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Abstract

A personalized cardiovascular lumped parameter model of the left-sided heart and the
systemic circulation has been developed by the cardiovascular medicine research group
at Linköping University. It provides information about hemodynamics, some of which
could otherwise only have been retrieved by invasive measurements. The framework for
personalizing the model is made using 4D Flow MRI data, containing volumes describing
anatomy and velocities in three directions. Thus far, the inputs to this model have been
generated manually for each subject. This is a slow and tedious process, unpractical to
use clinically, and unfeasible for many subjects.

This project aims to develop a tool to calculate the inputs and run the model for mul-
tiple subjects in an automatic way. It has its basis in 4D Flow MRI data sets segmented
to identify the locations of left atrium (LA), left ventricle (LV), and aorta, along with the
corresponding structures on the right side.

The process of making this tool started by calculation of the inputs. Planes were placed
in the relevant positions, at the mitral valve, aortic valve (AV) and in the ascending aorta
upstream the brachiocephalic branches, and flow rates were calculated through them. The
AV plane was used to calculate effective orifice area of AV and aortic cross-sectional area,
while the LV end systolic and end diastolic volumes were extracted form the segmentation.

The tool was evaluated by comparison with manually created inputs and outputs,
using 9 healthy volunteers and one patient deemed to have normal left ventricular func-
tion. The patient was chosen from a subject group diagnosed with chronic ischemic heart
disease, and/or a history of angina, together with fulfillment of the high risk score of
cardiovascular diseases of the European Society of Cardiology. This data was evaluated
using coefficient of variation, Bland-Altman plots and sum squared error. The tool was
also evaluated visually on some subjects with pathologies of interest.

This project shows that it is possible to calculate inputs fully automatically from
segmented 4D Flow MRI and run the cardiovascular avatar in an automatic way, without
user interaction. The method developed seems to be in good to moderate agreement with
those obtained manually, and could be the basis for further development of the model.
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Abbreviations

2D PC-MRI Two-dimensional phase-contrast MRI
4D Flow MRI Time resolved 3 dimensional MRI with 3 directional velocity

acquisition
4D PC-MRCA 4D Phase-Contrast Magnetic Resonance CardioAngiography
ACA Aortic cross-sectional area
AV Aortic valve
Caa Capacitance of the ascending aorta
CoV Coefficient of variation
Emin LV Passive diastolic elastance of LV
EOA Effective orifice area
FID Free induction decay
k diast LV Diastolic time constant of LV
k syst LV Systolic time constant of LV
LA Left atrium
LV Left ventricle
LVEDV Left ventricular end diastolic volume
LVESV Left ventricular end systolic volume
m1 LV Contraction rate constant of LV
m2 LV Relaxation rate constant of LV
MV Mitral valve
P-V loop Pressure-Volume loop
PC-MRI Phase Contrast MRI
PCA Principal component analysis
PWV Pulse wave velocity
RA Right atrium
RV Right ventricle
SSE Sum squared error
STAPLE Simultaneous truth and performance level estimation
VENC Velocity encoding sensitivity



1 Introduction

4D Flow MRI is a magnetic resonance acquisition technique that generates a time resolved
three-dimensional volume including flow velocities in three directions. Each time frame
during one heart beat is represented by a volume containing anatomy and flow information
for each small volume element (voxel) [1]. With this information, more can be said about
how the blood is affected by anatomical changes, and parameters of interest such as
pressure differences and turbulent kinetic energy can be calculated [2].

The cardiovascular research group at Linköping University has developed a lumped
parameter model of the left-sided heart and the systemic circulation, as well as a frame-
work to personalize the model using 4D Flow MRI data [3]. A lumped parameter model
is an electrical equivalent constructed to represent the physiology in a specific part of the
body, where blood flow is represented by current in the circuit. This kind of model can
have different complexity depending on how many compartments it is comprised of, and
a more detailed model can potentially be used to derive a larger amount of information
[4].

In the model considered in this project, a number of subject-specific parameters are
obtained by fitting the model to imaging data. These parameters describe different aspects
of the patient’s physiology, and many of them are difficult to obtain using non-invasive
methods. Moreover, other clinically relevant measures of cardiac function can be derived,
such as the left ventricular pressure-volume loop.

Before this project, the inputs for the model have been generated manually, which is
a slow and tedious process. Additionally, this made it impractical to apply the model to
large groups of data [3].

The aim of this project is to automatically generate inputs for the model of the
cardiovascular system with the help of already developed segmentation techniques of the
4D Flow MRI data [5, 6]. A fully automated personalization approach is to be created,
thereby increasing the technique’s robustness and the potential to apply the model in the
clinical setting.

The project was carried out at the Division of Cardiovascular Medicine at Linköping
University Hospital.

2 Theory

Knowledge of the cardiovascular system and the underlying technologies to get visual
representation of it, MRI and specifically 4D Flow MRI, and also the segmentation of
these, is important to handle the data and measure the correct values. The cardiovascular
avatar is the model into which the calculated information is introduced, and it is important
to know how it works to insert the values in a correct manner.

