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Abstract
Heart diseases are the leading cause of death in developed countries, hence, un-
derstanding of the hemodynamics of the heart is critically important to enable
methods for cardiovascular diagnosis. Assessment of intracardiac blood pressure
is highly interesting as blood flow is driven by the pressure differences.

Phase-contrast magnetic resonance imaging (PC-MRI) is a tool for measuring
blood flow and has a wide range of cardiovascular applications. Based on previous
studies, an approach to estimate the relative pressure fields in the human heart
from three-dimensional time-resolved PC-MRI velocity data was implemented and
evaluated. The relative pressure fields were obtained by solving the pressure Pois-
son equation, using a multi-grid approach. The method was evaluated on a nu-
merical phantom and on PC-MRI data from one healthy subject and one patient
with dilated cardiomyopathy. The pressure field was visualized in combination
with blood flow data and morphological images.

Results indicate that the used approach works well for cardiac relative pressure es-
timation and are in agreement with findings from previous research. The complete
spatial and temporal coverage of relative pressure enables a higher understanding
of physiology and pathophysiology of the human heart and is expected to give new
insights for clinical investigations.
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Chapter 1

Introduction

1.1 Formulation of the Problem
Heart diseases are the leading cause of death in Sweden with 22% of all deaths
World Health Organization (2006), therefore examining the hemodynamics of the
heart is vital for development of diagnostics for public health. However, most of
the cardiovascular diagnostics are based on function estimated from morphology.
Examining the pressure differences which determine cardiac flow, might give new
insights to heart disorders.

Pressure gradients in the heart are important markers for cardiovascular diseases
and may give information about the filling and ejection efficiency. The pressure
drop over a constriction is a marker of the severity of the stenosis (Ebbers; 2011).
For pressure difference estimation, currently available methods have their own
drawbacks. Application of simplified Bernoulli equation to ultrasound velocity
measurements are limited by the sensitivity of the ultrasound and inaccurate align-
ment with true flow directions caused by the user. Moreover, the method is only
valid for severe stenosis. Furthermore, output of the Bernoulli equation does not
easily provide information of temporal and spatial pressure variations over the
stenoses(Bock et al.; 2011).

Phase contrast magnetic resonance imaging (PC-MRI) is a method, capable of
measuring velocities of particles with spin, such as blood flow, in all three direc-
tions . Pressure gradients can be calculated from the PC-MRI velocity data using
the Navier-Stokes equation assuming blood flow as an incompressible and laminar
Newtonian flow. Furthermore, relative pressure maps over the time can be derived
from the pressure gradients (Ebbers et al.; 2001; Tyszka et al.; 2000).

Compared to simplified Bernoulli approach, the Navier-Stokes method is user-
independent in velocity measurements and has an advantage in temporal and
spatial information in a region of interest. However, Navier-Stokes is limited to
laminar flow thus making it invalid for severe stenosis, also the manual segmenta-
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2 Introduction

tion of the boundary conditions which are required by the Navier-Stokes is time
consuming and performing delineation of the blood pool is difficult on PC-MRI
data because of the low contrast between myocardium and blood (Ebbers et al.;
2001).

The Navier-Stokes approach has been used rarely to date, previous studies includes
the calculation of the pressure along a predefined pathway and relative pressure
maps from MRI acceleration data (Buyens et al.; 2005) and from MRI flow data
using an iterative approach(Ebbers et al.; 2002). While the iterative approach is
computationally demanding and time consuming, with the development in com-
putational algorithms and improvements in hardware the solution time can be
shortened. In their study Ebbers and Farnebäck (2009) used a multigrid solver
which improves the computational speed significantly. This approach was evalu-
ated in the aorta of one healthy volunteer.

1.2 Aim of the thesis
The aim of this thesis is to implement and evaluate this approach for the compu-
tation of cardiac relative pressure fields from 3D time-resolved flow MRI. Further-
more, the relative pressure fields and flow data will be visualized simultaneously.



Chapter 2

Theoretical Background

This chapter provides relevant background information for the understanding of
the topics in the thesis. It includes the basic anatomy and physiology of the heart
and covers the basics of magnetic resonance imaging and the in-vivo pressure cal-
culation methods with a focus on the method used in the project, Navier-Stokes
equation.

