flow include the
appearance of aliasing®’. To avoid this, the velocity encoding (VENC) has to be set
above the maximum flow velocity. Setting it too high will on the other hand
decrease precision. A VENC above 80 cm/s is usually sufficient to avoid this
problem’ but the maximum flow velocity in the internal carotid artery can be much
higher in cases of a stenosis®'. Aliasing is however easily detected in the images.
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Figure 9 Arterial flow curves
The flow curves from phase contrast measurements in the internal carotid arteries in black and the vertebral arteries
in grey.

The flow curves acquired with this method make it possible to analyse the
relationship between the ICP curve and the flow into and out from the intracranial
cavity.

Cerebral blood flow

As described above, the phase contrast technique can be used to determine CBF. By
measuring the flow in the arteries supplying the brain and summarizing these flows
the CBF can be calculated™. There have been numerous studies using this approach
in healthy volunteers. The measured CBF values have been approximately 750
ml/min®*>*3%8283 With an average weight of the human brain of 1200 to 1400 mg®
this would equal approximately 55-60 ml/100g/min, compared to the 50-65
ml/100g/min derived from the techniques based on other methods®.

Cerebral venous blood flow

Venous outflow from the cranial cavity may take several routes®®®!. The main flow
depends on the physiological state of the individual®*®*2%5 It is possible to measure
flow in the veins draining the intracranial compartment, but in order to calculate the
entire flow it must be corrected with a factor to equal arterial inflow, since all venous
blood doesn’t flow through the internal jugular veins®*.
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CSF

CSF passes from the intracranial compartment through the foramen magnum. The
flow is bidirectional, with a systolic component out from the intracranial
compartment and a diastolic component where CSF flows back from the spinal
compartment®®, The flow velocity is much lower than the blood flow velocities and
a lower VENC is therefore applied.
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Figure 10. CSF flow curves

A flow curve from measurement of the CSF flow over the foramen magnum. Note that the flow goes from the
intracranial compartment to the spinal canal (positive flow) as the arterial inflow increases and then flows back again
during the latter part of the cardiac cycle (negative flow).

Intracranial volume calculation

The changes in the intracranial volumes may be calculated by using the flow of
blood and CSF into and out from the cranial cavity by using the formula

t
AICV(E) = f (CBFa(t) — CBFv(t) — CSFF(t))dt
to
AICV (t) is the change in intracranial volume over time. It equals the arterial, venous
and CSF flow integrated over time**. In order to uphold the Monro-Kellie doctrine
venous flow has to be corrected to equal arterial flow. These calculations have been
shown to have repeatability®’.
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Mathematical modelling

To further explore the hydrodynamics of the cranial cavity mathematical modelling
was used.

The first description of physiology in mathematical terms was made in 1952 by
Hodgkin and Huxley. It was a mathematical model of nerve excitation® which was
later used for understanding the action and pacemaker potential in the heart by
Noble*”. Mathematical modelling has since then been used extensively to explore
and understand various features of physiology”, including circulatory and
respiratory physiology”'.

The usage of mathematical models to understand and explore various features of
human physiology is based on the fact that the physiology follows the rules of
physics, which follow the rules of mathematics. By constructing a model based on
known physiological properties of the intracranial compartment it is possible to
explore the relationship between flow, volume and pressure within this
compartment.

The method has previously been used to explore changes in ICP over longer
periods®*®* and to explore volumetric changes within the cranial compartment over
longer time periods as well as over the cardiac cycle’®.

A mathematical model is either static or dynamic. In a dynamic model the results
affect the calculations in the next step. As an example, an increase of pressure within
a vessel increases the radius and thereby decreases the resistance to flow of that
vessel. This affects the flow through the vessel and therefore affects the volume
change in the next step.
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Parameters

Input => Calculations => Output

Figure 11. A dynamic mathematical model
The calculations of output data are dependent on the input and the set parameters. The output data then affects the
parameters so that in the following calculations the parameters have changed, providing new output data.

Although a model is based on the physiology it represents, it is a simplification of
the reality and in order to use it further it has to be validated.

Hypothesis

If the physiological causes of the ICP curve morphology are understood it may be
used to analyse a patient’s physiological state. Using this information may
contribute to an individualised treatment.

Despite previous efforts the physiological causes of the ICP curve are still unclear*®.
The knowledge and technologies described above provide means to further the
knowledge regarding the ICP curve morphology.
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Aims of the thesis

The general aim of this thesis is to further the knowledge of factors causing the ICP
curve morphology, especially the effect of cerebral blood flow.

The specific aims are to evaluate:

The effect of the pulsatile arterial inflow on the ICP curve amplitude (I).
The effect of the pulsatile arterial inflow on the ICP curve AUC (I).

The effect on compliance on the relationship between the pulsatile arterial
inflow and the ICP AUC (I)

The relationship between intracranial volume changes and the ICP curve
().

The relationship between intracranial flow changes and the ICP curve (II).
The relationship between ICP and the pulsatility of the venous outflow from
the intracranial cavity (III)

Whether an AUC technique is a comparable technique to analyse pulsatility
of the intracranial venous outflow as compared to VPI (III).

If a mathematical model, based on known physiological properties of the
intracranial cavity, can mimic the ICP curve morphology from the arterial
inflow curve (IV).
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Methods

Ethical permission to perform the studies was sought and granted by the regional
ethics committee.

Patient selection

The studies included in this thesis are based on a cohort of patients who has had
their CBF measured with phase contrast MRI whilst being treated at the
Neurosurgical Intensive Care Unit (NICU) at Skéne University Hospital (SUS) in
Lund.

In all studies the database was searched for patients who fulfilled the criteria for
each study.

Valid CBF measurements and stable ICP measurements in conjunction with the
measurements were required in all studies. For paper I, an extraction of CSF in close
conjunct to the CBF measurements was also required. This study also had the
restriction of a time period up to the time when the study was performed (April
2013).