2.1 The cardiovascular system

The cardiovascular system consists of the heart and blood vessels, including the pulmonary
system. The heart consists of four chambers; right atrium (RA) and ventricle (RV) and
left atrium (LA) and ventricle (LV), see figure 1. The right side of the heart pumps blood
through the pulmonary system. The blood then arrives in the left side of the heart and
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Figure 1: Internal anatomy of the heart.

is pumped out into the circulatory system, this is how oxygen is distributed to the entire
body and waste products are transported to be taken care of [7].

The right side of the heart receives blood through the vena cava into the RA. During
diastole, the blood continues into the RV through the tricuspid valve. When the RV
contracts during systole, the blood is propelled into the pulmonary arteries through the
pulmonary valve. The pulmonary system includes vessels leading past the lungs and their
alveoli where the exchange of oxygen and carbon dioxide takes place [7].

The left side of the heart receives blood into the LA from the pulmonary veins, at
the end of the pulmonary system. The blood proceeds through the mitral valve (MV)
into the LV during diastole, in two phases: In the early filling phase as the heart relaxes,
and in the late filling phase as the atrium contracts pumping blood into the ventricle.
In systole, the LV contracts, pushing the blood through the aortic valve (AV) into the
ascending aorta. Enough pressure is created to get the blood propelled to the rest of the
body through the circulatory system [7].

The time between closure of the MV and the AV is defined as systole, while diastole
is the remaining part of the cardiac cycle [8]. The motion of the valves is determined by
pressure differences, as the LV contracts it causes the MV to close due to the increased
pressure, and as the pressure gets higher than that in the ascending aorta the AV opens
and blood can escape into the aorta. Figure 2 shows the pressure changes in LA and LV
and volume changes in LV during the cardiac cycle [7].
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Figure 2: Pressure and volume during the cardiac cycle. The top graph depicts
different pressures and the bottom graph shows the varying volume of the LV. Underneath
are the corresponding ECG and heart sounds.

2.1.1 Relevant pathologies

Pathologies of the cardiovascular system can affect the flow rates in the heart, among
other things, and knowing how could potentially be a lead in diagnosing patients. The
MV flow depends on a lot of different features of the heart, such as LV compliance and
volume, pressure of LA and LV. The two peaks in MV flow rate, the E and A peaks,
depend on age and gender. For subjects at the ages used in this study, about 60 years,
the E peak tends to be a bit higher than the A peak [9].

There are a number of different pathologies that can affect the function of the heart.
If the disease causes abnormalities in the relaxation of the LV, which is often an early
symptom of heart disease, the early filling in diastole will not be as large, and most of
the blood is transferred as the LA contracts. The E peak is lower and the deceleration of
the flow is slower [9].

An increase in compliance of the LV can cause the early filling to increase. The
pressure of the LV and LA increase because the muscles of the heart stiffen or the volume
of blood increases [9].

If both of these dysfunctions occur in the same subject, the MV flow rate can look
normal as the relaxation problem of the LV lowers the E peak and increases the A peak,
while compliance changes do the opposite [9].

Aortic stenosis is a stiffening of the AV. Consequently, it can not open or close
properly, leading to a narrower path for the blood flow to pass through, and an increase
in the workload of the LV. Furthermore, not as much blood can be pumped into the aorta
at each cardiac cycle, which leads to a higher pulse, leading to a weakening of the heart
muscle over time [10].
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Figure 3: Effective orifice area is a measurement of the smallest area for the blood
flow to pass through at a heart valve. This figure also include the aortic cross-sectional
area (ACA) and the LV outflow tract (LVOFT).

Regurgitation of a heart valve is when the valve leaks and there is a backwards
flow when it should be completely closed, or while the valve is closing. The effect of a heart
beat is reduced as the stroke volume is decreased, which can lead to the person feeling
fatigued. Heart failure and arrhythmia are possible long term effects of regurgitation of
a heart valve if left untreated [11].

2.2 Effective orifice area

The EOA of the AV is often used as an index of severity of aortic stenosis. It is a
measurement derived from the cross-sections just upstream the AV and the cross-section
of where the smallest area of flow through the AV occurs, see figure 3. It is calculated as
follows [12, 13]:

EOA =
SV

V TIV C
(1)

where SV is stroke volume, and VTI is the velocity-time integral of the peak aortic flow
velocity. VTI is measured where the flow has to go through the smallest cross-sectional
area, vena contracta (VC), and, therefore, has the highest speed [12, 13].

2.3 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a medical imaging technique that aquires images
of anatomy and physiology. It utilizes magnetic fields created by atomic nuclei as they
are manipulated with external magnetic fields and radio frequency (RF) pulses. Usually
the hydrogen atom is measured as it is the most abundant in the body.