2.1 The Human Heart
The human heart is a pump, supplying pulsatile blood flow to the body. It consists
of four chambers; the right and left atria and the ventricles (Fig. 2.1). The ventri-
cles pump the blood away from the heart while atria collect the blood returning
to the heart. The right atrium receives the deoxygenated blood from the body
and delivers it to the right ventricle where the blood will be pumped to the lungs.
Left atrium receives the oxygen rich blood from the lungs and delivers it to the
left ventricle where it will be pumped to the whole body through the aorta.

2.1.1 Pressure in the Heart
The pressure in the chambers of the heart varies during the cardiac cycle. The
cardiac cycle begins with early diastole, where both atria and ventricles are relaxed
and the atrioventricular (AV) valves are open. The pressure in the aorta decreases
and venous pressure exceeds the pressure in chambers. This causes blood to flow
from veins to the chambers of the heart. Major part of the ventricular filling oc-
curs during this phase. Diastasis, where the passive filling has slowed down, occurs
between early and late diastole.

The atrial contraction in late diastole, causes the atrial pressure to increase and
blood continue to flow to the ventricles also increasing the the ventricular pressure
slightly. Diastole is followed by the systole phase. In the first stage of systole,
isovolumetric contraction occurs. AV valves gets closed while there is no change
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4 Theoretical Background

Figure 2.1. Cross-section of a human heart

in the volume of the ventricles. Later, the contraction of the ventricles increases
ventricular pressure dramatically, surpassing the atrial pressure. When the ven-
tricular pressure surpasses the aortic pressure, the semilunar (SL) valves open and
blood flows into the aorta and the pulmonary artery rapidly. Following the rapid
ejection of the blood, ventricular pressure starts to decrease and the pressure in the
aorta and pulmonary artery causes SL valves to close. When ventricular pressure
drops below the atrial pressure, AV valves open and ventricular filling begins.

Pressure gradients in the heart are important markers for cardiac dysfunctions, e.g.
with presence of acute myocardial ischemia the pressure gradients are expected to
change (Courtois et al.; 1990). Furthermore, changes in pressure gradients can
give information about the diastolic and systolic efficiency of the heart. (Ebbers
et al.; 2001).

2.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-invasive imaging technique based
on the nuclear magnetic resonance (NMR) phenomenon. It is mainly used in
medicine, to produce high-resolution, high-contrast two dimensional images as well
as three dimensional volumes of the body (Hornak; 1996). MRI is also capable of
measuring flow-related quantities such as velocity of the blood flow in heart and
vessels.
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2.2.1 Physics
The NMR phenomenon is based on the intrinsic property of the atomic particles
called spin. As the name implies spin is the rotation of the particles around their
axis. All the subatomic particles, neutron, proton and electron have spin. Due
to the abundance of the hydrogen atoms in the human body and the nuclei of
hydrogen, which consist of one proton, hydrogen is the main interest area in MRI.

The particle with spin can be thought of as a small magnet with a north and a
south pole. When placed in an external magnetic field, B0, the spin magnetization
vector of the particle is aligned in the direction or in the opposite direction of the
field applied, representing the lowest energy state in the former and the highest
energy state in the latter. Transition from lower to higher energy state is possible
by adding the energy difference between the two states.

It is inconvenient to study the spins one by one, for simplicity spins are looked
as spin packets which represents a volume of the all spins under the effect of the
same magnetic field. The sum of the magnetization vectors from all the spins in
the spin packet are represented as a net magnetization vector, M. Spins in the
spin packets are aligned randomly and the net magnetization is zero when there
is no external magnetic field applied, however, under the influence of an external
magnetic field, B0, the net magnetization field will be in the direction of B0, z-
direction. The magnetic field also makes the particles with spin to precess at a

Figure 2.2. Effect of an external magnetic field, B0, on a particle with spin (on the left)
and on the net magnetization vector, M.

frequency, v, known as the Larmor frequency. The Larmor equation is used to
calculate the frequency of precession,

v = −γB0[Hz] (2.1)

where γ is the gyromagnetic ratio which differs for different atoms. Applying an
external radio frequency (RF) pulse that matches the Larmor frequency will cause
a transition of M into a higher energy state and the net magnetization vector will
flip down to the transverse plane, xy-direction (Fig. 2.2). When the RF-pulse
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is switched off, M will return to equilibrium state and this will induce a time-
varying signal known as free induction decay (FID) to the coils that convert the
magnetization into a current. This current is the MR signal which is used to create
the MRI images.