For paper Il and IV the patients had to have their I[CP measured during the MRI
examination, which had been possible from May 2013. There also had to be valid
phase contrast MRI measurements of CSF flow over the foramen magnum and
phase contrast measurements of venous flow through the 1JV. Both had to be done
at the same time as the CBF measurement.

For paper III venous flow through the 1JV was required at the same time as the CBF
measurement.
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ICP measurements

The ICP was in all patients measured with a tunnelled intraventricular catheter
connected to a CSF drainage set with a pressure transducer. The reference point for
the pressure transducer was the highest point of the head as per clinical practice.

Data from the pressure transducer was digitally registered through a patient monitor
and stored in a database with the sampling rate of 125 Hz.

In cases where CSF had been aspirated the exact amount of CSF had been recorded
in conjunction with the ICP curve at the time of extraction.

In paper I the first stable ICP curve after the MRI examination was used. Since the
equation used to calculate elastance is unsolvable if the ICP goes from a negative to
a positive value, the ICP was adjusted, adding 15mmHg.

In paper 11 and IV a composite ICP curve was used. This was calculated by adding
all ICP curves over one respiratory cycle registered during the MRI measurement
and then calculating the mean ICP curve over this time interval.
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Figure 12. A composite ICP curve
All' ICP curves measured over one respiratory cycle in grey and the calculated mean ICP curve in black.
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In paper III the mean ICP value was calculated and registered by the patient data
monitoring system (PDMS) immediately before transfer to the MRI examination
was used.

When ICP had been measured in the MRI environment the signal from the ICP
transducer was transferred from the investigation room, through a radiofrequency
filter at the penetration panel in the shielding enclosure into the MRI-control room.
Here the signal was recorded as per above.

Phase contrast MRI

All examinations had been performed with a standardized protocol. Different VENC
and through plane was used for CSF measurements compared to arterial and venous
measurements. The two measurements were made in immediate succession.

The examinations were analysed by one examiner blinded to the ICP curves using
the freely available software SEGMENT v2.0 R54327".

Regions of interest were outlined manually around the internal carotid arteries, the
vertebral arteries, the internal jugular veins and the spinal canal. Data was then
extracted, and the flow curves transferred to Excel, where all calculations were
made.

Arterial measurements

Arterial blood flow values through the internal carotid and the vertebral arteries
were summarized to calculate the CBF flow curve over the cardiac cycle and then
integrated over time to yield the CBF over one cardiac cycle (ccCBFwmr) in
ml/stroke. ccCBFur was then multiplied with the heart rate to give the CBF in
ml/min.

To calculate the pulsatile component the lowest flow over the cardiac cycle was
multiplied with time to give the non-pulsatile component. This was then subtracted
from the ccCBFwmr, producing the pulsatile component (ccCBFurputs)-
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Figure 13. The cerebral blood flow over one cardiac cycle
The cerebral blood flow over one cardiac cycle, divided into the non-pulsatile component and the pulsatile component,
ccCBFwrpus. The area under the curve represents the volume over one cardiac cycle.

Venous measurements

The flow through the internal jugular veins was summarized. In paper II and IV
volume calculations required correction of this value since not all blood of venous
origin flows through the IJV. This correction was done by multiplying the flow with
a constant so that it equalled the measured CBF*+%*:¢!

To calculate the pulsatile component of the flow (IJV,us) the method described
above for arterial measurements was used.

38



ek | Fmax
o
E 10 -
S
s 5 IJVpuls |
= Fmin
- IJVconst

0 1 ¥ } t

0 200 400 600 800
Time (ms)

Figure 14. The venous outflow through the IJV over one cardiac cycle

The venous outflow through the internal jugular veins, 1JVaow Over one caridac cycle. The maximum flow Fmax and the
minimum flow, Fmin are indicated. The grey area represents the pulsatile component, IJV,us. The white area
represents the constant component.

The venous internal jugular vein pulse ratio (IJVpuisrat) Was calculated by dividing
the [JVpuis with the total IJV flow over one cardiac cycle. The venous pulsatile index
(VPI) was calculated through the formula, VPI =100 X (Fax — Finin)/Frnax".

Paper I

In paper I the pulsatile component of CBF was compared to the amplitude of the
ICP curve (ICP.mp), the area under the curve (AUC) of the ICP curve (AUC ICP)
and the AUC of the calculated AICV (AUC AV).

ICPamp was calculated by subtracting the minimal ICP (ICPpin) from the maximum
ICP (ICPmax) over the cardiac cycle.

The AUC ICP was calculated by integrating the ICP over the time of one cardiac
cycle.

To calculate the AUC AV the ICP curve was transformed into a AICV curve. To
achieve this the previously established equation

ICP = ICP,; x eEX4V,
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was used. /CP., is defined as the steady state ICP before a change in intracranial
volume, in the calculations renamed /CPy.

The equation can be rewritten as

AV 1 l(AICP4_1>
=—x
£~ "\Icp,

Using this equation, the ICP curve can be converted to a AV curve.

In order to determine the elastance used in this calculation the equation can be
rewritten again,
1

E = EX]H(

where E is the elastance, AV is the aspirated volume of CSF, /CP is the baseline
ICP before aspiration and A/CP is the change in ICP induced by the aspiration of
CSF.

Using the registered values from the CSF aspirations and these equations, the AV
curve could be determined and the AUC AV then calculated by integrating this curve
over time.

The correlations were determined using linear regression.

Paper 11

In this paper the AICV and the total flow into and out of the cranial cavity over the
cardiac cycle (Flow,) was compared to the ICP curve.

Calculations of the change in intracranial volume over the cardiac cycle were made
using the formula

t
AICV(t) = | (CBFa(t) — CBFv(t) — CSFF(t))dt,
to
where the venous blood flow had been corrected to equal the arterial inflow over
the cardiac cycle as described above.