Each atom in the body is precessing, creating a magnetization vector along the center
of its rotation. A strong external magnetic field, B0, often 1.5 Tesla, is applied aligning
the magnetization vectors of the atoms. A majority aligns along the field and some in
the opposite direction. [14].

4



The magnetization is too small to be possible to measure and separate from B0 as it
is, instead an RF pulse is turned on for a short while, the RF pulse is rotating at an angle
to B0 at a carefully controlled frequency. This causes the precessing of the atoms with
the same frequency as the RF pulse to decrease their angle to the RF pulse, until their
precessing is aligned to it. The precessings also tend to line up with the RF pulse in case
of phase, and the atoms start showing some phase coherency. The resulting magnetization
induces electricity in the receiver coils, and this is what makes up the signal in MRI. The
precessings of the atoms do not stay that way, instead they fade in free induction decays
(FID) back to the states they had with only B0 present, as these states have lower energy
levels [14, 15].

The Larmor frequency is the frequency with which atoms precess in a magnetic field.
It is calculated through equation 2, where f is the Larmor frequency and B0 is the strength
of the magnetic field. The γ parameter is called the gyromagnetic ratio and is specific
to the kind of atom examined, for hydrogen it is 42.6 MHz/T. This is how the correct
frequency for the RF pulse is calculated [14].

f = γB0 (2)

2.3.1 Image generation

The positioning of the atoms is determined by adding a gradient along B0 to make the
Larmor frequencies dependent on the position along the field. This means the RF pulse
only has the same frequency as the atoms in a slice of the subject examined and only
that slice is affected. Extracting the positions on that slice is commonly done by using
frequency encoding in one direction and phase encoding in the other.

Frequency encoding is the same method as was used to get the slice, a gradient is
applied in one direction to give the atoms different precession frequencies and another
RF pulse separates the atoms for the desired position along that axis.

Phase encoding is done in the other direction by applying a phase encoding gradient
for a short while, changing the phase of the precessions. By reading the signal before and
after the gradient is applied, the signal from different places can be calculated [16].

2.3.2 Imaging sequences

To measure the MR signal different sequences are used. The sequences makes it possible
to measure different aspects, relaxations, of the tissue.

There are two kinds of relaxations, T1 and T2; T1 is a measurement of the time it
takes to regain the net magnetization vector along B0 after a RF pulse, and T2 is a
measurement of the time until the precessings get out of phase after a RF pulse. For
instance the spin echo sequence can be used to measure T2. Spin echo takes advantage
of the fact that T2 can not be reversed, while other effects causing decay in this way can
be reversed. It uses another RF pulse to create an echo of the FID with the reversible
relaxation types, and by measuring how much lower the peak is T2 can be found [14].

Gradient echo is another image acquisition sequence. It uses gradient fields to manip-
ulate the FID, to get an echo, from one RF pulse, see figure 4. This technique is faster
than using spin echo, but gives T2* weighted images instead of T2 weighted images [17].
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Figure 4: Gradient echo is created during one FID using gradients to dephase and then
rephase it [15], to the left is an unchanged FID and to the right what a FID might look
like manipulated using dephase and rephase gradients.

There are two acquisition-specific time intervals which make a great difference for the
type of weighting the image gets; The time of echo TE, and time of repetition TR. TE
is the time from the first RF pulse until the echo shows up, while TR is the time until a
new sequence is started. Short TE and TR results in a mostly image T1 weighted image,
long TE and TR results in a majority T2 weighting. Both types of weighting are present
in images to different degrees, and also proton density, which shows up best when TR is
long and TE short [18].

2.4 4D Flow MRI

The phase contrast magnetic resonance imaging technique 4D Flow MRI generates a time
resolved data set containing 3-dimensional magnitude and velocities in three directions.
The result is separated into four time resolved volumes: one containing the magnitude of
the signal, depicting anatomy, and three containing velocity, one for each direction.

4D Flow MRI allows for the measurement of properties of hemodynamics after the
image acquisition has been performed, such as flow rates, pulse wave velocity, wall shear
stress and turbulent kinetic energy [2].

The process of measuring flow with MRI is usually done by Phase Contrast MRI
(PC-MRI). The technique uses bipolar gradients, a gradient in one direction followed by
a gradient in the opposite direction. Flowing spins are phase shifted proportionally to
their velocity in the direction of the gradient, while static spins are unaffected [19, 20].

A value which has to be chosen before a 4D Flow MRI examination is the velocity
encoding sensitivity (VENC). This parameter determines the maximum velocity that can
be measured during a PC-MRI. The velocity is measured as an angle, and if it exceeds the
maximum velocity, set by the VENC value, the angle registered is too large to fit within
the dedicated span, and is perceived as a large negative angle instead. A high velocity
is then perceived as very low, and aliasing occurs. A high VENC value can be useful to
cover all velocities, but if the value is too high lower velocities will be difficult to observe
in the resulting image [2].

