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Abstract

Patients who are treated in an intensive care unit need continuous monitoring in order
for clinicians to be prepared to intervene should a secondary event occur. For patients
treated at the neurointensive care unit (NICU) who have suffered a subarachnoid hem-
orrhage (SAH) this secondary event could be ischemia, resulting in a lack of blood flow.
Blood flow can be measured using magnetic resonance imaging (MRI). The process is facil-
itated with a software called NOVA. Repeated measurements can therefore be performed
as a way to monitor the patients, which in this context would be referred to as longitudinal
measurements. As more data can be collected ways of analyzing and visualizing the data
in a comprehensible way is needed. The aim of this thesis was therefore to develop and im-
plement a method for analyzing and visualizing the longitudinal MR measurement data.
With this aim in mind two research questions were relevant. The first one was how NOVA
flow longitudinal measurements can be visualized to simplify interpretation by clinicians
and the second one was in what ways the longitudinal data can be analyzed. A graphical
user interface (GUI) was created to present the developed analysis and visualization tool.
Development of the tool progressed using feedback from supervisors and neurosurgeons.
Visualization and analysis was done through plots of blood velocity and blood flow as the
main component as well as a 2D vessel map. The final implementation showed multiple
examples of how the longitudinal data could be both visualized and analyzed. The results
therefore provided a tool to analyze and visualize NOVA flow longitudinal measurements
in a way which was easily interpreted. Further improvements of the tool is possible and
an area of improvement could involve increasing the adaptability of the tool.
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1 Introduction

The NICU treats patients suffering from conditions such as traumatic brain injury and SAH.
Treatment at the NICU is needed due to the high risk of a secondary ischemic event [1].
Ischemia meaning a lack of or insufficient blood flow to the cells of the body, a cerebral
ischemia in this case [2]. Therefore, monitoring physiological parameters, such as the cere-
bral blood flow (CBF) of the major arteries, is important in order to notice these potentially
dangerous events and start preventative treatment in time.

There are many different techniques for measuring CBF, both invasive and non-invasive, as
well as more continuous measurements versus snapshot measurements. These techniques
include ultrasound doppler, MRI and angiography [3], as well as different variations of com-
puted tomography [4] [5]. The NICU at Linköping University Hospital has a unique setup
available with a MRI system located at the NICU department. This setup enables MR based
flow measurements of SAH patients treated at the NICU without putting the patient through
the risk of medical transportation. NOVA is a software which aids planning and performance
of velocity and flow measurements of major vessels in the brain done with the MRI system.
This new option of performing repeated MR flow measurements in the NICU is a great ad-
vantage for the patients as no radiation is needed, which is not always the case with other
monitoring methods. The new method does however generate a need for methods of anal-
ysis and visualization of the longitudinal data. These visualizations and analysis methods
should be easy to quickly interpret by a clinician. At this time the usage of NOVA flow on
SAH patients as well as using NOVA flow for longitudinal measurements has not yet been
validated for clinical use.

1.1 Project background

The neuroengineering group at Linköping University Hospital is currently working on a
large project named Multimodal guidance in neurosurgery. The purpose of this project is to
combat neurosurgical disorders such as brain tumors, aneurysm bleedings and brain trauma
through implementation of novel biomedical optic systems and unique developed concept of
using intraoperative MRI (iMRI). There are multiple objectives in this project regarding the
inclusion of optical tools to be used in neurosurgery and neurointensive care. The objective
mainly related to this thesis is however the objective of studying, monitoring and imaging
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1.2. Aim

CBF and microcirculation of patients placed in neurointensive care. Detecting events such
as secondary bleedings or vasospasm, which could lead to further complications, at an early
stage would be considered a success in the project context.

The possibility to measure CBF for multiple larger vessels of the brain with MRI and NOVA
over multiple days at the NICU at Linköping University Hospital generates an increased
amount of data. Data which is more useful if presented in a way that is comprehensible
for the personnel involved. Thereby this thesis becomes part of the process of striving for
useful analysis and visualization tools to contribute to the continued progress of the described
project.

1.2 Aim

The aim of this thesis was to develop and implement a method for analyzing and visualizing
the longitudinal NOVA flow results, which can be useful for SAH patients. The suggested
method was evaluated on real data sets. Software to read the longitudinal data was imple-
mented and a graphical user interface (GUI) was developed for the purpose of analysis and
visualization of data. A special interest was directed towards making the GUI user friendly
and the results easily interpretable by clinicians working in the NICU.

1.3 Research questions

1. How can NOVA flow longitudinal measurements be visualized to simplify interpreta-
tion by clinicians?

2. What are possible ways of analyzing NOVA flow longitudinal measurements?

1.4 Thesis outline

The thesis contains the theory necessary to understand the connection between the measured
data and the results, described in chapter 2. The theory contains both a more physiological
aspect, where SAH and blood flow is the main focus, and a more technical aspect where
the MR flow techniques are described. Chapter 2 also includes descriptions of alternative
methods to study blood flow. The methodology of this thesis is described in chapter 3. The
results, including the implemented graphical user interface, are presented in chapter 4. Lastly
the discussion as well as conclusions drawn from this thesis are found in chapters 5 and 6.
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2 Theory

In this chapter, an anatomical and theoretical background necessary for the thesis is pre-
sented. From the anatomical perspective, general brain anatomy and more details about
SAH are included. General theory about flow is described as well. To understand the used
software NOVA, a background of MRI is described. Alternative methods to study blood flow
are pesented.

2.1 Anatomy of the brain

The brain is an organ with great complexity capable of many things and controls of vital
functions such as breathing and motor skills. The central nervous system (CNS) is made up
of the brain along with the spinal cord. There are multiple ways to look at the brain through
different divisions. One way is to consider the brain as grey matter and white matter. Grey
matter would be the outer portion of the brain while white matter the inner portion, which
can be seen to the left of figure 2.1. The main components of white and grey matter are made
up of parts of neurons, or in other word nerve cells. Neurons general components are a cell
body (soma) and a long stem (axon) as seen in the middle of figure 2.1. The axon can in
turn be covered with protective coating called myelin. Grey matter is mostly made up from
the somas while for white matter it is the axons. Thus the brain contains a lot of neurons
responsible for many important functions of the human body [6].

Another way of dividing the brain is into the cerebrum, cerebellum and brainstem as seen to
the right in figure 2.1. The cerebrum contains the grey and white matter, the brainstem acts
as a connection between the cerebrum and spinal cord and finally the cerebellum is located
at the back of the brain. The cerebral cortex as it is called, is a term which describes the outer
grey matter which covers the cerebrum. Between the skull and the brain tissue there are three
membrane layers called meninges which have a protecting purpose. Dura mater is the layer
closest to the skull, followed by the arachnoid and lastly the innermost layer is called the pia
mater, as seen in figure 2.2 [6].

3



2.2. Cerebral circulation and blood supply of the brain

Figure 2.1: Left: White and grey matter. Middle: A neuron. Right: Brain division at a high
level.

Figure 2.2: The different layers, meninges, protecting the brain.

2.2 Cerebral circulation and blood supply of the brain

Circulation can be divided into anterior circulation and posterior circulation, supplying
different areas of the brain through different vessels. A map of the vessels of the brain is
seen in figure 2.3. The brain is supplied with blood from the vertebral arteries (VA) as well
as the internal carotid arteries (ICA). The internal carotid arteries in turn divide to form
the anterior cerebral arteries (ACA) and the middle cerebral arteries (MCA), which form
the anterior circulation supplying the forebrain. The forebrain includes the cerebrum. The
basilar artery (BA) is formed as the vertebral arteries come together. The blood supply from
the basilar artery and the internal carotid arteries are joined and form part of the so-called
circle of Willis, which works as a connection between the anterior and posterior cerebral
circulation. Emerging from the confluence that is the circle of Willis are the posterior cerebral
arteries (PCA) as well as the anterior communicating arteries (ACOM) and the posterior
communicating arteries (PCOM). The posterior circulation is made up of PCA, BA and VA
and supplies the posterior cortex as well as the brainstem [7]. LACA2 and RACA2, as seen
in figure 2.3, are defined as the continuation of LACA and RACA placed after the anterior
communication artery.