The Flow, was calculated by summarizing the arterial, venous and CSF flow at
each time point. All Flow: values were plotted over time, thus presented as a Flowyo
curve over the cardiac cycle (Figure 19).

The AICV curve was compared to the ICP curve and the Flow;.: curve was compared
to the P1 part of the ICP curve through linear regression. Student’s ¢ test was used
to test the null hypothesis between paired samples.
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Paper III

In this paper the VPI and the 1JV pisrac Were calculated as per above. The values were
compared to the mean ICP value registered in the PDMS immediately before the
MRI examinations.

Clinical data regarding mean arterial pressure (MAP), end tidal CO, and
temperature at the time for the MRI examination was retrieved from the PDMS.

Linear regression was used to test correlation and the Mann-Whitney U test was
used to test the null hypothesis between samples.

Paper IV

To assess whether it was possible to recreate the ICP curve using the arterial cerebral
inflow curve a mathematical model describing the physiology of the intracranial
compartment was created. The mathematical model was constructed as an
algorithm, using Matlab and then executed on a standard PC.

The mathematical model

Physics
Blood flow through distensible vessels may be described by a number of subsequent
compartmental equations. The equation

dq(t)
dt

describes the flow g from compartment & to compartment k+/ where Ly is the inertia
(impedance) and Ry the resistance to this flow in the compartment £.

Ly

= P () — P41 () — Riqp (t)
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Figure 15. A compartmental model
An illustration of flow through a compartmental model. Compartments are identified as k, k-1 and k+1. Pressure (p),
flow (q), resistance (R) and impedance (L) are all denoted by their compartment.

The second equation is a conservation equation. It describes the volume in
compartment & as a function of the flow to and from this compartment.
dVi (1)
dt

This equation states that the time derivate of volume in compartment £ equals the
difference of the time dependent flow into and out from compartment £.

= qp-1(t) — qx(0).

The third equation relates the transmural pressure of the compartment to the stressed
volume of the compartment. Transmural pressure is here defined as py - pousize. The
stressed volume (AV}) is the volume in the compartment that is the consequence of
a pressure within the compartment higher than that of the surrounding pressure, AV
= Vi— Vi unswressea- The importance of calculating the stressed volume lies in the fact
that it is this volume that interacts with the surroundings regarding pressure.
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Figure 16. lllustration of stressed volume

In A a vessel is unstressed, the volume in that compartment is Vi and the internal pressure px equals the external
pressure, pousside. IN B a larger inflow qgx-1 than outflow gk causes a volume expansion and a pressure increase in the
vessel, which expands the stressed volume (AVk) due to the increased transmural pressure, pk — Poutside. Vk Now equals
AVk + Vi unstressed. C illustrates the effect of an additional local regulation, which simultaneously adjust the arterial
compliance ck and changes the ratio of AVk and AVk unstressed. This redistribution of fluid is described by a flow qreg
between the unstressed and the stressed volumes. We emphasize that the flow greg also dependents on the compliance
of the specific compartment, which is the inverse elastance of the vessel, ex=1/c«.
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The relationship is usually described by the equation
AV = cx (P (t) — Poutside)»

where compliance of the compartment (Cy) is introduced, but frequently the non-
linear relation

AV = log(ck(pk(t) - poutside))'
1s used.

Compliance hence describes the relationship between volume and pressure within
the compartment. The inverse compliance of the compartment is termed the
elastance (ex), whereas the inverse resistance of the compartment is conductivity
(pr). In general, all these parameters depend on material properties, universal
constants and radii, thus volume of the tube element considered. In case of Poiseuille
flow such relations may be derived analytically (Li~Vi!, Ri~Vi* and ¢;~V3*?) but in
general this is not possible”.
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The model

A model simulating the intracranial hydrodynamics was created using four
compartments, the arterial compartment, the venous compartment, the CSF
compartment and the spinal compartment.
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Figure 17. A drawing of the model

The different compartments illustrated in a drawing. Flow (q), volume (v), elastance (e), pressure (p), resistance (R)
and impedance (L) are all denoted by the respective compartment or flow direction. Po equals the pressure in the
brain tissue and outside the spinal cord compartment. Note that the actual flow gs is bidirectional (as all flow may be)
and the direction depends on the state of the model. However the arrows indicate the convention of positive flow for
calculating purposes.

Applying the general equations above on the proposed model we arrive at a system
of eight specific differential equations, which on closed form read,

AVY = qq = qav + dreg, (1]
AV = qav — qu)

AV = qa — qy — qs,

AV{ = q5 — qu,

Lsqs = e AV, — esAVs - Ryqs,
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qu; = eyAV, + e AV — Ryqy, [VI]

dam = Qreg, [VII]

20 = —Areg» [VIII]
where

Qav = Pav (eaAVa - evAVv)v [IX]

q = presavs, (X]
and

_ 4a—9am
Qreg - W- [XI]

Equations I-IV describe the stressed volume changes over time in the four
compartments, arterial (a), venous (v), CSF (c) and spinal (s), depending on the flow
between these compartments.

reg, as introduced in equation I, is the flow from unstressed to stressed volume
within the arterial compartment. It is calculated through equation XI, further
described below. In equation IV the model includes a possible leak from the spinal
canal out from the model. This leak is however insignificant on the time scale of
one heartbeat.

In equation V impedance is introduced to the flow of CSF over the foramen
magnum. The flow is driven by the pressure difference between the CSF
compartment and the spinal compartment and opposed by the resistance to this flow.
Both may depend on the direction of flow (see below).

Equation VI introduces impedance to the flow from the venous compartment out
from the model, i.e. to the systemic venous circulation. This flow is dependent on
the pressure in the venous compartment, which indirectly includes the pressure put
on this compartment by the pressure in the CSF compartment and the resistance to
this flow.