The information in 4D Flow MRI is obtained during multiple heart beats, using k-
space segmentation, cardiac and respiratory gating techniques to collect a part of the total
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Figure 5: The segmentation separates left and right ventricles and atrium, aorta and
pulmonary artery [5].

information during each heart beat. Since the data is obtained during multiple cardiac
cycles, changes and instabilities in blood flow between beats will not be represented [1].

Tracking of the heart beat is typically done using electrocardiography (ECG). An
examination takes about 10-20 minutes and movement of the chest occurring as the
subject breathes has to be tracked. The most common way to do this is to choose a small
volume containing part of the edge of the diaphragm and track the edge’s movements up
and down [2, 1].

2.5 Segmentation

The 4D Flow MRI data sets used in this project have been analyzed using a method based
on multi-atlas segmentation to retrieve information about the location of the great vessels
and chambers of the heart at each time instance. The method generates segmentations for
the left and right ventricles and atria, as well as for the aorta and pulmonary artery, see
figure 5. Each is expressed as a volume the size of the original 4D Flow MRI data, with
the value in each voxel describing how likely it is to be part of this anatomical structure
[5].

Multi-atlas segmentation uses predefined atlases as the basis for segmentation. The
atlases are volumes labeled with the considered anatomical structures, describing their
shapes, locations and how they relate to each other spatially. The atlases have been
created manually before hand from representative 4D Flow MRI data sets, eight different
atlases were used for each considered time frame: The end diastolic and end systolic time
frames. Afterwards, the segments created for these two time frames are used to generate
a segmentation for the remaining time frames, making it four-dimensional [5].

4D Phase-Contrast Magnetic Resonance CardioAngiographies (4D PC-MRCA) are
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created for the subject’s 4D Flow MRI data set and the atlases. 4D PC-MRCA is a method
developed to get better assessment of structure and blood flow in the heart and thoracic
vessels in the 4D Flow MR images. These are used to register the information between the
atlases and the subject data at the considered time frames. Each atlas gives a set of labels
for the subject data, these are fused into one segmentation through the simultaneous truth
and performance level estimation (STAPLE) algorithm, which generates a probabilistic
estimation of the true segmentation from a collection of segmentations using expectation
maximization [21]. When the segmentation is used for further calculations, a threshold
is chosen to separate the voxels most likely inside the structure. The result is a binary
volume which separates the region of interest from the background. In this project, a
threshold of 0.65 was used.

2.6 The cardiovascular avatar

The model of the cardiovascular system used in this project, also called the cardiovascular
avatar, is a lumped parameter model. A lumped parameter model is often used to gain
better understanding of the circulatory system, and this specific model is made to gain
knowledge of a subject’s cardiovascular function and estimate various measurements,
many of which would otherwise have to be measured using invasive methods, see table 7
in appendix A for a list and description of the given outputs from the avatar model [3, 4].

This lumped parameter model is a circuit made to represent circulatory physiology.
Current represents blood flow in different parts of the body, while voltage represents
pressure. This type of model is often called zero-dimensional. The lumped parameter
model has the advantage that it is not as computationally heavy as models of higher
dimensionality. This means it can be used when time is an important factor, which is
often the case in the clinical setting. Another way the lumped parameter model is often
used is to obtain boundary conditions for more complex models [4, 3].

The circuit which the avatar model consists of has multiple parts, called components.
Each component contains parameters to describe the mechanics of a specific part of the
cardiovascular system. A resistor in the circuit represents the resistance of blood flow
in that specific part of the body, an inductor represents the blood flow inertia and a
capacitor represents the compliance of the anatomical structure. The dynamics of the
cardiovascular system can be analyzed using known methods for circuit analysis [4, 3].

The parts chosen to be represented with their own compartment in a lumped param-
eter model can be small or large. One part could, for example, represent a heart valve
or the entire heart. How a model is designed depends on which questions are examined
and how much detail is needed. The avatar model used in this project can be viewed in
figure 6 [4, 3].

The model is made to be personalized to provide the individual properties of one
subject. The parameters needed to make it personalized are calculated from 4D Flow
MRI data, these are:

• Volumetric flow rate through the MV

• Volumetric flow rate through the AV

• Volumetric flow rate through the aorta, upstream from the brachiocephalic branches
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Figure 6: The cardiovascular avatar is a lumped parameter model of the left heart
and circulatory system. To the left (a) is a visualization of the left heart and blood flow
through the aorta using 4D Flow MRI data. It shows the blood flow the model represents.
To the right (b) is the circuit the model consists of. Five analysis planes (F1-F5) used in
the original study are marked in both images [3].

• Effective orifice area (EOA) of the AV

• Area of the left ventricular outflow tract

• LV end systolic volume

• LV end diastolic volume

A benefit of using 4D Flow MRI to calculate flows is the possibility to calculate all
measurements from the same image acquisition after the examination has been done.
The model also needs the systolic and diastolic pressure in the brachial artery, which are
measured with a cuff. The values are added to the model and non-linear optimization is
performed to obtain subject-specific parameters within preset ranges [3].