Oxygen deprivation is a bigger issue for neurons, which have a high metabolic rate, com-
pared to cells with lower metabolic rates. Oxygen and glucose deprivation is a consequence
of insufficient blood supply, possibly causing both transient and even permanent damage to

4



2.3. Subarachnoid Hemorrhage (SAH)

Figure 2.3: Map of the major vessels used in this thesis.

the brain tissue as an outcome. If not treated quickly, cellular changes due to insufficient
blood supply (ischemia) could result in cell death [7].

2.3 Subarachnoid Hemorrhage (SAH)

When bleeding occurs in the subarachnoid space, which is beneath the arachnoid, it is called
a subarachnoid hemorrhage (SAH). SAH is conisered a medical emergency and immediate
treatment and monitoring is necessary [8].

2.3.1 Cause of SAH

Head trauma is one possible cause for of SAH but it may also be the consequence of a rup-
tured cerebral aneurysm [8]. An aneurysm is a bulge present in a blood vessel due to weak-
ness in the vessel wall. The bulge is the result of pressure caused by blood passing through
the weakened area and thus causing the area to expand outwards. Bleeding around the brain
would be the consequence if such a bulge eventually ruptures. The majority of SAH events
are caused by such a rupture. Risk factors for developing cerebral aneurysms include for
instance high blood pressure, smoking, severe head injury and a family history of the same
condition [9].

2.3.2 Detection and treatment

A sudden, painful and intense headache is considered one of the main symptoms of SAH.
Other symptoms include nausea, vomiting and seizures. Increased intracranial pressure is
not uncommon following an SAH [8]. Hyperemia, referring to increased blood flow, fol-
lowing a hemorrhage is one reason the intracranial pressure increases [10]. If the increased
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2.3. Subarachnoid Hemorrhage (SAH)

Figure 2.4: Left: An aneurysm. Middle: Clipping of a ruptured aneurysm. Right: Coiling of
an aneurysm.

pressure is left untreated, the outcome is in worst case fatal [11].

When suspecting a SAH, a computerized tomography (CT) scan is performed on the patient’s
brain in order for the health care providers to actually see the SAH. If the CT scan does not
provide sufficient information, given that SAH was suspected, further actions are taken.
These actions might include lumbar puncture, which tests the cerebrospinal fluid (CSF) for
indication of SAH, or magnetic resonance imaging (MRI), which might find bleeding in the
brain considered subacute [1].

Treatment for SAH could require being placed in an neurological intensive care unit (NICU).
The purpose of treating SAH is to save the patient’s life but also to repair the source of bleed-
ing, relieve symptoms and even prevent complications that might follow. If the cause of the
SAH is the result of an injury, surgery might be required to relieve the added pressure by
the excess blood and also removing large accumulations of blood. If the SAH is the result
of an aneurysm rupturing then surgery would be used to repair said aneurysm [1]. Other
than repairing the ruptured vessel, prevention of the aneurysm bursting a second could be
necessary. Coiling and clipping are two techniques used for this purpose. Coiling is based
on the principle of filling the aneurysm with tiny coils obstructing blood from entering and
thus preventing the aneurysm’s growth and potential rupture again. Clipping is based on
clipping the aneurysm at its base in order to seal it. The blood vessel would then heal over
time and thereby permanently seal the clipped aneurysm, preventing growth and a second
rupture [12]. In figure 2.4 an aneurysm, clipping and coiling are seen.

2.3.3 Complications post SAH

One possible complication following a SAH is vasospasm, resulting from arterial smooth
muscle being contracted during a sustained period of time and thus narrowing the subarach-
noid arteries. The consequences of vasospasm, one example being infarction, may cause
disabilities or even death. Three to five days after the SAH occurs, vasospams begins. Maxi-
mal narrowing is found at six to eight days [13]. Delayed cerebral ischemia (DCI) is another
example of event which might occur after the SAH. It is essentially insufficient blood supply
to the affected area of the brain, and might lead to an increased risk of death [14].
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2.4 Blood flow

Fluids in general can be characterized in many ways. Viscous fluid can have laminar or
turbulent flows, where flow with a smooth transition characterize laminar regions and time-
dependent fluctuations of the fluid properties characterize turbulent regions. These fluid
properties include for example viscosity, acceleration and velocity. A simplified way to de-
scribe blood flow, Q, is through the relation between the pressure difference across the vessel,
∆P, and the resistance present trying to flow through the vessel, R. This relation is seen in
equation 2.1.

Q =
∆P
R

(2.1)

As multiple properties affect Q and R, equation 2.1 has assumptions made to simplify the
relation, such as no temporal variation of the fluid properties. The pressure in this context is
meant as the driving force for flow rather than a static pressure difference found across the
tissue. Pressure is easier to measure than resistance to flow, which cannot be measured. The
resistance can still be calculated from equation 2.1 [15].

Another way to approximate volumetric flow rate, Q, is using Hagen-Poiseuille’s law. The
approximation is described in equation 2.2.

Q =
π∆Pr4

8µL
(2.2)

The quotient ∆P/L describes the pressure gradient across a tube which is defined with length
L and radius r. Some assumptions made for this approximation include constant viscosity, µ,
for the fluid within the tube and fluid parameters which do not vary with time. An equation
to calculate the resistance, R, can be derived by combining equation 2.1 and 2.2. The final
equation is seen in equation 2.3.

R =
8µL
πr4 (2.3)

Given equations 2.2 and 2.3 it can be seen that the resistance is altered significantly even
when the vessel radius has small changes. The flow rate will thus experience large changes
as well as a consequence of the radius of the vessel changing [15].

A dimensionless parameter called the Reynolds number is defined as in equation 2.4. The
parameters included in the equation are fluid density ρ, average fluid velocity across the
pipe’s cross section V, pipe diameter D and fluid viscosity µ. The Reynolds number is used
as a prediction of the transition between the laminar flows and the turbulent flows.

Re =
ρVD

µ
(2.4)

Since conservation of mass applies given a specific volume, it is known that the mass entering
the given volume in a specific time will be the same as the sum of the mass leaving the same
given volume over the same time interval. A continuity equation can be defined as given in
equation 2.5.

ρ1 A1V1 = ρ2 A2V2 = constant (2.5)

ρ1 represents the fluid density at point 1, A1 represents the area in which the studied fluid
enters the given area and V1 represents an average velocity across the area A1. ρ2, A2 and
V2 represent the previously mentioned parameter’s counterparts at point 2. Equation 2.5 can
be simplified to equation 2.6 when the density of the fluid is considered constant (ρ1 = ρ2),
which is the case for incompressible fluids when the circumstances are that the given volume
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Figure 2.5: Example of branching of a vessel and its corresponding flows.

does not change. Q in equation 2.6 refers to the volume flow rate which goes into and out of
the given volume.

A1V1 = A2V2 = Q = constant (2.6)

An example of what equation 2.6 implies is given by equation 2.7 where flow at a branching
point in an artery is represented [16]. The example is visualized in figure 2.5.

Q1 = Q2 + Q3 or A1V1 = A2V2 + A3V3 (2.7)

2.5 Magnetic Resonance Imaging (MRI)

MRI is an imaging technique utilizing certain properties of hydrogen nuclei along with strong
magnetic fields and radiofrequency (RF) pulses to generate images. MRI is advantageous
mainly due to not requiring radiation to obtain the images. Other advantages include the
possibility to generate images in any plane, both two-dimensional and three-dimensional, as
well having great contrast for soft tissue. MRI can also be used to measure blood flow. How-
ever, MRI requires a longer image acquisition time compared to for instance CT or ultrasound
[3].