2.2.2 Imaging Principles
As the frequency of which the spin precess is dependent on the magnitude of the
applied magnetic field, a spatially varying magnetic field will generate spatially
varying Larmor frequencies. This is accomplished by adding magnetic field gradi-
ents to B0.

While a RF pulse is applied, adding a positive gradient along the z-direction will
increase the magnetic field strength in this direction and each spin packet will
experience a unique magnetic field strength, thus a unique Larmor frequency. The
spins that match the precessing frequency will absorb the energy and will flip
down. This is called the slice selection.

Figure 2.3. The alignment of spins before and after the influence of an RF-pulse.

There are different imaging principles, today’s most ruling imaging principle is
Fourier transform imaging (Kumar et al.; 1975) which consists of two steps; fre-
quency encoding and phase encoding.

Before the addition of external energy, the phase of the spins in the packet is
randomly aligned. Spins will align in the same direction, when a RF-pulse is ap-
plied. As the external magnetic field is not changed, the precessing frequency of
the spins will stay the same (Fig. 2.3). By applying a phase encoding gradient
in x-direction, spins will precess with different frequencies in x-direction and by
applying a frequency -encoding gradient in y direction spins will precess with same
frequency but with a known degree of phase difference on y-direction (Fig. 2.4).
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The magnetization vectors will have different phase and frequencies after these
steps which makes it possible to localize the origin of the spins.

Figure 2.4. A phase encoding gradient in the x-direction results in a known degree of
phase difference between spin vectors in different columns.

When the external magnetization fields are turned off, magnetization vectors relax
backs to equilibrium. At this state, the signal containing the image in frequency
domain, also called k-space is collected. The inverse Fourier transform of the k-
space image results in the magnetic resonance image.
More detailed information on MRI can be found on The Basics of MRI (Hornak;
1996).

2.2.3 Phase Contrast Magnetic Resonance Imaging
Phase contrast magnetic resonance imaging (PC-MRI) is a method used to mea-
sure the velocities of particles with spin, such as blood flow, in all three directions.

In PC-MRI, velocities are detected by the use of bipolar magnetic field gradients.
A bipolar gradient is a pulse with two gradients that are applied for an equal
length of time in opposite sign to each other. When the bipolar gradients are
applied, the particles with a velocity in the direction of the gradient will induce a
phase shift proportional to their flow velocity. On the other hand, the stationary
particles will remain unaffected as the precession caused by the first half of the
bipolar gradient will be cancelled by the second half (Fig. 2.5).

There are different encoding methods for PC-MRI data (Pelc et al.; 1991). A di-
rect approach used to measure the velocities in all Cartesian coordinates is simple
four-point method.
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Figure 2.5. The effect of a bipolar gradient on a stationary and a flowing spin compared
to a reference spin not affected by the bipolar gradient. The x-axis illustrate that the
flowing spin moves in a spatial direction and the t-axis illustrate that the magnetic
gradient changes with time.

In the simple four-point method, first a gradient with zero magnetization is ap-
plied to obtain a phase reference, Φ0, and then bipolar gradients are applied in
all three directions to get phase information in x, y and z directions, Φx,Φy,Φz

of the flow respectively. By subtracting phase of the reference data, Φ0, from the
gradient encoded data, signals from the stationary spins will cancel each other and
only the signal from the spins with a flow will remain (Fig. 2.6). The velocity
components are then calculated by using the phase components as follows;

vx = V ENC
Φx − Φ0

π

vy = V ENC
Φy − Φ0

π

vz = V ENC
Φz − Φ0

π

(2.2)

The velocity encoding parameter, VENC, defines the amplitude and the duration
of the bipolar gradients, therefore controlling the maximum flow velocity that can
be measured (Weishaupt and Köchli; 2005).

It is also possible to measure the velocity of the quantitative flow during the com-
plete heart cycle by combining PC-MRI with retrospective gating Wigstrom et al.
(1996). In retrospective gating, different parts of k-space are acquired continu-
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Figure 2.6. A schematic image showing the effects of subtraction of MR-signals ob-
tained with velocity encoding using the Simple four-point method for velocity encoding.
Subtraction of the signal obtained by a bipolar gradient pulse from the signal of the
reference pulse results in cancellation of the signals from the stationary spins.

ously for different parts of cardiac cycle along with an ECG tracing. Later the
acquired data is retrospectively sorted and reconstructed in to a full three dimen-
sional dataset. In this manner, measurements from several heartbeats are merged
together to cover the complete cardiac cycle. Also movement due to breathing is
measured and the flow data is only acquired during expiration.