3 Method

To acquire the personalized cardiovascular avatar in an automatic fashion, the first step
was to get the measurements needed from the 4D Flow MRI automatically.

To calculate these parameters, planes were automatically located in the 4D Flow
MRI. The data sets used had been collected for previous studies and segmented using the
method described in section 2.5.
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Figure 7: The heart and planes used to calculate flow rates, EOA and LV outflow
tract. To the left are the segmentations of LA (yellow), LV (green) and aorta (red) and
the planes generated by the automatic function (blue). To the right is a three chamber
image captured with MRI, with two of the planes (blue).

3.1 Placing planes based on segmentation locations

The first practical part of this project was to make a function to place planes in the 4D
Flow MRI automatically. The relevant planes were through the top part of the MV, just
downstream the AV and in the ascending aorta upstream the brachiocephalic branches,
see figure 7. The MV and AV planes had to follow the movements of the valves for each
time frame, in a natural way.

The aortic plane was placed based on a time frame in the middle of the cardiac
cycle, at early diastole, and the flow was calculated through it for all time frames. This
plane remains at the same location for all time frames as the aortic arch has very limited
movement and the segmentation could account for the small movements typically observed
in the ascending aorta.

The MV and AV planes were made to follow the movements of the valves and were,
therefore, placed once for each time frame.

3.1.1 Principal Component Analysis

Principal Component Analysis (PCA) is a method to get vectors, called principal com-
ponents, describing the relationship between features of a set of data points.

PCA is useful if, for instance, the number of features of the data is too large and
some should be excluded, as it indicates the direction in which the features are more or
less independent of each other. The amount of principal components received from PCA
are the same as the number of features of the data set, and directions of the principal
components are orthogonal to one another.

In these calculations, PCA is used to obtain vectors to define planes. A volume is
found to describe the plane, each point in this volume has three coordinates, these are
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Figure 8: Placing a plane in the ascending aorta is done by first separating the
ascending aorta (turquoise), using the reference points in the left image to remove the
yellow area, based on angles θ. To the right is an illustration of the points used to separate
the top part of the ascending aorta, yellow, and the final plane, dark blue.

used as features in PCA. The resulting vectors are used as base vectors and normal of
the plane, see sections 3.1.3 and 3.1.4.

3.1.2 Ascending aortic plane

This is the plane in the aorta just upstream the brachiocephalic branches. The seg-
mentation was not made to include the brachiocephalic branches, and those could not,
therefore, be used as the basis for positioning this plane. The resulting method is the
following procedure.

The first part of placing the aortic plane is to separate the ascending aorta from the
rest of the aorta, see left of figure 8. The center of mass of the aortic segmentation is
used as a reference point for calculating the angles, θ, which separate the far descending
point from each point in the aorta. Points generating large angles are removed from the
segmentation to create a gap. Of the two large objects remaining, the one containing the
far descending point is erased, and the ascending aorta remains.

Another angle is used to eliminate the lower part of the ascending aorta. The mass
center is again used as reference point, when the angle between the points in the ascending
aorta closest to and furthest from the mass center of LV is calculated, β in the right part
of figure 8. The top quarter, according to β, is kept, as this volume includes where the
plane should be placed.

A skeleton is created for the entire aorta and pruned to get rid of traces of the brachio-
cephalic branches, and other short extra branches. The part of the skeleton within the
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topmost section of the ascending aorta is then used to calculate the center and normal for
the plane. The center is chosen as the point in the skeleton closest to the center of mass
of the topmost section of the ascending aorta. The normal is calculated as the mean of
the vectors from the center of the plane to the points in the skeleton closest, downstream,
within a certain angle.

The radius of the plane is set beforehand to a length found to include the ascending
aorta at all times, but nothing of the descending aorta, as the original segmentation
including the complete aorta is used when calculating flow through the plane.

3.1.3 Mitral valve plane

The MV plane is made by dilating the LA until it overlaps with the LV in a certain
amount of voxels. The overlap is analyzed with PCA, and the resulting vectors are used
as normal and base vectors for the plane. To make sure the normal vector is pointing out
of the LA, towards LV, a check is performed.

The flow through the MV used when the model was developed was measured by
tracking the part of the valve connected to the LA. To mach this position the plane is
moved into LA, to track the top of the valve. Any modification done to the segmentation in
an attempt to catch the volume containing the MV, could introduce regions which should
not be included. Therefore, the original LA segmentation was used for flow calculations,
even if this means that the plane might be a bit too far into the LA compared to the
planes used with the model earlier. Another reason for placing the MV plane in the LA,
rather than the LV, is because having the plane in the LV would make it hard to exclude
the movement of the valve’s leaflets, and flow in the LV during systole, see left of figure
9.