2.5.1 What is Magnetic Resonance Imaging

There are three major hardware components in the MRI system, each generating a magnetic
field with a certain purpose. The first one is the superconducting magnet, creating a strong
static magnetic field, with a typical strength of 1.5 or 3 Tesla, which previously was referred to
as B0. Then there are three magnetic field gradient coils which enable the protons precession
frequency, sometimes also referred to as resonance frequency, to be spatially dependent of
the protons position in the body. Finally the radiofrequency (RF) transmitter and receiver to
achieve the induced signal that can be measured and transformed to an image [3].

In the human body there is an abundance of hydrogen atoms, found in for instance water,
and the hydrogen nuclei is especially relevant to study for MRI. The hydrogen nuclei consist
of a single proton, which is positively charged [17]. Protons have a property called spin,
a representation of intrinsic angular momentum, P, with a quantized value. The quantized
value for protons is 1/2 [18]. A magnetic moment, µ, is an intrinsic property of particles
with spin 1/2, which allows the proton to be thought of as a small bar magnet. This property
means that when no strong external magnetic field is present, the magnetic moments are
oriented randomly, as is seen to the left of figure 2.6 [3]. However, when the protons are
placed in a strong magnetic field, B0, they try to align with the direction of B0 but will not
fully do so. The right side of figure 2.6 visualizes how the protons behave differently when
the magnetic field B0 is present compared to when no magnetic field is present, as seen to the
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Figure 2.6: Left side showing protons without the presence of an external magnetic field, right
side showing protons aligning at .

left in figure 2.6. Particles with spin 1/2 also possess the intrinsic property of precessing. This
precession will occur at a frequency which is proportional to B0. The relationship between
the precession frequency ω0 , or Larmor frequency as it is also called, and B0 is seen in the
Larmor equation presented in equation 2.8 [17].

ω0 = γB0 (2.8)

Part of the Larmor equation is a constant named the gyromagnetic ratio, γ, which has a
certain value for protons [3].

A net magnetization, based on the sum of each proton’s individual magnetization com-
ponent, can be visualized using a vector. In a coordinate system where the z-direction is
defined to be in the direction of B0, the initial net magnetization will only have a value for
the z-component, seen in figure 2.7, as the x- and y-components of the vector will cancel each
other out. When an RF pulse is applied it will affect the net magnetization. The magnetic
moment of the RF pulse is named the B1 field and has direction which is perpendicular to
B0. Until the RF pulse is turned off, the net magnetization vector will rotate in a direction
which is towards the xy-plane. As the RF pulse has been turned off the magnetization will
precess at the Larmor frequency ω0 around the z-axis. A voltage is induced as a consequence
of the magnetization oscillating in the xy-plane. Since the magnetization does not preccess in
the z-direction, the z-component of the magnetization will not contribute to the signal as no
voltage is induced. To measure the MR signal, which is the result of induction, RF coils are
used which are sensitive to the magnetization perpendicular to the main magnetic field B0
[3]. As the RF pulse is turned off the protons, and thereby the net magnetization, will relax
back to their equilibrium position which is aligned with the z-axis [17]. The longitudinal
relaxation that occurs as the z-component, Mz, recovers to its original state is also referred to
as T1 relaxation [18]. The RF pulse also affects spins by bringing them into so called phase
coherence, meaning that all spins point towards the same position on the circle they precess
around [17]. T2 relaxation would be the corresponding transverse relaxation occurring
for the xy-component, Mxy, as the magnetization decays due to the protons dephasing in
the xy-plane [18]. Repeated sequences of gradient and RF pulses are used with a specific
repetition time (TR) [17].
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Figure 2.7: Vector representation of net magnetization M.

2.5.2 Magnetic Resonance Imaging to measure blood flow

One of the main techniques to achieve contrast between blood vessels and their surrounding
tissue using MRI is through the technique called Time of flight (TOF). The technique is based
on the difference between how stationary tissue and flowing blood reacts to the multiple
repetitive RF pulses applied. The stationary tissue will experience magnetic saturation as a
consequence of the RF pulses. Blood that flows into the imaging area will on the other hand
have a high initial magnetization due to not having experienced the same RF pulses. The
result will be a high contrast between blood and the stationary tissue [18]. An example of a
TOF image can be seen in figure 2.8.

A technique used to measure the blood flow is called 2D phase-contrast MRI. Measuring
changes in the phase of blood’s transverse magnetization is the main principle of phase-
contrast imaging. Bipolar gradients are applied and consist of a pair of gradients, which are
equal in regard to magnitude but have opposite direction. This type of gradient results in
a zero net phase shift for spins that are stationary while moving spins, such as in moving
blood, will have a non-zero net phase shift [17]. The phase shift for the moving spins is
proportional to its velocity and if spins are flowing in opposite directions but with the same
speed this will result in equal but opposite phase shifts. The velocity is thereby computed
using the measurements of phase shifts. How sensitive the phase contrast technique is to
fast versus slow flows depends on the setting of the bipolar gradients. These settings include
amplitude, duration and finally the spacing of the gradients [19]. Additional bipolar gradi-
ents are needed to create a known relationship between the blood and the MR signal’s phase
[17]. As 2D phase contrast MRI measures velocity direction orthogonal to the 2D image
slice, a method called 4D flow MRI takes it one step further. 4D flow MRI is a time-resolved
3D phase contrast MRI with flow velocity encoding in three dimensions. Full volumetric
coverage can thus be achieved throughout the cardiac cycle due to the 3D measurements
of blood flow dynamics [20]. Compared to 2D phase contrast MRI, 4D flow can scan the
entire brain with a single acquisition [21]. There exists a trade-off between the whole-brain
coverage aspect and a temporal resolution with higher signal to noise ratio levels. 4D flow
MRI might therefore require some post-processing to handle the signal to noise ratio [22].

Perfusion describes the delivery of blood to tissue [23]. Magnetic resonance (MR) perfusion
imaging is a non-invasive technique where cerebral perfusion is studied by assessing hemo-
dynamic measurements including cerebral blood volume (CBV), CBF and mean transit time
(MTT). The volume of blood present in a region of brain tissue is described by CBV, while
CBF describes the volume of blood per unit time which passes through a certain region of
brain tissue. In this context MTT describes the average time blood takes to pass through a
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specific brain tissue region [24]. One type of MR perfusion imaging is arterial spin labeling
(ASL). With ASL, quantitative images of the brain perfusion is obtained without needing to
administer a contrast agent. Instead, ASL inverts the magnetization of the blood supposed
to enter the studied organ, in this case the brain, by applying a train of RF pulses. This blood
will reduce the available magnetization in the entered tissue resulting in slightly darker
images which then can be subtracted from control images. The amount of blood which has
entered the brain since the start of the labeling period can thus be calculated due to the
subtracted images being roughly proportional to perfusion rate [25].

Contrast based MR perfusion imaging include dynamic susceptibility contrast-enhanced
(DSC) MR perfusion and dynamic contrast-enhanced (DCE) MR Perfusion. For DSC, a
gadolinium-based contrast agent is administered and monitored using T2-weighted images.
The contrast agent, with paramagnetic properties, has a susceptibility effect which results in
a signal loss seen in the intensity-time curve. A contrast medium concentration-time curve
can be generated given the signal information, allowing maps of CBV and CBF to be derived.
DCE uses T1-weighted images taken before, during and after the contrast agent is adminis-
tered. The contrast agent could be gadolinium-based too. The generated signal intensity-time
curve will provide information about for instance tissue perfusion and vessel permeability.
The advantage of DSC and DCE over ASL is a higher signal to noise ratio. An advantage of
ASL over DSC and DCE is however not requiring administration of a contrast agent [23].