2.3 Measuring pressure in-vivo
Pressure is the force per unit area applied perpendicularly on a surface, and is a
function of the flow. Catheterization is the gold standard for intra-cardiac pressure
measurements but it is invasive, expensive and associated with risks of radiation
for guidance of the catheter (Ebbers et al.; 2001). Currently there are only invasive
methods for intra-cardiac pressure measurement, non-invasive methods depend on
the estimation of the pressure differences with the use of measured flow data from
ultrasound and magnetic resonance imaging. These non-invasive methods reduce
the cost and the risks associated with invasive pressure measurement.

While the application of the Bernoulli equation to ultrasound velocity measure-
ments is the most used non-invasive method to estimate the pressure over stenosis
and valves, other methods such as color Doppler M-mode echocardiography have
been proposed (Firstenberg et al.; 2000). Both methods are limited by sensitivity
of the ultrasound and by anatomical limitations, inaccurate alignment with true
flow directions caused by the user.

PC-MRI is a non-invasive method used to measure the velocities of flowing tissue,
such as blood, in all three dimensions and the results are user independent. Using
the PC-MRI measurements will remove the restrictions caused by the ultrasound.
Pressure gradients can be calculated by the Navier-Stokes equation and then the
pressure field can be calculated by solving the pressure Poisson equation for the
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gradients(Ebbers et al.; 2001).

Navier-Stokes equation describes the motion of the non-turbulent Newtonian flu-
ids with the use of Newton’s second law by combination of fluid kinematics. The
relation between the pressure gradients, ∇p = (dp

dx
,
dp

dy
,
dp

dz
), and the velocities for

incompressible, laminar, Newtonian fluids can be calculated by (Panton; 1984)

∇p = µ∇2V + F− ρ∂V
∂t
− ρV · ∇V (2.3)

The first term on the right-hand side is the viscous resistance where µ denotes
dynamic viscosity, the second term describes the body forces, however it can be
disregarded as the buoyancy force cancels the gravitational forces in a closed sys-
tem (Ebbers et al.; 2001). The third term comes from the transient inertia and the
fourth term from the convective inertia, where ρ denotes the density. The term
V represents the velocity components in all three directions. The Navier-Stokes
equations can be solved with the use of continuity equation that describes the
conversation of mass

∇ ·V = 0 (2.4)

given an initial condition and boundary conditions.

The pressure field cannot be obtained by simply integrating the pressure gradients
as the pressure differences will depend on the chosen integration path. Instead,
Navier-Stokes equation can be transformed into a pressure Poisson equation (PPE)
by taking the divergence of the equation (Ebbers and Farnebäck; 2009). A Poisson
equation is the simplest elliptical partial equation (Elman et al.; 2010).

∇2 = ∇ · g (2.5)

where g represents the pressure gradient field obtained from Eq. 2.3.

Boundary conditions describe the computational domain while solving a differen-
tial equation, ex. Pressure Poisson equation and is necessary. Sani et al. (2006)
proved that Neumann boundary conditions, which is derived from the application
of normal component of the momentum at the boundaries, always gives the correct
boundary conditions. The solution will give a pressure field up to an integration
constant which is different for each time frame.

For a detailed understanding of the topic on Poisson equation and boundary con-
ditions Finite Elements and Fast Iterative Solvers: With Applications in Incom-
pressible Fluid Dynamics by Elman et al. (2010) is recommended.



Chapter 3

Materials and Methods

This chapter provides a comprehensive explanation of how the method for calcula-
tion of relative pressure fields using PC-MRI data was implemented and how it was
validated. Section 3.1 provides information about the specifics of MRI data that is
used in the study. First, correct boundary conditions were obtained by resampling
the semiautomatic segmentation of the blood pool from the myocardium, in to the
patient coordinates. The relative pressure was obtained by solving the pressure
Poisson equation which is obtained by taking the divergence of Navier-Stokes equa-
tion where the pressure gradients are gathered for each spatial direction. In order
to validate the measurements a synthetic phantom was created and calculations
were compared with the theoretical pressure estimations.