To get the correct position of the plane, the original LA segmentation is eroded and
the point closest to the center of mass of the overlap, previously used to get the vectors
of the plane, is set as the center of the plane.

Alternatively, the LV could have been dilated and the overlap with the LA used as the
basis for the plane. That would have eliminated the need to move the center of the plane
from the mass center of the overlap, as it would already be in the LA. This, however,
seemed to give a less stable plane over time.

The radius of this plane is set beforehand to a large enough value to include the
cross-section of LA. As only the segmentation of LA is used for flow calculations, having
the radius too large does not make any difference to the result, even though it takes
marginally more time.

3.1.4 Aortic valve plane

The AV plane is made using a similar procedure as the MV plane. The ascending aorta is
separated from the rest of the aorta in the same way as when the aortic plane is placed.
The ascending aorta is then dilated to get an overlap with the LV. Having just the
ascending aorta in this step eliminates the risk of getting an overlap with any undesired
part of the LV, which could otherwise have been created by dilating the descending aorta.

PCA is then used on the overlap to get the vectors of the plane. A check is performed
to make sure the normal is pointing out of the LV, towards the ascending aorta.
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Figure 9: Planes through MV (left) and AV (right) after PCA and when the center
points have been updated.

Subsequently, the ascending aorta is eroded and the point closest to the center of
mass of the overlap is chosen as the center for the plane. The reason to place the plane
in the aorta instead of in LV is to avoid accidentally include flow occurring in the LV,
which could otherwise have been a problem. This erosion is stricter than that used for the
positioning of the MV plane, because the edge towards AV of the aorta is often rounded
and might not include all of the actual aorta. This should additionally means that the AV
plane ends up above the coronary arteries. To be sure this is the case, however, demands
further investigation.

3.2 Volumetric flow rates

The flow through a plane is calculated as the integral over the area, of all flow though
the plane parallel to its normal. The flow rate is the flow velocity through the plane, one
measurement for each time frame, while flow volume is the integral of the flow rate over
one heart beat.

The information on the plane is extracted from the magnitude, velocities and segmen-
tation volumes. Areas in the lungs with a lot of air contain noise, which can be large
enough to disrupt the measurements of flow rates. The magnitude is used to locate these
areas, and set them to zero.

The segmentation is used as a mask to include the velocities inside the relevant struc-
tures, and nothing else.

If the mean flow is in the opposite direction compared to the normal of the plane, the
normal is flipped. Since the flow rates of the MV and AV planes are calculated for each
time frame, it is important to ensure that the normal is always in the same direction.
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The plane through the ascending aorta is stationary and lets the segmentation handle
the movements of the aorta, while the MV and AV planes follow the movements of the
valves. The flow rates through the planes were calculated for each time frame, but had
to be treated a bit differently since the locations of the MV and AV planes change over
time.

3.3 Aortic cross-sectional area

The aortic cross-sectional area (ACA) is the cross-sectional area of the aorta just down-
stream the AV. This is where the AV plane is located, and this plane is therefore used to
calculate the area based on the aortic segmentation.

To calculate the area of one voxel in the plane, the base vectors are used. The vectors
have been normalized and have length 1. To get the area of the plane these are extended
to represent the length of a voxel, in the direction of these vectors.

The area of one voxel is then calculated as the product of the lengths of the base
vectors. To get the (ALV OT ), the area of one voxel is multiplied with the number of
voxels in the aorta, indicated by the segmentation, included in the AV plane. The final
area is calculated as the mean of all time frames.

3.4 Effective orifice area

The method developed here calculates EOA of AV as described in section 2.2. It uses
the flow volume through the AV plane as SV, and V TIV C is the time integral of the
maximum velocity in the AV plane for one heart beat.

3.5 Left ventricular end-systolic and end-diastolic volume

The left ventricular end-systolic volume (LVESV) is the volume of the LV at end systole,
when it is the most contracted. They are calculated by getting the number of voxels
included in the binary segmentation of the LV at each time frame. The time frame with
the smallest LV is found, and the number of voxels is converted to a real volume. The
information needed for the conversion is included in the 4D Flow MRI meta data as voxel
spacing, it is the distance between voxels in each direction.

At end diastole, LV is as large as it gets during the cardiac cycle, as it has been filled
with blood. The LV end diastolic volume (LVEDV) is calculated in the same way as the
LVESV, except the time frame with the largest LV is used instead of the smallest.

3.6 Automatic inputs to the model

The model was made using Mathworks Simulink and Simscape included within Matlab
2017a, and the environment for the model is created using a script initiating variables.
This script was adapted to take inputs from a file saved by the automatic inputs gen-
erator tool described previously in this method section. Furthermore, the code initially
developed for the avatar model was extended to allow simulation for a series of subjects
without user interaction.
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3.7 Evaluation

Evaluation of the tool was done by comparing the automatically generated inputs and
outputs to those created manually.