2.5.3 NOVA FLOW

NOVA (VasSol Inc., Tampa, USA), or Non-invasive Optimal Vessel Analysis, is a software
which together with an MRI system provides flow analysis in order to quantify blood flow of
vessels in the brain [26]. TOF imaging is used to get a first image in the steps of creating the
final 3D vessel model. The image is cropped down to only contain the relevant areas in order
to increase efficiency in the steps that follow. An example of how the TOF image looks before
and after it has been cropped is seen in figures 2.8 and 2.9. The final 3D model is obtained as
the cropped TOF image is segmented and it is now possible, for a trained operator, to mark
the measurement points for each vessel that is to be measured. When the measurement point
has been marked, NOVA places a plane in the position that is perpendicular to the vessel.
The blood flow measurement will thereby be performed on the area that plane covers. The
3D model along with a marked plane on a vessel is seen in figure 2.10.

Figure 2.8: Original TOF image from NOVA. Figure 2.9: Cropped TOF image from NOVA.
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Figure 2.10: Final model which has been segmented. BA plane is marked.

As all measurement planes have been set on the relevant vessels, the 2D phase contrast MRI
can proceed. In the resulting image NOVA will automatically mark the area perceived to
be the vessel and some manual adjusting to that area may be needed to get the correct area,
which should be included in the final presented result. The measured area can be visualized
using phase or magnitude representations as seen in an example in figure 2.11. In figure 2.12,
the view where all twelve measurements during a cardiac cycle is seen where adjustments
can be performed to apply to all measurements or individual cases. Once all the necessary
adjustments are done, the resulting blood flow measurements can be saved. If for some rea-
son the measurement was not executed as expected new measurements for the affected vessel
or vessels have to be made if possible. An unexpected result for a measurement which would
require a new measurement could for instance be the plane supposed to line up perpendicu-
lar to the vessel ending up at an incorrect angle, thus affecting the resulting values.
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Figure 2.11: View after 2D phase contrast MRI, where phase and magnitude representations of the vessel are seen.

2.6 Alternative methods to study blood flow and blood velocity

Other than MRI, there are other methods and techniques to monitor the CBF, both non-
invasive and invasive. Examples of such methods and techniques will be described in the
following subchapters.

2.6.1 Ultrasound Doppler

Ultrasound is another medical imaging technique which also can be used to measure blood
flow. Ultrasound is essentially a mechanical wave which is produced by a transducer and
then transmitted into the tissue being examined. Fractions of energy will be reflected as the
wave passes through the tissue and encounters boundaries of tissue possessing different
properties, both acoustical and physical. The remaining wave which is not reflected will
continue through the tissue until another boundary is encountered and the process part of
the wave being reflected and part continuing through will proceed. The reflected wave will
travel back to the transducer where it can be detected as a signal. Using the time it took for
the wave to be transmitted and to being received, the distance to the boundary where the
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Figure 2.12: View to visualize phase representation of all twelve measurements for a vessel
and any adjustment made to the vessel area.

reflection occurred can be calculated [3].

When measuring blood flow with ultrasound, the Doppler effect is taken advantage of. As
the ultrasound signal scatters from red blood cells (RBCs) the frequency which the transducer
primarily transmitted will be altered as it returns to be detected. The backscattered signal
will be at a higher frequency than before if the blood flows towards the transduecer, while the
signal will have a lower frequency than before if the blood flows away from the transducer.
Certain transducers can be used to measure vessel size, which in combination of the blood
velocity values can be used to calculate blood flow [3].

Transcranial Doppler (TCD) is a non-invasive option to monitor patients who have previosly
suffered SAH and are now at risk of secondary events. Daily monitoring with TCD is pos-
sible unlike other methods such as conventional angiography and CT angiography. These
alternative methods are invasive and require contrast agent administration and moving the
patient to the department where the equipment is located. TCD can be performed at bedside
and could be useful when diagnosing vasospasm. The Lindegaard ratio is an index used
as a guide to aid the distinction between hyperemia and vasospasm. Lindegaards ratio is
calculated as the mean flow velocity (MFV) of the MCA divided by the MFV of the ICA as
seen in equation 2.9.

Lindegaard ratio =
MFV o f MCA
MFV o f ICA

(2.9)

Based on the MFV of the MCA combined with the Lindegaard ratio, different interpretations
can be made. A Lindegaard ratio of 3 and below along with an MFV of either below 120 cm/s
or above 200 cm/s is interpreted as an indication of hyperemia. When the Lindegaard ratio is
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3 or above it is interpreted as spasm with varying severity, such as mild or moderate spasm,
in combination with hyperemia. At a MFV equal to or above 120 cm/s and a Lindegaard
ratio between 3 and 6 the severity of the spasm interpretation increases as the ratio increases.
A Lindegaard ratio above 6 and a velocity at least above 120 cm/s indicates a moderate to
severe spasm [27]. An increase of velocity of more than 50 cm/s during a 24 hour period
could also be used as an indicator of vasospasm development [28]

2.6.2 Angiography

Digital subtraction angiography (DSA) is an X-ray technique providing images of high reso-
lution of the blood vessels in the studied body part. To perform the DSA it is necessary to take
an initial image. The next step involves using an iodinated contrast agent, which is injected
into the bloodstream of the patient. A second image is then taken and image subtraction of
the two images is performed in order to more clearly see the vessels in the image [3]. DSA
is an invasive procedure requiring a catheter to be inserted into an artery to administer the
contrast agent, meaning risks are involved. The risk of stroke exists as the inserted catheter
might cause plaque to break off and then potentially block a smaller vessel in the brain. DSA
is usually a procedure done to further investigate a previous test results, which maps indi-
cated abnormalities. The results from the DSA technique are more accurate than the results
obtained by the TCD technique [29]. Another type of angiography is CT angiography, which
uses the CT scanner along with an injected contrast agent to generate images of blood ves-
sels. CT angiography could be useful when diagnosing and evaluating conditions such as
aneurysms, blockages, vessel rupture or tears and so on. One advantage of CT angiography
over conventional angiography includes the possibility of fewer complications. However,
CT angiography still requires the use of radiation, which is considered to a risk if exposure
becomes excessive [30].

2.6.3 Xenon CT

Xenon Enhanced Computed Tomography (Xe-CT) is a method used to study the CBF with
the help of stable xenon gas. Xenon gas is inhaled, in a mixture combined with oxygen, by
the patient and will act as a contrast agent for the CT imaging. This is possible due to proper-
ties of the gas, including being radiodense and lipid-soluble. Initial CT scans are completed
before inhalation to be used as a baseline. CT scans are then performed both during and fol-
lowing inhalation. To calculate what the xenon arrival curve looks like for each pixel in every
slice multiple sets of scans are needed for each level of the brain. To calculate the value for
CBF in each pixel the concentration of xenon present in the expired air is also necessary. The
concentration in the expired air can be seen as an indirect measure of what the arterial con-
centration is. One of the main advantages of the use of xenon gas as a contrast agent is that
stable xenon is not radioactive. This means that the radiation exposure necessary to acquire
the CT images is the only radiation the patient will experience. Xe-CT can also be repeated
after 15 minutes as the xenon gas has been eliminated from the body, allowing for repeated
measurements if for instance the patient is in a different state due to drug administration [4].
It is possible to safely perform repeated quantitative measurements of CBF in a NICU setting
using the Xe-CT method with xenon-inhalation and a mobile CT-scanner [31]. A bedside
setup of Xe-CT has been used at Linköping University Hospital.