Equation VII defines the mean arterial flow g..» as a weighted mean over time using
an exponential weight kernel function with time constant z.,. Equivalently, the
derivative of g.» becomes ¢,., defined in XI. Thus, ¢, dependents on previous flow,
providing the model with a function to adapt to rapid changes in flow through
myogenic response. The concept is further developed below.

Equation VIII stipulates that the derivative of the unstressed volume, i.e. the change
in unstressed volume (V') dependents on the flow from the unstressed to the
stressed volume within the arterial compartment. This equation conserves the
arterial fluid in each time step of the integration when solving the equations
numerically.
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Equation IX describes the flow from the arterial to the venous compartment as
dependent on the conductance of this flow and the difference in pressure between
the two compartments.

Equation X, in the same way, defines the leak from the spinal compartment out from
the model as dependent on the conductance of this flow and the pressure in the spinal
compartment.

Equation XI defines ¢,., as dependent on the weighted mean arterial flow and the
current arterial flow. The mean arterial flow is weighted with a decaying history,
the latter having a time constant z.,. Combining this equation with equation I
implies a myogenic control, where the stressed volume is dependent on the arterial
compartment’s muscular contraction, which is dependent on previous inflow.

We emphasize that the parameters are not all treated as being constant and in fact
we will allow some of these to depend on the state variables (the stressed volumes),
since these are known to vary with vessel radii®’.

Pressures

Equations XII to XV state that stressed volumes and transmural pressures are
proportional, with proportionality constant given by the vessel elastances in analogy
with Ohm’s law. However, later on these elastance constants are allowed to vary
with the unstressed volumes®’. After the previous equations are solved the pressure
in each compartment may be calculated through these.

Pa = €q4Vg + . [XII]
Py = e,AV, + p. [XIII]
pe = e AV + po [XIV]
ps = es4Vs + po [XV]

47



Varying parameters

As stated above, some of the parameters in the flow and volume equations will
depend on the state of the model. The varying parameters are calculated through
equations XVI to XXIII.

Greg = (‘*“T‘—:’:m) forV,, > 0, [XVI]
Greg =0, otherwise,

0 = a0 (32)" exD(~Keq Greg) [xviI)
Ray = Ravo (Va':’ij’va)mRa” : [XVIII]
R, = Ryo/AV, ™, [XIX]
e, = —% for AV, < 0, [XX]
ey, = ey (AV,) Mevz, for AV, > 0,

ec = eco exp(kec AV,), [XXI]
Rs = Res(1 + ag,), for s > 0, [XXII]
Rs = Res(1 - ag,), for g, <0,

Ls = Les(1— b)), for g3 > 0, [XXIII]
Ls = Les(1+ by), for g < 0.

In equation XVI we state that ¢,., should be calculated according to equation XI as
long as the unstressed volume in the arterial compartment is positive. By setting this
condition, we define the flow to the stressed volume as dependent on g only if
there is any fluid to flow.

Equation XVII states that the elastance of the arterial compartment is dependent on
the elastance in the unstressed state (eq0) and the power of the stressed volume and
the elastance due to muscular resistance to distension in the arterial wall (m.,). It is
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also exponentially related to the ¢, and decaying described by a negative
coefficient (k). In sum, this equation tells us that the elastance at any given moment
is dependent on the stressed volume and the flow from unstressed to stressed volume
at that moment.

In equation XVIII we state that the resistance to flow from the arterial to the venous
compartment varies depending on a constant (k,), total volume in the arterial
compartment and a myogenic resistance factor (mzq ). The result is that an increase
in arterial radius due to increased arterial pressure will decrease resistance in the
compartment. This follows Poiseuille’s law.

Equation XIX states the same regarding resistance to venous outflow from the
model. Resistance is dependent on the stressed volume within the compartment and
a resistance factor (mgy).

Equation XX determines the elastance in the venous compartment. The veins are
thin walled, with low transmural pressures and are susceptible to the intracranial
pressure. Therefore, these equations follow a nonlinear relationship, based on
empirical knowledge of this pressure-volume relation, which is related to the theory
of flow in collapsible tubes’’'*2. The vessels change shape depending on the degree
of collapse This affects resistance to flow and thereby flow through the vessels. The
pressure-flow relation follows different curves, depending on whether it is collapsed
or dilated. Since the change in venous flow is dependent on venous elastance
(Equation V1) this effect is modelled by making elastance dependent on the degree
of venous collapse or dilation, respectively.
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Figure 18. The typical venous pressure-flow relation

Flow (q) through a vein as a function of venous pressure (p). At high pressures the vein is distended and circular. At
the pressure P the vein starts to collapse, becoming increasingly oval in shape, untill almost totally compressed.
After Rideout, 1991.

¥

The curve is modelled using two different equations, depending on the venous
stressed volume. A set of constants then determine the slope of the two curves (e,
ev2, Meyr and me,») as illustrated in Fig 18.

Equation XXI calculates the elastance of the CSF compartment depending on the
elastance coefficient and the stressed volume within the CSF compartment, using
an exponential elastance function in the stressed volume AV..

Equations XXII and XXIII concern the resistance and the impedance to the flow
from the CSF compartment to the spinal compartment. By making them dependent
on the direction of flow (the sign of g) it is possible to set different resistance and
impedance depending on the direction of the flow.
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Table 1. Parameters of the mathematical model
All parameters that are used to change the properties of the mathematical model.