Ten subjects were examined for the evaluation: Nine healthy volunteers, and one sick
subject with close to normal left ventricular function. The sick subject was chosen from a
subject group diagnosed with chronic ischemic heart disease, and/or a history of angina,
together with fulfillment of the high risk score of cardiovascular diseases of the European
Society of Cardiology. The test subjects were in the ages 59-70, 65.8±3.94 years, 2 males
and 8 females.

The 4D Flow MRI examinations were performed on a clinical 3T Philips Ingenia
scanner (Philips Helthcare, Best, the Netherlands). Prior to acquisition all subjects were
injected with a Gadolinium contrast agent (Magnevist, Bayer Schering Pharma AG) for a
late-enhancement study. The examinations were performed during free-breathing, using
a navigator gated gradient echo pulse sequence with interleaved three-directional flow-
encoding and retrospective vector cardiogram controlled cardiac gating. Scan parameters
included: Candy cane view adjusted to cover both ventricles, VENC 120-150m/s, flip an-
gle 10o, echo time 2.5-2.6 ms, repetition time 4.2-4.4 ms, parallel imaging (SENSE) speed
up factor 3 (AP direction), k-space segmentation factor 3, acquired temporal resolution
of 33.6-52.8 ms, spatial resolution 2.7x2.7x2.8 mm3, and elliptical k-space acquisition.
The typical scan time, including the navigator gating, was 10-15 minutes. The 4D Flow
images were corrected for concomitant gradient fields on the MRI scanner. Offline pro-
cessing corrected for phase wraps using a temporal phase unwrapping method [22], and
background phase errors were corrected using a weighted 2nd order polynomial fit to the
static tissue [23].

To calculate flow through the heart valves, the movement of the heart valves was
tracked using a three chamber view of the heart. Segmentation of the relevant pixels was
then performed manually in the resulting plane, orthogonal to the three chamber image,
while observing the magnitude and flow from the 4D Flow MRI images.

The evaluation was performed using three methods: Coefficient of variation (CoV),
sum square error (SSE), and Bland-Altman analysis. CoV is a measure of the standard
deviation relative to the mean of a variable. The CoV was calculated for the difference
between the manual and automatic approaches for each input and output, using the
formula in equation 3, where nsub equals the number of subjects, y1 are the parameters
created manually, and y2 the parameters created automatically. The multiplication with
100 is to get the CoV in percentage [24, 25].

CoV =

√√√√∑nsub

i=1
(y2−y1)2/2

(
y2+y1

2 )2

nsub
∗ 100 (3)

To be able to compare the flow rates used as inputs to the model, the SSE was
calculated according to equation 4, comparing the automatically generated flow rate of
a subject, y2, to the manually generated flow rate of the same subject, y1. ntf in the
equation is the number of points in the curve, the number of time frames in the 4D Flow
MRI data set.
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SSE =

√∑ntf

i=1(y2 − y1)2

ntf
(4)

Bland-Altman analysis was used to assess the difference between the automatic and
manual inputs and outputs. This included calculating the mean and standard deviation
of the difference between the automatic and the manual values. The differences were
plotted, along with lines representing mean difference and mean± 1.96σ, as a 95% limit
of agreement is used [25, 26].

The method was also evaluated by applying it to subjects with mild aortic stenosis.
These results were examined visually to assess the performance of the method.

4 Results

Examples of the calculated input and model output for a healthy subject can be viewed
in figure 10. The output for the same subject are written in table 1.
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Figure 10: Input and output example for a healthy subject. Top left is the input
flow curve. Top right is the output flow curves. Bottom left is the Pressure-Volume loop
(P-V loop) of LV. Bottom right is the pressure curves of LA, LV and ascending aorta.
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Name Abbreviation Literature
values

Subject
value

Capacitance of the ascending aorta (mL/mmHg) Caa 0.1, 0.16 0.0643
Maximal elastance of LA (mL/mmHg) Emax LA 0.17 0.137
Minimal elastance of LA (mL/mmHg) Emin LA 0.08 0.0686
Passive diastolic elastance of LV (mL/mmHg) Emin LV 0.08 0.0492
Inertance of the ascending aorta (mmHgs2/mL) Lao 2.51 ∗ 10−4

Inertance of the AV (mmHgs2/mL) Lav 4 ∗ 10−4 1.03 ∗ 10−4

Inertance of the MV (mmHgs2/mL) Lmv 2 ∗ 10−4 0.0004
Pulmonary capillary pressure (mmHg) Ppu 7.4 5.19
Resistance of the ascending aorta (mmHgs/mL) Rao 0.08
Resistance of the MV (mmHgs/mL) Rmv 3.75 ∗ 10−3 0.0073
Diastolic time constant of LA k diast LA 0.18 0.154
Diastolic time constant of LV k diast LV 0.452 0.457
Systolic time constant of LA k syst LA 0.11 0.0551
Systolic time constant of LV k syst LV 0.269 0.428
Contraction rate constant of the LA m1 LA 1.32 0.790
Contraction rate constant of the LV m1 LV 1.32 1.40
Relaxation rate constant of the LA m2 LA 13.1 10.2
Relaxation rate constant of the LV m2 LV 27.4 26.9
Onset of contraction of LA (s) onset LA 0.85 0.772
Onset of contraction of LV (s) onset LV 0 -0.0688

Table 1: Output parameters from the model for a healthy subject examined with
the automatic approach.