2.6.4 CT Perfusion

Computed tomography perfusion (CTP) is a technique which does a functional examination
of brain tissue in order to characterise the cerebral perfusion state as well as provide infor-
mation regarding the current status of the patient’s circulation. Repeated scans of the brain
are done in order to study the contrast agent’s flow throughout the region of interest. An
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attenuation-time curve is created as the increase, peak and decrease of the contrast agent’s
flow is measured. Based on the collected information, perfusion parameters representing
different hemodynamic properties of each voxel on a CTP map can be calculated. The hemo-
dynamic parameters that are of importance to study with CTP are CBF, CBV, MTT and time
to maximum of the residual function (Tmax). CBF describes the amount of blood which
flows in a unit of brain mass during a unit of time. CBV is the fraction of vascularized tissue.
MTT describes the average time it takes for the administered contrast to cross the capillary
bed. Finally, Tmax describes the delay between the start of the scan to when maximum in-
tensity of the contrast agent is achieved in each voxel. Perfusion maps are generated where
thresholding might be necessary to achieve greater consistency and objectivity on the results.
Perfusion analysis is useful for quantifying tissue where reperfusion might be necessary and
still possible for the tissue with significant hypoperfusion as well as identifying irreversibly
infarcted tissue, which is in other words known as ischemic core [5].
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3 Methodology

This chapter describes the methodology used to develop a tool for analysis and visualization
of longitudinal MR flow data.

3.1 Data and measurements

The main data used to develop a tool for analysis and visualization was collected from a
healthy volunteer, with no previous head trauma, over six measurement days. Informed
written consent was obtained from the healthy volunteer according to the Declaration of
Helsinki. This study was approved by the local ethics committee (Dnr 2012/434-31, 2018-
143/32). Details about the volunteer can be found in table 3.1, regarding age, gender and
number of measurements available

Table 3.1: Volunteer information and details about measurements.

Volunteer Age and gender Number of measurements

K6 35 y/o Female 6

The measurements were not necessarily taken over consecutive days due to availability of
the volunteer, trained staff and accessibility to the MR scanner. The collected data however
is still considered to be longitudinal in the sense that it represents data, in this case changes
in cerebral blood flow (CBF), over an extended period of time. Data collection was made
approximately at the same time of day every measurement time, namely in the forenoon.
By measuring at approximately the same time each measurement day, the idea was for the
volunteer’s circumstances and state to be roughly similar. This in order to aim for a com-
parison where the changes in values is based on changes in blood flow between days rather
than if the volunteer’s blood flow changes possibly are affected by at what time of the day
the measurements are performed. Counting the first measurement as performed in day 1 the
following measurements were performed on days 3,5,8,9 and 12.

Data collection was made with the use of a magnetic resonance imaging (MRI) system to-
gether with the NOVA software, described in chapter 2.5.3. The MRI system used is located
in the NICU at Linköping University Hospital. The MRI system was a 3T Siemens Skyra,
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equipped with a 20 channel phased-array head coil, and with associated software Syngo MR
EII. Following an image scout and an initial TOF the correct head position could be con-
firmed before proceeding with the NOVA software. How NOVA obtains the blood flow mea-
surements is described in more detail in chapter 2.5.3. NOVA allows for personalized mea-
surements based on the patient’s vessel anatomy and simplifies the possibly difficult process
of placing the measurement plane at the correct angle in relation to the vessel. The NOVA
measurements are taken as part of a standard NICU MRI protocol, meaning that other MRI
images were obtained as well but not used in this project. The total image acquisition time of
the protocol was about an hour. The acquisition time for each vessel with NOVA is however
about 20 seconds, but the manual placement of measurement points as well as any necessary
retake of measurement might cause the total time to differ. A total of 11 vessels were mea-
sured with NOVA and are listed in table 3.2. All vessel abbreviations, excluding BA, begin
with an L or R to represent the left and right side. Further on the vessel abbreviation might
be used without the beginning L or R when talked about in a more general sense where the
side is insignificant.

Table 3.2: Measured vessels using NOVA.

Abbreviation Vessel Name

LICA Left Internal Carotid Artery
RICA Right Internal Carotid Artery

BA Basilar Artery
LMCA Left Middle Cerebral Artery
RMCA Right Middle Cerebral Artery
LPCA Left Posterior Cerebral Artery
RPCA Right Posterior Cerebral Artery

LACA2 Left Anterior Cerebral Artery
RACA2 Right Anterior Cerebral Artery

LVA Left Vertebral Artery
RVA Right Vertebral Artery

The used data in this thesis is taken from a generated text file where the NOVA measurement
results are stored for the specific patient. An example of what the file looks like is shown in
figure 3.1. The relevant information to extract from the file was chosen to be study date, name
of the vessel, mean VFR (Volumetric Flow Rate), the vfr (Volumetric Flow Rate) column, the
mean_vel (mean velocity) column and the max_vel (maximum velocity) column. The numbers
listed 1 to 12 to the left of the file setup symbolizes that 12 measurements were made, which
extend over an entire cardiac cycle. Just as the measurements for LVA are shown for that
specific date, there are the same columns found for each vessel that was measured on each
measurement day. The area and diameter data was chosen to be excluded as this would
potentially be affected by how an operator would mark the vessel area to a greater extent
then the other measurements. wss, wall shear stress, was decided to be out of scope for this
thesis.

3.2 Analysis

As NOVA has not yet become a main tool for longitudinal measurements, the investigated
parameters were mainly the same as those usually investigated using for instance TCD. Be-
cause changes in MCA velocity may indicate vasospasm as well as looking at the Lindegaard
ratio, described in chapter 2.6.1, these two parameters were included in the development
of the analysis method. Two changes were of special interest by the clinicians at Linköping
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Figure 3.1: Example of measurement results for the vessel LVA, where the relevant data is
marked with red bounding rectangles.

University Hospital to include in the analysis method, namely if the velocity of MCA had
exceeded 120 cm/s and if the velocity had increased with 50 cm/s or more since the previous
day. Other analysis options were explored using the available data and given the amount of
information which could be retrieved from the NOVA software to get a sense of what type of
analysis would be relevant. These included looking at the range of values during the cardiac
cycle, comparing the latest values with an average of all previous measurements, comparing
the latest value with the previous measurement and calculating mean and maximum val-
ues over the cardiac cycle. Ways to compare the blood inflow and its components was also
explored. Total inflow was defined as the sum of LVA, RVA, LICA and RICA.

3.3 Visualization

A previous idea of how the data could be visualized was provided, as seen in figure 3.4, and
became a starting point for how the visualization was later developed. This visualization
included 7 of the possible 11 vessels measurements. The data was presented using what one
could call a radiological convention, mostly seen in medical images where the left half is
shown to the right and vice versa, and adding BA in the middle as it has no left and right
counterpart. Blood velocity and blood flow are shown separately. MATLAB version R2022a
(MathWorks, Natick, USA) was used to implement the visualizations. Plots were the main
tool explored for visualizing the data and the different analysis options. The implemented
visualizations are shown in chapter 4.

A meeting with two neurosurgeons from Linköping University Hospital was held early in
the project to receive feedback on plots where changes and adjustments had been made to the
initially provided plot, figure 3.4. The feedback provided a guideline for in which direction
the visualization should progress. The plots from the early state of the project are shown
in chapter 4. Based on the feedback from the initial meeting a generic 2D vessel map was
designed and created to be used in the final visualization tool. The thought was to provide
a quick overview of certain changes without being to complicated to look at in order to
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Figure 3.2: First version of the 2D generic vessel map as part of the visualization aspect of the
project.

understand the information which is conveyed. A first version of the vessel map is seen in
figure 3.2. It shows the concept of visualizing with the help colors and a placement of the
vessels in a way that was not too far from reality. Through the development process the
vessel map was redesigned and features such as the brain in the background seen in the first
version was removed to keep the vessel map simple and without unnecessary distractions.
The final version is seen in figure 3.3.

A graphical user interface (GUI) was eventually developed with MATLAB App Designer to
be used as the final visualization tool. The resulting GUI and its features are presented in
chapter 4. A meeting closer to the end of the project was conducted with the neurosurgeons
to receive feedback on the developed GUI. The development process could be thought of
including an iterative aspect as the development of the method to analyze and visualize was
guided by feedback from the clinicians as well as from the supervisor of this thesis. In order
to keep improving the analysis and visualization tool it was necessary to combine feedback
and development.