Figure 3.1. Flowchart of the methods followed

11
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3.1 MRI Measurements
In this study, time resolved three-dimensional flow and time resolved two-dimensional
cine morphological MRI data were used. All the measurements were performed on
a 1.5T Philips Achieva scanner (Philips Healthcare; Best, The Netherlands). The
time resolved 3-D flow data was acquired during free breathing using a retrospec-
tively gated PC-MRI sequence with a spatial resolution of 3 mm in all directions
and temporal resolution of 50 ms. The flow data is then reconstructed in 40 time
frames. The scan parameters are as follows; echo time = 3.7 ms , repetition time =
6.3 ms, flip angle = 8◦ and VENC = 100 cm/s. Stacks of morphological short-axis
(SA) images which are used for delineation of the blood pool were acquired using
cine balanced steady-state free precision(bSSFP). The images are acquired in 30
time frames during an end-expiratory breath holds. Scan parameters for the cine
images are as follows; echo time = 1.5 ms , repetition time = 3 ms, flip angle =
60◦. This study was carried out on the data gathered from a healthy subject (a 60
year old male, heart rate: 57 bpm) and a patient (a 43 year old male, heart rate:
69 bpm) with dilated cardiomyopathy condition.

3.2 Boundary Conditions
The use of correct boundary conditions for calculating pressure fields from the
Navier-Stokes equation is highly important in order to obtain accurate results.
The blood pool is delineated first and later the segmented part is fit in to the flow
data to obtain the correct boundary conditions.

3.2.1 Segmentation
The contrast between myocardium and the blood is minimal in the magnitude
images of the 3D PC-MRI data, making the segmentation from these images
very difficult. Thus, a semi-automatic segmentation of the blood pool through
the complete cardiac cycle is performed based on the short-axis magnitude im-
age stack instead, using the analysis software Segment, freely available at http:
//segment.heiberg.se/ (Heiberg et al.; 2010).

The segmentation performed covers the connected left ventricle and left atrium
during diastole while the mitral valve is open and only the left ventricle during
systole, also the papillary muscles are excluded, considering it as a stationary tis-
sue which might result up in non-accurate values. The segmentation based on the
SA image stack is compared with two, three and four chamber views to assure the
segmentation was performed correctly.

Segmentation data is then imported to Matlab(The Mathworks Inc., Natick, MA,
USA) for creating a binary volume to be used as boundary conditions for the
calculation of the relative pressure fields. The mask is created by including the
inside of the segmentation and excluding the outer parts, consisting of a stack of 8
mm thick slices. Later, morphological operations such as erosion with 6 connected

http://segment.heiberg.se/
http://segment.heiberg.se/
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neighbourhood and closing is applied on the binary mask to ensure the boundary
conditions do not include any myocardium and the mask is connected in diastole
of the heart.

3.2.2 Coordinate System Transformation
Following the post processing step of the binary mask, its orientation has to be
set to fit the same coordinate system as the phase-contrast flow data in order to
be used as correct boundary conditions.

First rotation matrices were created for both the binary mask and the flow data.
Rotation matrices gives the coordinates of the velocity data according to the mask
slice. Later it is re-sampled to isotropic voxels matching the resolution of the 3D
cine PC data. After the interpolation of the volume to the correct coordinate
system, the process is repeated for all time frames, the number of the time frames
is fitted to the flow data. This is done by comparing the acquisition times of
the flow and the morphological SA data and picking the closest acquisition times
between the flow and the morphological SA data.

3.3 Relative Pressure Calculation
As explained in Section 2.3, the relation between flow and the pressure gradients
can be described using the Navier-Stokes equations for incompressible and laminar
Newtonian flows, e.g. blood.

In order to calculate the relative pressure fields, first the pressure gradients have
to be obtained. First and second order spatial and temporal derivatives of the
flow data are calculated by polynomial expansion in Matlab using Spatial Do-
main Toolbox (Ebbers; 2011). Then resulting terms are placed in Eq.2.3 and the
pressure gradients are calculated in all three directions. The blood density and
dynamic viscosity was set to 1060 kg/m3 and 0.004 Ns/m2 respectively.

After the calculation of pressure gradients, the Navier-Stokes equation was trans-
formed in to pressure Poisson equation by taking the divergence of the of the
pressure gradients. The pressure Poisson equation has been suggested and proven
to be solved efficiently using a multi-grid implementation in a way that allows
irregular regions of interest. The multi-grid solver that had been implemented
and applied by Ebbers and Farnebäck (2009) was used in this project because of
the high computation speed and better estimates of the relative pressure fields
compared to other methods. The multi-grid solver uses the Neumann boundary
which has been proven to be leading to correct boundary conditions (Sani et al.;
2006). The method used, first solves the problem in a coarser grid and then the
results are interpolated to a finer grid until the original grid of the MRI flow data
is reached.
The multi-grid solver was run for every connected piece of boundary conditions to
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calculate the relative pressure field from pressure gradients and it iterated for each
time frame to cover the whole heart cycle. The PPE solver used in this project cal-
culates the result for every time frame individually and resulting relative within
every time frame. The mean of every time frame is subtracted from its corre-
sponding slice for the continuity of visualization and for a reliable comparison of
the relative pressure fields in the same point of the heart during the cardiac cycle.