Parameter Explanation

€q0 Elastance arterial compartment
Ravo Resistance to flow from arterial to venous compartment
Ry, Resistance to outflow from the venous compartment
€eco Elastance CSF compartment
e Elastance spinal compartment
[ Average impedance to flow from CSF to spinal compartment
Res Average resistance to flow from CSF to spinal compartment
2 Conductance of leak flow from spinal compartment
Po Pressure outside of the model
by, Asymmetry Lcs-factor describing the Lcs impedance dependence on flow direction
ag, Asymmetry Rcs-factor describing the Rcs resistance dependence on flow direction
L, Impedance to venous outflow from the model
Treg Time constant describing the weights in the weighted average flow gam
Keaq Constant describing how the elastance artery depends on Qreg
Ng, AVa normalizing constant in describing how artery elastance depends on AV,
Meg Power describing how artery elastance depends on AV,
MRy AVa normalizing constant in describing how artery resistance depends on AV,
mg, Power describing how artery resistance depends on AVa
ey Coefficient 1 of venous elastance describing compression
ey Coefficient 2 of venous elastance describing dilatation
Mg, Power describing how e, depends on AV, during compressions
me, Power describing how e, depends on AV, during dilations
Mg, Power describing how venous outflow resistance depends on AVy
Kec Coefficient of elastance CSF, describing how e. depends on AVc

Model derived ICP curves

For each individual the measured arterial inflow was used as q.. With baseline
settings the model was then repeated until a steady state was achieved, which took
up to 120 cycles. The resulting curve was then analysed, and the parameters of the
model were adjusted and run again. This process was repeated until an ICP curve as
similar as possible to the individual’s ICP curve was achieved.

At this point the output variables, venous outflow from the model (qv) and CSF flow
over the foramen magnum (qs) were extracted from the model and plotted against
the measured values in each individual.
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Results

All values are presented as Mean + standard deviation unless stated otherwise.

Pulsatile CBF and the ICP curve (Paper I)

Twenty-four individuals eligible for inclusion in this study were identified in the
database. Eleven individuals were excluded due to suboptimal examinations. In 8
patients no reliable ICP curve had been registered in adjunct to the MRI and in 3
patients the MRI examinations were not at an appropriate level to measure CBF.

The mean age of the included patients was 50 £15 years, with a range from 22 to 75
years. Five patients were female.

Intracranial elastance measured and calculated through aspiration of CSF was 0.08
+0.03 ml/mmHg. The ICPam, was 7.2 £3.4 mmHg. The AUC ICP was 2.01 £1.15
mmHg s, and the AUCAV was 1.18 £0.43 ml s.

ccCBFmRrpus was 4.35 £1.36 ml.

Individual patient data are presented in Table 2.
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Table 2
Individual patient data

Age — Sex Diagnosis ICPmean ccCBFwrpuls ICPamp AUC ICP AUC AV
(mmHg) (ml) (mmHg) (mmHg s) (ml s)
66y—-F ICH 1.9 4.1 15.4 3.50 1.58
56y-F SAH 6.4 3.87 4.9 0.83 1.23
55y-F SAH 6.2 4.1 5.8 117 0.64
22y-M TBI 14.7 4.76 8.4 2.39 1.44
44y-M HC -5.2 1.69 25 0.65 0.59
76y-F CH 1.8 3.58 41 1.38 0.69
34y-M TBI 11.7 5.52 71 1.77 1.44
28y-M TBI 11.1 7.18 8.1 2.71 1.74
38y-M SAH 12.7 5.82 11.8 4.66 1.76
54y-M TBI 3.1 3.71 4.2 0.99 1.04
64y-M SAH 9.0 5.04 8.6 2.51 1.54
52y-M CH 8.4 4.66 7.8 2.69 1.07
63y-F SAH 11.5 247 5.0 0.89 0.52

Adapted from Paper |. Age in years. F female or M male, ICH intracerebral haemorrhage, SAH subarachnoid
haemorrhage, TBI traumatic brain injury, HC hydrocephalus, CH cerebellar hemorrhage, ICPmean mean intracranial
pressure, ccCBFwmrpuis the pulsatile component of the MRl measured CBF over one cardiac cycle, ICPamp, ICP pulse
amplitude, AUC ICP area under the pulsatile component of the ICP curve, AUC AV area under the pulsatile change in
volume.

The correlation between ccCBFmrpus and ICPamp was not significant (P=0.067).
Both AUCICP and AUC AV correlated significantly to ccCBFurpus (P=0.013 and
P<0.001 respectively). Linear regression models are presented in Table 3 and linear
regression plots are presented in Figure 18.

54



Table 3

Linear regression models of the pulsatile component of the MRI meassured CBF (ccCBFMRpuls) vs ICP pulse
amplitude (ICPamp), area under the curve of the pulsatile ICP (AUC ICP) and the area under the pulsatile change in
volume (AUC AV)

ccCBFmrpuis (n = 13) R? Coefficient 95% CI Adjusted R? P value
ICPamp 0.27 1.28 -0.10-2.67 0.21 0.067

AUC ICP 0.44 0.56 0.14-0.98 0.39 0.013

AUC AV 0.69 0.26 0.15-0.38 0.66 <0.001

Adapted from Paper |. R? coefficient of determination, 95% Cl 95% confidence interval of the coefficient.
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Figure 19. Regression plots

Linear regression plots of the pulsatile component of CBF over one cardiac cycle (ccCBFwrpuss) vs the ICP amplitude
(ICPamp), the area under the curve of the pulsatile component of ICP over one cardiac cycle (AUC ICP) and the
pulsatile change in volume over one cardiac cycle (AUC AV).

Intracranial flow-volume changes and ICP (Paper 1)

A total of 10 individuals could be included. Mean age of the patients was 49 £11
years and 9 were males. Mean ICP was 16 £10 mmHg. AICV pax was 0.68 £0.33 ml.
The calculated total flow varied over the cardiac cycle, with typically two or more
peaks.
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Figure 20. Flow, volume and ICP curves

The upper graph displays arterial flow, venous flow, CSF flow and the calculated change in ICV (AICV) over the
cardiac cycle. The lower graph displays the total flow (Flowit) and the ICP curve. All data are from the same individual
and plotted against the same timeline in the two graphs. Note the correlation between Flowstand ICP during the initial
ICP peak (P1).