3.4 Verification

Verification of the software’s performance was done by inspecting the resulting plots and
other components seen in the final GUI based on the input data. Both data which should just
be plotted as is and data which has gone through certain calculations before being plotted.
As the data was taken from healthy volunteers some cases could not be visualized given
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Figure 3.3: Final version of the 2D generic vessel map as part of the visualization aspect of
the project.

that the circumstances to be visualized did not happen. This meant that a need to create
synthetic data arose. To explore different ideas of what could be visualized given the some of
the special cases that could occur in the clinical setting, the volunteer data was modified for
certain measurements to achieve the right cases. As the special cases all regarded changes in
(maximum) velocity for MCA, as mentioned in chapter 3.2, there was only need to modify
the values in the velocity column of the data. Namely the maximum velocity column, as it
was eventually decided that the velocity value to be used in the plots in the final tool was
the largest value in the maximum velocity column for each measurement day. This meant
that the modification could be simplified by change the entire column to the same value, as
seen in figure 3.5. The three cases were a velocity value of 120 cm/s or more, an increase of
velocity with more than or equal to 50 cm/s since the previous measurement, and the final
case would be a combination of the two first cases.

The relevant value to use as velocity representation for each measurement day in the plots
in the final tool was data from he maximum velocity column from the data file. The choice
was based on limiting how the presented data would be affected by how an operator would
mark or adjust the vessel area during the acquisition process. The maximum velocity would
thereby be a more consistent measure. As the final tool presents the maximum velocity from
the maximum velocity column, the modification of data could be done by setting the same
value for all elements in the column. An example of what the modification could look like is
seen in figure 3.5.
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3.4. Verification

Figure 3.4: Initial visualization idea, including the flow and velocity for BA as well as the left and right equivalents of ICA,
MCA and PCA.

Figure 3.5: Modified version of data with the purpose to show cases not seen in the healthy volunteer, where the modified
column is marked with a box.
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4 Results

Plots and visualization options from the early stages of the project are presented in this chap-
ter along with the final GUI and a description of its features.

4.1 Analysis and visualization during early stages of the project

Plots from the early stages of the project are presented in this section. One of the main
visualization options explored was a seven in one plot layout, once again inspired by a
radiological convention with a left and right side and the BA in the middle. Compared to the
initial provided plot, as seen in figure 3.4, the left and right hand side vessels are separated
into individual plots. The calculated mean flow is plotted throughout all plots.

Figures 4.1 to 4.5 show variations of the seven plot concept with different alternatives re-
garding visualization options. In figures 4.1 and 4.2, similar ways of visualizing are used
where the difference would lie in color choice of the bars to differentiate the two. Since
both flow and mean velocity have twelve values from each date, these plots show two ways
of visualizing the range of values during a cardiac cycle. A visual explanation of how the
range of values was visualized in figures 4.1 and 4.2 is shown in figure 4.3. The first way to
visualize the range of values is done with error bars, where the top and bottom of the error
bar represent the maximum and minimum value over the twelve measurements and placed
in the plot relative to the mean value of the twelve values. The second way to visualize the
range is done by calculating the difference between the maximum and minimum value and
then plotting the difference as the height of a bar placed at the bottom of the plot for each
measurement date. As can be seen in figure 4.3 the size of the error bars and the colored bar
are equal, simplifying a quick comparison between how the range of values differed between
measurement days. On the right side of figure 4.1, the error bars are removed to provide an
alternative visualization. A way of visualizing if any intervention has been performed before
a measurement has taken place is shown in for instance figure 4.2 as a red circle around the
date of measurement following the intervention.
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4.1. Analysis and visualization during early stages of the project

Figure 4.1: Seven plot in one, visualizing mean velocity together with the range of values over a cardiac cycle.

Figure 4.2: Seven plot in one visualizing flow together with the range of values over a cardiac cycle.
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4.1. Analysis and visualization during early stages of the project

Figure 4.3: Visual explanation of range visualization concept.
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4.1. Analysis and visualization during early stages of the project

The two next variations of the seven plot concept are shown in figures 4.4 and 4.5. Figure
4.4 shows varying ways of using a colorbar to complement the plot in different ways. The
main idea with the colorbar is to get a quick overview of the data as the colors corresponding
to certain values are shown either in the plot itself, as seen on the left and right side of
figure 4.4, or as a guide on the side of the plot as seen in the middle. Colorbars, or color
coordination in general, could be used to indicate values or intervals in which one should
pay more attention and potentially act upon. The final variation of the seven plot concept,
as for the early stage of the project, combines flow and velocity in the same plot, as seen in
figure 4.5. As it might be relevant to compare how flow and velocity changes for the same
vessel this way of visualizing the data would provide such an option. This visualization does
however require two different scales on the vertical axes as flow and velocity have different
units but also due to their values lying in different ranges.

Figure 4.4: Seven plot in one, visualizing mean velocity together with variations of colorbar usage to complement the plot,
including different color orders in the colorbar.

Different ways of visualizing inflow and its components are shown in figure 4.6. Bars and
plots are used together and separately to show how the same information can be viewed in
multiple ways based on which preferences and opinions exist.
The final plot from the early stages of the project is seen in figure 4.7, where the Lindegaard
ratio described in section 2.6.1 is visualized. The plot shows two options regarding how
background colors could be used. First a more discrete option and second a more continuous
option, both including a cut-off value of 3. As a Lindegaard ratio of 3 could be seen as a limit
for different interpretations based on whether the ratio is above or below 3 [27], this was
chose as the cut-off value.

Mean velocity was used during the early stages of the project and is what is seen in all plots
referring to velocity in this section, whereas maximum velocity is what is referred to in section
4.2 when referring to velocity.
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Figure 4.5: Seven plot in one, visualizing flow together with velocity.

Figure 4.6: Visualization of inflow and its components.

4.2 Graphical User Interface (GUI)

A Graphical User Interface (GUI) was developed in the later stages of the project to gather all
visualizations in one place. As can be seen in this section, some components from the plots
of the earlier stages of the project, described in the previous section, were slightly adjusted
while new components were added based on feedback from supervisors and the neurosur-
geons. The final GUI consists of four tabs. The first tab, which works as the initial window
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4.2. Graphical User Interface (GUI)

Figure 4.7: Visualization of Lindegaard ratio for left and right side.

a user encounters when using the GUI, is called Patient and dates is seen in figure 4.8. As
seen, the tab contains two steps to get started with the GUI, the second one being optional.
The first step is performed by using the button Load patient to navigate to the computers file
manager in order to choose which file the measurements should be read from. Once the file
has been chosen the second step would be to pick the date of when the SAH occurred. As
seen in figure 4.8 a date picker will appear from the date menu and a date can be selected.
When the date is set, a table of each measurement date and time is shown along with how
many days have passed counting from the day of SAH, as seen in figure 4.9.

The second tab, named All Vessels, consist of both a 2D generic vessel map and an extended
version of the previously mentioned seven plot concept. Figure 4.10 presents the first view
of the second tab. The top of the tab has a text box where the chosen patient file can be seen.
The 2D vessel map has multiple options, the first one being if analysis of the flow data or
maximum velocity data should be seen. This is controlled with the toggle buttons with the
header Vessel Map View. Below the toggle buttons there is a drop down menu, containing
two options for each respective view. Depending on the choice of analysis option the vessels
on the vessel map will be color coded to the corresponding value on the colorbar seen to the,
right of the 2D vessel map, based on what calculations were made. The first, and default
option, for the Flow view is to see change in ml/min since last measurement. Meaning that the
color shown in the map will correspond to the difference between the latest and penultimate
measurement according to the colorbar. The drop down menu for the Flow view is seen in
figure 4.11.

The second option for the Flow view is to visualize the percentage change between the latest
measurement and the mean of all previous existing measurements. When this option is
chosen the colorbar changes, as well as the range of values for this visualization, as seen in
figure 4.12.