3.4 Validation
To evaluate the accuracy of the results from the multi-grid solver, a synthetic
cylindrical rotating phantom, with a known mathematical solution to the pressure
field, is created. The cylindrical phantom has a known rotation rate and phantom
geometry, where the velocity at the center is zero and at the maximum distance
from the radius is 1 m/s.

In order to build the phantom, first a clockwise rotating circle is created in a 67x67
pixel slice with a 3mm voxel spacing and then placed in a geometry that fits the
size of patient data, 96x96 pixels. The placement of the circle is not centered, in
order to eliminate possible mistakes that can be caused by symmetrically place-
ment. The slice is then repeated for 38 times to create a three dimensional volume
and for 40 time frames to make it time-resolved. The velocity is present only on
x-y plane while there are no velocity components in the z-direction as the x-y plane
is repeated in z- direction to crate the volume.

First the suggested method in Section 3.3 was applied on the synthetic phantom
and the relative pressure field was computed. Later the pressure distribution over
a line through the center of the phantom was then calculated theoretically using

P = P0 + 1
2pw

2r2 (3.1)

where P0 is the pressure at r = 0 and w represents angular velocity. Calculations
were based on the assumption of the flow is blood and therefore density is set to
1060 kg/m3.

3.5 Visualization
After calculation of the time resolved relative pressure fields, it is converted to
a format compatible and then loaded to Ensight (CEI Inc., Apex, NC, USA) for
three dimensional visualization. For a better understanding of the intracardiac
hemodynamics, morphological images and the velocity data was separately im-
ported and assessed simultaneously with the previously loaded pressure data.

Ensight allows visualizing relative pressure fields using color-coded cut planes over
time, also volumes can be rendered from these slices for a more detailed view, by
modifying the transfer function the opacity of the rendered volume can be changed
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Figure 3.2. Visualization of the numerical phantom (m/s)

and the important parts can be highlighted. The binary masks that had been cre-
ated from the segmentation of the blood pool were used to hide the unnecessary
parts of the MRI volume. This helps for a better visualization of the relative
pressure fields by showing only the relevant parts of the data.

Color mapping combined with particle tracing techniques can be used for the vi-
sualization of the intracardiac blood flow. Most used techniques are pathlines and
streamlines. Pathlines are the calculated trajectories of massless imaginary parti-
cles tracked over a specified time interval. In streamline method, a velocity field
at a chosen time frame is visualized by tangent lines to the velocity field at every
point. The combination of pathlines and color mapping results in the representa-
tion of the scalar quantities.

Relative pressure maps were visualized combined with 2-, 3- and 4-chamber long
axis and short axis images and flow data for better understanding of the intrac-
ardiac blood flow and pressure relation. The relation between the pressure fields
and the velocity was examined by visualizing the velocity field with streamlines
emitted from from cut planes near mitral valve both backwards and forward.

As mentioned in section 3.2.1, while constructing the boundary conditions from
the slices, delineation is applied through the slice thickness although in reality
the border of the segmented region would be varying in the same slice. Res-
olution difference between relative pressure field and the morphological images
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causes loss in the image quality during the combined visualization of the pressure
and morphological images. To overcome this problem, relative pressure field has
been upsampled to a finer grid and then normalized convolution has been applied
through all the time frames.



Chapter 4

Results

This chapter shows the main findings of the study. Results from the test phantom
and the study of a healthy subject and a patient with dilated cardiomyopathy are
presented under two separate parts as in-vitro and in-vivo studies.

4.1 Numerical Phantom Study
A straight line through the center of the mathematical phantom was placed as
shown in Figure 3.2. The results of the pressure calculation using Navier-Stokes,
Equation 2.3, and the theoretical results calculated using, Eq. 3.1 (Fig. 4.1). The
calculated relative pressure by Navier-Stokes and the theoretical pressure were
adjusted to same level for comparison purposes.