There was a correlation between ICP and AICV using linear regression, with a mean
R*> = 0.41 £0.14. Using a logarithmic regression line, the correlation was
strengthened, mean R* = 0.47 +0.13.
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The correlation between ICP and AICV was stronger using a logarithmic expression
compared to a linear expression (P = 0.005).
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Figure 21. Volume and ICP curves
Plots of AICV curve and ICP curve in all individuals included in paper Il.

In figure 22 the ICP is plotted against AICV in one individual. The values
representing P1 are clearly identified as outliers. In all examinations, but one, the
correlation between ICP and AICV was further strengthened when P1 was excluded.
Using a logarithmic regression line and excluding P1 resulted in a mean R? = 0.75
+0.15.
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Figure 22. ICP and AICV plotted in one individual
Intracranial pressure (ICP) plotted against the calculated change in ICV (AICV) over one cardiac cycle in one
individual. The points corresponding to the initial peak (P1) are apparent as outliers and marked “P1”.

The ICP values representing P1 correlated to Flowio, mean R* 0.88 (£0.10).



Pulsatility of venous outflow and ICP (Paper III)

Thirty-seven individuals could be included in this study. Details regarding diagnosis
groups, age, sex and measurements are given in table 4.

Table 4. Diagnosis groups
Clinical data in all individuals and divided into diagnosis groups

TBI SAH Meningitis Other All individuals
n 15 11 5 6 37
Age (years) 44 +14 57 +8 52 +10 54 +16 50 +14
Sex (M/F) 14 M/1 F 4 MITF 3MI2F 3 M/3F 24 M3 F
ICPmean (mmHg) 8 19 97 11 +11 10 £7 97
MAP (mmHg) 84 +11 94 +14 90 +14 92 +6 89 +13
CPP (mmHg) 75 £12 85 +15 79 £17 82 +11 80 +14
CBF (ml/min) 980 +300 990 +220 1040 +270 1010 +420 1000 +300
VPI 52 +16 59 +13 58 +19 52 +10 55 +15
1Vpuisrat 0.37 £0.15 0.43 £0.11 0.46 £0.22 0.36 £0.09 0.40 £0.15

Traumatic brain injury (TBI), subarachnoid haemorrhage (SAH), meningitis and other. “Other” includes 1 multiple
cerebral arterial emboli, 2 intracerebral haemorrhage, 3 hydrocephalus, and 1 meningioma. Clinical data include mean
intracranial pressure (ICPmean), mean arterial pressure (MAP), cerebral perfusion pressure (CPP), cerebral blood flow
(CBF), venous pulsatile index (VPI) and the pulsatile compared to total intra jugular flow ratio (1JVouisrat).

There was a significant difference in age between the TBI and SAH group (p =
0.01). There was no significant difference between the two major diagnosis groups

regarding ICP, CPP and CBF.
The amount of CBF flowing through the IJV is shown in figure 22.
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Figure 23. The distribution of venous outflow
The percentage of CBF flowing through the internal jugular veins (IJVflow of CBF) divided into 4 groups.

The 1JVpuisrat Was 0.40 £0.15 and the VPI was 55 £15. The amount of CBF flowing
through the 1JV didn't affect these results significantly.

The IJVpusat and the VPI correlated negatively to an increase in ICP. Regression
plots are presented in figure 24.
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Figure 24. Regression plots of pulsatility against ICP
Regression plots of IJVpulsrat and VPI against ICP. |JVpulsrat R 0.45 (p = 0.005), VPI R 0.47 (p = 0.003).

1JVpusrae and VPI had a high degree of correlation as can be observed in figure 25.
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Figure 25. Regression plot of IJVpuisrat vs VPI
Regression plot between VPI and 1JVpuisrat. R = 0.96 (p <0.001).

Mathematical modelling (Paper IV)

Ten examinations, the same as in paper II, were found eligible for inclusion. Mean
ICP value was 16 £10 mmHg and CBF was 650 £200 ml/min. Main diagnosis was
TBI in 6 patients, subarachnoid haemorrhage in 2 patients, meningitis in 1 and
obstructive hydrocephalus due to a tumour in 1.

Using the mathematical model, it was possible to achieve the multiple peak
appearance of the ICP curve in all patients. A comparison between measured ICP
curves and the calculated ICP curves are presented in figure 25.

In one individual (J) it wasn't possible to fit the amplitude of the ICP curve.
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Figure 26. Measured ICP curves and model calculated ICP curves
Comparison between measured ICP curves (Black) and ICP curves calculated through the mathematical model
(Grey). A good fit is achieved in all individuals except J, which has a divergent arterial inflow pattern.
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Output data from the model compared to measured data regarding venous outflow
and CSF flow over foramen magnum are shown in figure 27.
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Figure 27. Output data from the mathematical model in all 10 individuals
Black curves are measured data, grey curves represents the output data from the mathematical model. For each
individual, venous outflow is shown in the upper graph and the CSF flow shown in the bottom graph.
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Discussion

The physiological causes of the ICP curve morphology has yet to be fully
comprehended*®. Once fully understood it will open up for possibilities to extract
valuable clinical information from the ICP curve. The papers in this thesis have the
aim to explore the physiology behind the ICP curve morphology, especially with
regards to the CBF.

Paper 1

In paper I we explored the link between the pulsatile component of CBF and the
ICP curve. The pulsatile inflow of arterial blood into the cranial cavity causes an
increase in arterial cerebral blood volume (CBV,). If the Monro-Kellie doctrine
stands true over the cardiac cycle this increase in CBV, must be immediately
compensated by an outflow of cerebral venous blood and CSF. However, it has
previously been observed that there exists a small increase in AICV over the cardiac
cycle?. Since the content of the intracranial cavity is virtually incompressible'* this
suggests a third compensatory mechanism, probably displacement of intracranial
content caudally®.