For the Velocity view the default option is change in cm/s since last measurement as seen in
figure 4.13, which is the corresponding option described previously for the Flow view. The
velocity values compared consist of the maximum value from the maximum velocity column
for the corresponding measurement day. To differentiate between the vessel map options that

28



4.2. Graphical User Interface (GUI)

Figure 4.8: Initial view of the first tab of the GUI, before any selections have been made.

Figure 4.9: Example of the first tab once the file and date of SAH has been picked.

are different for the Flow view and Velocity view different colorbars where chosen. Both the
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4.2. Graphical User Interface (GUI)

Figure 4.10: First view of the second tab, containing a 2D generic vessel map along with a nine plot setup of flow and
maximum velocity visualization.

Figure 4.11: Presentation of the drop down menu for the Flow view of the 2D vessel map.
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4.2. Graphical User Interface (GUI)

Figure 4.12: Flow view when option to visualize percentage change has been chosen for the 2D vessel map.

Flow view and the Velocity view do however have the same colorbar when the percentage
change option is chosen.

As is seen in the second tab, there is a legend with title MCA color code. This legend describes
what color corresponds to which special case of change in velocity seen in the MCA plots in
the nine plot layout. The three cases chosen for this project were if the velocity of the MCA
exceeds 120 cm/s, if the velocity has increased with more than 50 cm/s since the previous
day and finally if both of those cases occurs at the same time. An example of what this would
look like in the middle row of the nine plot setup is shown in figure 4.14.

If one for some reason does not want to pick a date for SAH occurring, or there simply is
not one, the difference is seen in what is shown on the horizontal axes of the plots. A case of
where no SAH date has been picked is seen in figure 4.15, where the labeling of the horizontal
axes now is presented as full dates compared to the abbreviated labeling seen in previous
figures.

The third tab, named Right vs Left Vessels, is shown in figure 4.16. As in the second tab the
third tab contains the text box with the patients filename at the top left. The third tab mainly
includes the left and right comparison plots found in the initial plots, as seen in figure 3.4, as
well as a shared plot for the Lindegaard ratio for the left and right side.

The fourth and final tab is named Single Vessels, and serves as an extra tab where more specific
comparisons can be made between all measured vessels. The tab still contains the text box
showing the patients filename. The main component of the tab is the vessel selection boxes
and the plot area. An example where LACA2 and RACA2 have been chosen is seen in figure
4.17. As the chosen vessels are changed, the legend to the right of the plot is adapted. A
second case is seen in figure 4.18. All the different vessels are represented by separate colors
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4.2. Graphical User Interface (GUI)

Figure 4.13: Presentation of the drop down menu for the Velocity view of the 2D vessel map.

Figure 4.14: Visualization of all three cases analysed further for MCA velocity using the modified data mentioned in chapter
3.4.

and the left and right side of the corresponding vessel is separated by using different plot
styles, as seen in the plot legend. The option to clear all selected vessels from the plot is
available through the button Clear All. Just as for the 2D vessel map found in the second
tab, the option to visualize either Flow or Velocity is accessed through the dropdown menu
shown in figure 4.19.

32



4.2. Graphical User Interface (GUI)

Figure 4.15: Example of second tab where no SAH date has been picked, thus leading to different labeling of the horizontal
axes of the plots.

Figure 4.16: Third tab of GUI, including Lindegaards ratio and a simple left and righ side comparison of ICA, MCA and
PCA.
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4.2. Graphical User Interface (GUI)

Figure 4.17: Example of selected vessel for visualization, in this case LACA2 and RACA2.

Figure 4.18: Example where multiple vessels have been chosen to be visualized.
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4.2. Graphical User Interface (GUI)

Figure 4.19: Presentation of the dropdown menu and its options for the fourth tab in the GUI.
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5 Discussion

A discussion about the data used to develop the visualization and analysis tool, the method-
ology as well as the obtained results is presented in this chapter. Thoughts on future work is
included as well.

5.1 Data

There are both advantages and disadvantages with the data used for this project. The main
advantage is how many vessels can actually be measured and studied with the NOVA soft-
ware and MRI system compared to for instance TCD. As NOVA and MRI allow for more
information to be obtained through repeated measurements, without increasing the risk of
an increased radiation dose as other methods do, it is worth to keep developing the use of
the method. As the data collection requires a notable amount of time to be performed there
might be patients for whom the data analysis is not accessible. Patients need to be stable
enough to manage the entire image acquisition time and preferably over consecutive days
to be able to compare measurements. Since vasospasm begins and develops within a few
days following the SAH [13], it is important to keep collecting data from both patients and
healthy volunteers to gain more knowledge of what changes can be seen during these days.

As the NOVA software still is under the process of slowly being incorporated into clinical use
at the NICU in Linköping University Hospital, the consistency between measurements given
different operators has room for improvement. Since new MR technicians continuously need
to be trained to operate the NOVA software there is a learning curve within each individ-
ual’s process just as much as the hospital as whole has to strive for consistency throughout
longitudinal measurements. To be able to compare data in a reliable way it is of importance
to strive for measurements being comparable by knowing that the conditions in which they
were made, here mostly regarding the NOVA operator, are as similar as reasonably possible.

The amount of data from healthy participants to create synthetic data and work on develop-
ment of the analysis and visualization tool with cases not present in the patients and volun-
teers currently available has been shown in this thesis to be possible.
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5.2. Methodology

5.2 Methodology

The provided initial plot turned out to be a good base for the developed GUI, both regarding
content but also layout. To have an initial meeting with the neurosurgeons early in the
process was beneficial in the sense that one could begin to understand what could be a useful
approach of visualization and analysis from the perspective of a clinician regarding the topic
of longitudinal MR measurements. The chosen analysis methods and parameters can be
deemed a good starting point for a future project in this field as the increased usage of the
NOVA system will yield new ideas and experiences on what the data can be used for and
how. The input and feedback provided by the neurosurgeons were of great guidance for the
development of the analysis and visualization tool. The feedback aspect of the process was
thereby at the end of the project still considered one of the most important factors for the
project’s development.

5.3 Results

As could be seen in chapter 4, there were adjustments and changes of different degrees
between the initial state of the project and the final GUI. The main difference would be
the use of maximum velocity instead of mean velocity. Maximum velocity, and especially
the maximum value taken from the maximum velocity column, would be more consistent
regarding what is actually measured as it is dependent on the highest pixel value found in
the area of the vessel in the image. If mean velocity would be used there is a larger depen-
dency on how the operator manually makes adjustments to the marked vessel area, as seen
in figure 2.12. Choosing to instead include the maximum value of the maximum velocity
column would thus minimize the effect of operator variability. The initial state of exploring
plotting possibilities with more of the available data turned out to be beneficial. Together
with the feedback it would provide insights on what was useful from the initial state going
forward just as much as what was considered unnecessary or even unhelpful in the analysis
and visualization method. An example of a component considered unnecessary as seen in
the initial plots where the two options to visualize the range of values seen in both the flow
and velocity column data. Removing that plotting option provided a less distracting final
plot with more focus on the remaining data being showed.

The final GUI provided an accessible way of presenting the NOVA data. The incorporation
of a 2D vessel plot provides the opportunity for a quick overview by being guided by the
color coding from the colorbar and should be seen as a starting point to what potential lies in
this kind of visualization being incorporated. The choice of visualizing the change in either
velocity or flow since the previous measurement was done with the idea of the user getting
a quick overview of the overall values before potentially diving deeper into the plot of a
certain vessel. The other view option, percentage change compared to mean of all previous
measurements, was chosen with the purpose of exploring different analysis methods. A
comparison between a current value and the mean of all previous could provide a quick
overview of how much the current value differs from the overall trend seen from previoues
values.