4.2 In Vivo Study
The relative pressure fields were calculated from the velocity data using the left
atrium and ventricle during diastole and only left ventricle during systole using
the delineated blood pool(Fig. 4.2). For improved image quality, the resulting
relative pressure fields were up-sampled as seen in Fig. 4.3. Visualization of
relative pressure fields was achieved by volume rendering combined with long axis
morphological images. Flow data was visualized by streamlines generated from
cut planes near mitral valve with 0.1 second time intervals.
The calculation of the relative pressure field from the velocity field for a 40 time-
frame long three dimensional volume took 72.5 seconds using a 2.4 GHz 4 core
personal computer.

The velocity at the base of the heart and the intraventricular and transmitral
pressure differences over the cardiac cycle are shown in Fig. 4.4 and Fig. 4.5.
Velocity at the base of the heart can be used to distinguish the early and the
late phases of the diastolic flow. The pressure differences show the reversal of the

17
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Figure 4.1. Theoretical velocity (top) and comparison of the calculated relative pressure
from Navier-Stokes (red, dashed) and the theoretical pressure (blue solid) along a line
through the center of the the phantom(bottom).
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Figure 4.2. The computational domain containing the segmented volume, also oriented
on 3 chamber view.

Figure 4.3. Cut-plane view of relative pressure field before and after resampled to a
finer grid and normalized convolution performed.
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pressure difference over the systolic and diastolic phases. Altogether the relation
between the blood flow and the pressure differences is demonstrated.

Figure 4.4. The velocity at the base and the pressure difference between the left atrium
and apex (dashed), the base and the apex (solid) of the healthy subject

A pressure gradient along left atrium to left ventricle can be seen during the be-
ginning of early diastole (Fig. 4.6.a). The pressure differences, caused by the
relaxation of the left ventricle, accelerate the blood from left atrium to the left
ventricle. With the initiation of the blood flow, the transmitral pressure difference
is reduced and the pressure gradient is small at the peak early diastole(Fig. 4.6.b).
During the peak phase of the early diastole, vortex rings can be observed around
the mitral inflow (Fig. 4.10). Continuing the early diastole, the transmitral pres-
sure difference is reversed causing the redirection of the blood flow (Fig. 4.6.c)
Similar pattern with lower amplitude can be seen in the late diastolic phase as
well, shown in Fig. 4.6.e-f.
During the systole, with the left ventricular contraction, a pressure gradient arises
within the left ventricle. The pressure difference causes the blood to flow towards
the aorta through the left ventricular outflow tract.
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Figure 4.5. The velocity at the base and the pressure difference between the left atrium
and apex (dashed), the base and the apex (solid) of patient with dilated cardiomyopathy.
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Figure 4.6. Velocity field (streamlines) and relative pressure field in the left part of the
human heart during early and late phases of diastole of the healthy subject. Upper row
represents the onset, peak and end phases of early diastole, where most of the ventricular
filling occurs, respectively and lower row represents the late diastole in the same order.

Figure 4.7. Velocity field (streamlines) and relative pressure field in the left part of the
human heart during systole of the healthy subject.
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Figure 4.8. Velocity field (streamlines) and relative pressure field in the left part of the
human heart during early and late phases of diastole of patient with dilated cardiomyopa-
thy. Upper row represents the onset, peak and end phases of early diastole, where most
of the ventricular filling occurs, respectively and lower row represents the late diastole in
the same order. The enlarged ventricle can be easily distinguished.

Figure 4.9. Velocity field (streamlines) and relative pressure field in the left part of the
human heart during systole of patient with dilated cardiomyopathy.
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Figure 4.10. Velocity field (streamlines) and volume rendered relative pressure field
in the left part of the heart of a healthy subject during ventricular inflow showing the
formation of vortex rings during the peak early diastolic phase. A separately acquired
balanced steady-state free precision 3-chamber image provides anatomical orientation.
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Discussion

A method for computation and visualization of relative pressure fields from 3D
cine flow MRI was implemented and evaluated. The pressure field was visualized
in combination with blood flow data and morphological images.

In order to obtain the cardiac relative pressure fields, the pressure Poisson equa-
tion was solved with the use of a multi-grid solver. This method reduces the risks
and cost associated with the catheter method, gives higher spatial and temporal
information compared to other non-invasive methods based on ultrasound flow
measurements. In addition, use of a multi-grid solver reduces the computation
times significantly compared to other solvers for pressure Poisson equation. On
the other hand, the results are relative pressure differences as the pressure outside
the boundary conditions, required to obtain absolute pressure values, is unknown.