A rapid increase in ICP is however observed when arterial inflow increases, which
implies inertia in the compensatory mechanisms. The coupling between this cyclic
increase in ICP and the arterial inflow is however dependent on compensatory
mechanisms. Since it has been proposed that the venous outflow from the cranial
cavity is dependent on the changes in the ICP over the cardiac cycle the hypothesis
was that the increase in ICP should cause a pulsatile venous outflow correlated to
the ICP curve. Though previous research using ultrasound Doppler technique had
suggested that the venous outflow is almost non-pulsatile'™ this has been disproved
by later studies**®'. Also, the measurements in the papers included in this thesis
support a pulsatile venous outflow (I, II, III).

The pulsatile component of venous outflow and the outflow of CSF from the cranial
cavity must equal the pulsatile component of the arterial inflow according to the
Monro-Kellie doctrine'®. Since net outflow of CSF over one cardiac cycle is
negligible?'%, this could be omitted. The CSF outflow at the beginning of the
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cardiac cycle will attenuate the ICP increase and thereby the pressure on the veins.
This decreases the amount of venous blood being forced out from the cranial cavity,
while at the end of the cardiac cycle the regurgitation of CSF from the spinal canal
must cause a reciprocal increase in venous outflow.

In a previous study a correlation between ICPamp and CBVa was found. In paper I
no correlation between the ccCBFpus and ICPamp could be observed. An interesting
finding in paper II was that the P1 of the ICP curve, which in most cases is the part
defining ICPamp, seems to correlate to the total flow in and out of the cranial cavity,
i.e. not only arterial inflow but also venous and CSF outflow.

When taking the entire ICP curve into account, there was a correlation between
ccCBF and the AUC ICP. This could be attributed to the fact that ccCBF is
dependent both on the amplitude of the flow curve and the time of a cardiac cycle,
while the ICP.mp does not take the duration of the ICP curve into account.

Since the ICP curve is dependent on the elastance of the intracranial cavity'® the
relationship between ccCBF and the AUC ICP was further explored through
converting the ICP curve into a AV curve. This was done using the known
logarithmic relationship between ICP and AICV'>""". The elastance calculations
were based on extraction of CSF and the changes in ICP this resulted in. It is known
that the observed elastance depends on the rate of volume change. Rapid changes of
AICV cause more profound changes in ICP than slow changes do'”"'®®. Although
the measurements available for this study were done over several seconds, we
postulated that they would accurately enough reflect elastance. Converting the ICP
curve into an AUCay curve further strengthened the correlation.

These findings support the theory that there is a coupling between intracranial
arterial inflow and venous outflow, with the change in ICP over the cardiac cycle
acting as a transmitter.
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Figure 28. A simple model of the intracranial compartment

In A the intracranial compartment is depicted with an arterial compartment, followed by the resistance to the flow from
arteries to veins and then a venous compartment, all in grey. In B an arterial flow into the compartment causes an
expansion of the arterial compartment which causes ICP to rise. The increase in ICP causes a compression of the
venous compartment with a subsequent outflow of venous blood.

The data included in this study was acquired when there was no possibility to
measure ICP during the MRI examinations. This could introduce errors since there
was up to 30 minutes between the MRI examinations and the ICP recordings used
in the study, though the resulting errors are probably of a stochastic nature. The
correlation could have been more robust if the measurements were simultaneous.

The usage of the uppermost part of the head as zero point for ICP measurements
sometimes caused negative ICP values, which had to be corrected due to
mathematical reasons when calculating elastance. This conversion could also
introduce errors but could also minimize errors due to uncertain reference points'>.
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Paper 11

The purpose of the second study was to explore whether the AICV and intracranial
flow could be correlated to the ICP curve.

It has previously been suggested that the AICV over the cardiac cycle could be the
cause of the ICP curve?***!®!"* but not fully demonstrated. When comparing the
AICV curve to the ICP curve it is obvious that the peaks of these two curves do not
coincide, so that the ICP curve usually peaks before AICV. In paper II we
demonstrated that there was a correlation of the latter part of the ICP curve when P1
was omitted. The correlation was strongest using a logarithmic regression. This is
in accordance with earlier experimental studies of the AICV and ICP
relationship'®'*2,

This supports the theory that the ICP curve depends on the AICV but does not
explain the peaks usually observed. A multifactorial origin of the ICP curve has
previously been suggested, linking P1 to the arterial pressure wave %’ and the latter
part to ACBV'!"", The multitude of peaks usually presented in the ICP curve are
however not explained by this. To explain those a, resonance notch behaviour of the
pressure wave intracranially has been suggested® and a mathematical model
exploring these proposed features has been presented''>. These explanations do not
however take intra cranial volume changes into account and the effect of these on
ICP, which has previously been demonstrated'"’.

A rapid change in ICV due to sharp changes in flow into and out of the intracranial
cavity could also produce a sharp initial peak. As the content of the intracranial
cavity is virtually incompressible, even minute changes in ICV would lead to a
rapidly increased ICP, an effect that could be dampened by other less examined
factors, sometimes referred to as “brain elastance”. Since the brain is
incompressible'® these factors are more likely to be of a different nature; such as
the displacement of the brain caudally?. If these mechanisms compensate for the
increasing ICV with certain inertia ICP would rise sharply and then fall rapidly as
the mechanisms come into full function and the inflow decreases. This inertia could
cause a resonance in the system, causing the multiple peaks usually observed.

To explore this possible feature, we compared P1 with the Flow,and indeed found
a strong correlation. This suggests that the increase in flow during the beginning of
the cardiac cycle could be linked to the sharp increase of ICP.

The examinations in this study were performed simultaneously with the ICP
registrations. We used a composite ICP curve since the MRI measurements are
performed over several cardiac cycles and the respiratory cycle affects the ICP
curve''*. It must be emphasized that the time increments in this study are minute
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and since there was no exact way to time correlate the ICP curve to the flow curves,
small errors could exist as described in the paper.