Regarding the 2D vessel map, a concept not prioritized in this project was to explore more in
depth how color choices should be used. Factors such as how many colors could be relevant
or even necessary to use in a colorbar for a 2D vessel map, or if the colorbar should have a
continuous look or discrete look would be relevant to look into further. A discrete colorbar
with definite color divisions would remove the possible subjectivity applied by physicians
looking at the colors presented for each vessel in the 2D vessel map, whether the subjectivity

37



5.4. Future work

is conscious or not. That would thus be a positive aspect of using a discrete colorbar instead.

The current knowledge on what to look for during blood velocity monitoring is noticeably
broader than the knowledge on what information blood flow measurements could provide.
An example being the previously mentioned guideline values for MCA velocity and changes
to velocity [28]. As ways to measure and monitor blood flow increase in availability, the need
of more experience in what changes in blood flow and certain values for blood flow could
tell us will be important. Experience which could be gained by a larger base of collected data
from varying states and conditions.

5.4 Future work

Future work would include further possibilities to adapt thresholds, limits seen in plots and
visualization options to suit the user’s needs. Investigating how 4D flow MRI data can be vi-
sualized together or instead of the 2D phase contrast would be a relevant path forward given
the different characteristics of the two techniques. As the thesis was limited to visualizations
of lower dimensions, exploring the use of 3D models of the patients vessel structure to visu-
alize the measurements could be relevant. Especially if the possibility to obtain 4D flow MRI
data is given. As this thesis explored circulation from a macro perspective with the larger
vessels of the brain, the inclusion of micro circulation would be a relevant step forward. One
type of measurement to include could be ASL as no contrast agent or radiation is needed and
information about brain perfusion is obtained [25]. The inclusion would hopefully provide
information useful for the overall picture of the patient’s condition. It would be relevant to
develop cut-off or reference values for blood flow, as have been seen examples of for velocity.
This in order have guidelines for when to intervene or further investigate the patient’s state.
As with all development of techniques to eventually be used clinically the amount of data
acquired would need to be increased in order to study more cases which might relevant to
include in the analysis and visualization tool.
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6 Conclusion

The result of this thesis presented a tool capable of multiple ways of visualizing and analyz-
ing longitudinal NOVA flow measurements. The developed GUI provided a way to easily
interpret the visualizations and analysis. Thus achieving the aim of the thesis. Initial states
of the visualizations and analysis provided a good starting point for the project to develop
into the final GUI. During the development process feedback from supervisors and neuro-
surgeons was especially valuable. Variations of plots and a 2D vessel map became the main
components of the final tool. Further work within this field could include further develop-
ment of the adaptability of the visualization and analysis tool. Greater adaptability could
open possibilities for new areas of use not initially thought of. Looking into the possibility of
using 3D structures as part of the visualization and analysis tool is a path which should be
explored. Future work could also include development of MR flow based cut off values to be
used together with the tool to indicate when treatment of secondary ischemic events should
occur. Other analysis measures and calculations should be explored to expand the informa-
tion which the tool can provide. A larger collection of data from both healthy volunteers and
patients would be useful in the continued development of a tool with the purpose to be used
for analysis and visualization.
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7 Appendix- User Manual

7.1 Introduction

This user manual contains information about how to use the GUI developed during the thesis
Development of a tool for analysis and visualization of longitudinal magnetic resonance flow measure-
ments of subarachnoid hemorrhage patients in the neurointensive care unit.

7.2 Preparation

The necessary files needed to run the GUI include the main MATLAB application file, the
base image file for the 2D vessel map as well as the mask image files for each vessel (a total
of 11 vessel files). MATLAB needs to be installed on the used computer in order to run the
application.

7.3 Input Data

The input data will be measurements from NOVA and all measurements made on a person
are expected to be collected into one file and in a specific format seen in figure 7.1. There is
a main section for general information marked with red rectangle the where there is a main
section and general information about the file is found. Below the general section comes the
section that is repeated for every vessel until a new measurement date comes along. It is
assumed and expected that at least three measurement dates are present in the input file to
use the software.

7.4 Tab 1: Patient and dates

The first tab, as seen in figure 7.2, is where the user selects the patient file to be analysed as
well as set the date of when the subarachnoid hemorrhage occurred. The main components
in the first tab are the Load patient button and the Day of the day 0 date picker. By choosing
a patient file along with a date a list of when all the measurement where done relative the
chosen date. The date can be changed. A patient file can be chosen without choosing a date
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7.5. Tab 2: All Vessels

Figure 7.1: Example of input file. The general section which is repeated for every new mea-
surement date is marked with the red rectangle. The blue rectangle represents the vessel
component which is repeated for every vessel until a new measurement date begins.

of SAH, which will affect the way the plot axes look like in tab 2 and 3. An example of what
tab 1 looks like when both fie and date have been selected is seen in figure 7.3

Figure 7.2: Initial view of the first tab of the GUI, before any selections have been made.

7.5 Tab 2: All Vessels

The second tab contains both a nine-plot view of a flow versus velocity comparison can be
seen as well as a 2D generic vessel plot. The 2D vessel plot has 4 view options. Two options
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7.5. Tab 2: All Vessels

Figure 7.3: Example of both a selected file and a date of SAH event .

for velocity and two for flow. The common view for both is to see the percentage change
compared to a mean value calculated from all previous values. An example of what the
second tab looks like once a file and date have been picked is seen in figure 7.4.

Figure 7.4: First view of the second tab, containing a 2D generic vessel map along with a nine
plot setup of flow and maximum velocity visualization.

The second tab contains a legend with extra information about three special cases for MCA
which result in an extra visualization component if full filled. A close up of the legend is seen
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7.5. Tab 2: All Vessels

in figure 7.5, the visualization in the 9 plot setup when one of the three included special cases
is present. An example of what each full filled special case looks like in the second tab is seen
in figure 7.6.

Figure 7.5: Close up of legend in second tab of the GUI.

Figure 7.6: Visualization of all three cases analysed further for MCA velocity using the mod-
ified data mentioned in chapter 3.4.

To change the 2D vessel map view, a drop down menu is used which can be seen in figure 7.7.
Examples of the remaining views for the 2D vessel map of the second tab are seen in figures
7.9 and 7.8.

Figure 7.7: Presentation of the drop down menu for the Flow view of the 2D vessel map.
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7.5. Tab 2: All Vessels

Figure 7.8: Presentation of the drop down menu for the Velocity view of the 2D vessel map.

Figure 7.9: Flow view when option to visualize percentage change has been chosen for the
2D vessel map.

If no SAH date has been picked the plots will have the full measurement dates on the hori-
zontal axis of each plot. This is seen as an example in 7.10.
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7.6. Tab 3: Right vs Left Vessels

Figure 7.10: Example of second tab where no SAH date has been picked, thus leading to
different labeling of the horizontal axes of the plots.

7.6 Tab 3: Right vs Left Vessels

The third tab contains a right versus left comparison where flow and velocity are kept in
different plots. There is no interactive component in the third tab. An example of the third
tab is seen in figure 7.11.

Figure 7.11: Third tab of GUI, including Lindegaards ratio and a simple left and righ side
comparison of ICA, MCA and PCA.
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7.7. Tab 4: Single Vessels

7.7 Tab 4: Single Vessels

The fourth tab is meant as a space where it is up to the user decide which vessels are relevant
to study more, and whether it should be shown as flow or velocity measurements. The tab
also has a Clear All button in order to clear all chosen vessels and clear the plot. Examples of
what the fourth tab can look like are seen in figures 7.12, 7.13 and 7.14.

Figure 7.12: Example of selected vessel for visualization, in this case LACA2 and RACA2.

Figure 7.13: Example where multiple vessels have been chosen to be visualized.
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7.8. Limitations

Figure 7.14: Presentation of the dropdown menu and its options for the fourth tab in the GUI

7.8 Limitations

The software requires and assumes that the file with input data contains at least three mea-
surement dates. Limits on the vertical axes of the GUI are set and can thereby not be adapted
through the GUI. Colormaps shown in the colorbar in the second tab are also set.
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