In this study, a similar pattern in pressure differences between early and late dias-
tolic and also the systolic phases of the heart of the healthy volunteer was observed.
It begins with the relaxation or the contraction of the left ventricle, giving a rise
in transvalvular pressure differences and causes the blood to flow to the low pres-
sured region. With the blood flow, the transvalvular pressure difference is rapidly
reduced and with the continuing inflow creates a cancellation of the pressure dif-
ferences and causes the redirection of the blood flow. It is also possible to examine
the pressure differences within the chamber itself. The pressure differences be-
tween the base and the apex over the cardiac cycle (Fig. 4.4) show the changes in
the pressure gradients.

Similar diastolic and systolic patterns were found for the cardiomyopathy patient,
however it can be observed that the transvalvular pressure difference is increased
which might be caused by a higher atrial pressure or a lowered ventricular pressure.
In addition, the findings show that diastolic intraventricular pressure gradient is
smaller compared to the healthy subject.

Likewise results presented in this work are in agreement with the previous stud-
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ies. Courtois et al. (1988, 1990) and Nikolic et al. (1995) who investigated the
pressure based on micromanometer transducers presents that during diastasis left
ventricular pressure (LVP) and left atrial pressure (LAP) difference is minimal
until a forward pressure gradient associated with atrial contraction occurs. As
for intraventricular pressure differences, pressure at the apex is higher than the
pressure at the base of the heart during peak systole. Relative pressure based on
the PC-MRI velocity data (Ebbers et al.; 2001, 2002) shows the similar patterns
between early and late phases. However no additional pressure measurements or
flow measurements using another modality was performed on the data used in this
study for comparison.

Streamlines were used for the visualization of the blood flow. Despite that visual-
ization of the flow during a chosen time frame is best achieved by the streamline
method, long streamlines covering more than a single timeframe might give mis-
information about the instant of the cardiac cycle. In this study, streamlines are
visualized backwards and forwards with 0.1 seconds intervals in both directions.

The presented technique is limited to non-turbulent flow as Navier-Stokes equa-
tions require flow to be laminar, making this method not well suited for estimation
of the pressure over stenotic valves. The energy dissipation in the turbulent or
disturbed flow causes a pressure loss that is not accounted for in the Navier-Stokes
equation thus resulting in inaccurate pressure calculations. Moreover, turbulent
flow decreases the signal to noise ratio in phase contrast data, which may affect
the pressure estimates.

Correct delineation of the blood pool is important as pressure Poisson equation
can only be solved given the boundary conditions. Segmentation is performed
semi-automatically and including the myocardium is avoided in order to get re-
liable results. As a result of strict segmentation to ensure that stationary tissue
was excluded and morphological operations, such as erosion, performed on the
boundary conditions, all measured velocity was not included in the calculation of
relative pressure fields.

Ideally, delineation of the myocardium should be performed on the flow data but
the low contrast in phase-contrast images does not allow this. The relative pres-
sure calculations are based on the accuracy of the velocity data. During the course
of the study, some errors were identified: some cases where the morphological and
flow data are not matched have been observed and these datasets were excluded
from the study. This mismatch is highly likely to be caused by the patient move-
ment during the acquisitions of the 3-dimensional PC-MRI and the bSSFP data.
This error can be minimized by informing the patient not to move between the
scans. Furthermore, volume registration over time can be performed to fit the
binary mask to the flow data. In some cases, computational errors with the anti-
gradient solver were experienced.

Application of the studied method on large patient and healthy volunteer groups
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may give more statistical comparison and give new insights for the diagnosing and
staging of the heart diseases. Furthermore, combining the visualization of time
resolved flow and relative pressure fields with additional information such as wall
shear stress may provide even more insights to cardiovascular function.

Conclusion
By using the proposed method, utilizing a multi-grid approach to solve the pres-
sure Possion equation, it is possible to obtain accurate relative pressure values
from 4D flow MRI data of the human heart. The pressure field was visualized in
combination with blood flow data and morphological images.

Simultaneous assessment and visualization of flow and pressure differences over
the cardiac cycle ensures to characterize the cardiac fluid dynamics. The complete
spatial and temporal coverage enables a higher understanding of physiology and
pathophysiology of the human heart and is expected to give new insights for clinical
investigations.
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