Paper III

Paper III concerns the venous outflow and ICP. The venous outflow was early
suspected to affect the ICP curve® and an increase in resistance to venous outflow
from the cranial cavity is known to increase ICP®"®,

If the pulsatile component of venous outflow is dependent on the ICP then the
pulsatility of the venous outflow should be affected by the ICP. With increasing ICP
the veins become compressed. The pressure inside the veins counteracts this
compression. As the arterial inflow must be compensated by a venous outflow equal
to it, the veins are kept open due to an increasing intravenous pressure as the I[CP
rises. This increasing pressure counteracts the compression due to increasing ICP
over the cardiac cycle. An increasing amount of the venous outflow should become
constant and the pulsatile component must decrease accordingly. This effect should
be observed over a limited range of ICP values, since as the ICP increases the CBF
becomes increasingly pulsatile!'>!'® so that in extreme CPP values the venous
outflow is probably affected.

The pulsatitlity of the flow through the IJV have previously been studied using
VPI®!'"_ Since this method only takes maximum and minimum flow into account,
we also used AUC 1JVpuisrat. Which takes the entire flow curve into account. The two
methods correlated well.

We observed a decrease in pulsatility with rising ICP, supporting our hypothesis.
We also noted a higher pulsatility than previously reported in healthy
volunteers®"!'". This could be due to the fact that we also report a higher CBF than
has been reported in healthy volunteers.
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Paper IV

In paper IV we chose a different approach in order to verify our previous
observational findings.

Through mathematical modelling we wanted to test the observationally supported
hypothesis that it is intracranial flow and the resulting volume changes that causes
the ICP changes over the cardiac cycle. Experimental studies are, using today’s
technology, ethically impossible to carry out. Phase contrast MRI technology has
opened up for accurate measurements with high temporal resolution and ICP
monitoring is a recommended procedure in the treatment of TBI''® and commonly
used in other diagnosis'"® but manipulating cerebral blood flow or other parameters
influencing ICP for experimental purposes in patients cannot be done.

The usage of mathematical modelling makes it possible to perform experiments
without compromising patients’ safety and rights. It is however necessary to create
a model that as accurately as possible mimics the physiology and expected
pathophysiology.

The model constructed for this study is based on physics and known physiological
properties of the intracranial cavity. Doing so we ended up with a model that closely
resembles earlier proposed models®*

Using this model and the measured CBF curve it was possible to construct an ICP
curve similar to the ICP curve registered in the individual in all but one patient.
Notably it was possible to achieve the multitude of peaks that frequently are
observed on the ICP curve. Venous outflow and CSF flow over the foramen
magnum calculated by the model were compared to measured values. The calculated
curves were all within physiological ranges and closely resembled the measured
curves in most cases. The main errors were temporal displacements of the curves.

A mathematical model is to some extent always a simplification of the reality and
inherent errors in the model should be assumed. It is however interesting that this
model could produce the multitude of peaks and output values so close to measured
values. The model in this sense demonstrates that the ICP curve could be created by
the arterial inflow into and the physiological properties of the cranial cavity.

The errors between measured values and calculated values are probably not only
due to the simplifications of the model but could also be dependent on the
measurements. The model calculates venous outflow at the point where venous
blood leaves the cranial cavity while the exact location of this point is poorly
defined. Hence, measurements of venous flow in the IJV does not necessarily
represent this point. In some of the individuals more peaks can be observed on the
calculated ICP curve than on the registered. This could be due to dampening of the
registered ICP curve.
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Synthesis

The observational evidence presented in papers I-I1I supports the hypothesis that the
ICP curve morphology is dependent on the CBF curve and the physiological
properties of the intracranial cavity.

In paper | we demonstrated the correlation between the pulsatile components of the
ICP curve and the pulsatile component of CBF, while paper II links the changes in
intracranial volume and the flow into and out from the cranial cavity to the ICP
curve.

Paper III presents evidence that the ICP and the venous outflow pattern are
associated, further linking ICP curve morphology to cerebral blood volume.

In paper IV it was shown that a mathematical model could mimic the morphology
of the ICP curve, including the multitude of peaks using only arterial inflow to the
cranial compartment and known physiological features.
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Conclusions

There was no significant correlation between ICP,mp and the ccCBFurpuls.
There is a significant correlation between the AUC ICP and the ccCBFumrpuls-

Using calculated elastance to modify this curve into an AV curve before calculating
AUC improved the correlation.

The latter part of the ICP curve correlates to AICV.

The correlation between the ICP curve and AICV seems to be of an exponential
nature in vivo.

P1 of the ICP curve correlates to the Flow.
The pulsatility of the flow in the IJV is attenuated with increasing ICP.

The VPI and AUC method for determining pulsatility of IJV flow are
interchangeable.

The mathematical model presented, using physics and known physiological
properties of the intracranial cavity, could reasonably well reproduce the ICP curve,
including the multitude of peaks.

Above findings support the theory that the physiological properties of the cranial
cavity in conjunction with cerebral blood flow shape the ICP curve.

75






Future prospects

Clinical studies

The field of intracranial hydrodynamics and the ICP curve morphology has
clinically relevant potential and should be further explored. This can be done by
observational studies in humans and mathematical modelling.

Although this thesis adds knowledge to the area of understanding the ICP curve,
further studies are required to fully explain the mechanisms behind it. The effects
of CBF, venous outflow and CSF flow on the ICP curve under different conditions
should be explored. If the physiology and pathophysiology is fully understood it
opens up for the possibility to extract clinically useful information from the ICP
curve.

Phase contrast could be used to study the intracranial fluid dynamics. At present it
cannot produce complete beat to beat measurements which can be compared to the
ICP curve but developments in this area are underway’>'?’. The method has until
now been of mainly experimental use but the possibilities to be used in the clinical
settings deserves attention.

Mathematical modelling

The mathematical model provides a promising method to explore the intracranial
hydrodynamics though further development of the proposed model is required. It
makes it possible to undertake theoretical studies circumventing problems arising in
human studies. Though this thesis contributes with a first step in the validation of a
model, this must be furthered.
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