The CoV was calculated on input and output parameters, and can be viewed in tables
2 and 3. Some of these parameters were also plotted using the Bland-Altman method,
see figures 11, 12 and 13.

The flow rates were compared using SSE, the results can be viewed in tables 4 and 5.
To be able to compare these values, the same calculations were made for some manually
generated flow rates for one subject, these can be viewed in table 6.

Input name CoV
AV flow volume 29.7%
MV flow volume 23.5%
Ascending aorta flow volume 12.5%
AV peak 26.8%
Ascending aorta peak 11.4%
MV E peak 10.7%
MV A peak 19.7%
ACA 77.5%
EOA 16.3%

Table 2: CoV of a selection of the input parameters.
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Output name Abbreviation CoV
Capacitance of the ascending aorta Caa 19.0%
Passive diastolic elastance of LV Emin LV 24.4%
Diastolic time constant of LV k diast LV 4.3%
Systolic time constant of LV k syst LV 11.6%
Contraction rate constant of LV m1 LV 7.6%
Relaxation rate constant of LV m2 LV 15.8%
AV flow volume 15.7%
MV flow volume 14.9%
Ascending aorta flow volume 15.8%
AV peak 12.2%
Ascending aorta peak 12.8%

Table 3: CoV of a selection of the output parameters.

SSE of input flow rates
AV [ml] MV [ml] Ascending aorta

[ml]
Subject 1 8.17 5.85 3.36
Subject 2 7.73 4.80 2.97
Subject 3 7.16 7.44 2.41
Subject 4 6.96 4.80 2.57
Subject 5 6.25 3.24 1.69
Subject 6 10.14 6.11 4.43
Subject 7 6.45 8.04 4.58
Subject 8 3.60 3.35 0.97
Subject 9 8.99 3.86 2.33
Subject 10 1.96 5.44 3.40
mean ± standard deviation 6.74 ± 2.43 5.29 ± 1.62 2.87 ± 1.13

Table 4: SSE of input flow rates through the AV, MV, and ascending aorta.

SSE of output flow rates
AV [ml] MV [ml] Ascending aorta

[ml]
Subject 1 0.21 0.15 0.20
Subject 2 0.18 0.14 0.18
Subject 3 0.14 0.22 0.14
Subject 4 0.12 0.09 0.12
Subject 5 0.11 0.08 0.12
Subject 6 0.22 0.18 0.20
Subject 7 0.15 0.19 0.15
Subject 8 0.15 0.08 0.15
Subject 9 0.20 0.16 0.20
Subject 10 0.11 0.11 0.11
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mean ± standard deviation 0.16 ± 0.04 0.14 ± 0.5 0.16 ± 0.04

Table 5: SSE of output flow rates through the AV, MV, and ascending aorta.

SSE of manually generated flow rates
AV [ml] MV [ml] Ascending aorta [ml]

3.35 5.11 2.72
2.01 5.64 3.09

Table 6: SSE comparison of multiple manually generated input flow rates for one subject.
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Figure 11: Bland-Altman plots of the peak values of the flow curves generated as
input to the model. The solid horizontal line marks the mean of the difference between
automatic and manual approach, while the dotted marks the mean± 1.96σ.
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Figure 12: Bland-Altman plots of the flow volumes of the flow curves generated as
input to the model. The solid horizontal line marks the mean of the difference between
automatic and manual approach, while the dotted marks the mean± 1.96σ.

20



0.05 0.06 0.07 0.08

(Manual + Automatic)/2

-0.06

-0.04

-0.02

0

0.02

0.04

M
a
n
u
a
l 
- 

A
u
to

m
a
ti
c

Caa [mL/mmHg]

0.04 0.05 0.06 0.07 0.08

(Manual + Automatic)/2

-0.04

-0.02

0

0.02

0.04

0.06

M
a
n
u
a
l 
- 

A
u
to

m
a
ti
c

Emin_LV [mmHg/mL]

0.35 0.4 0.45 0.5 0.55

(Manual + Automatic)/2

-0.04

-0.02

0

0.02

0.04

0.06

0.08

M
a
n
u
a
l 
- 

A
u
to

m
a
ti
c

k_diast_LV [-]

0.3 0.35 0.4 0.45 0.5 0.55

(Manual + Automatic)/2

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

M
a
n
u
a
l 
- 

A
u
to

m
a
ti
c

k_syst_LV [-]

0.8 1 1.2 1.4 1.6 1.8

(Manual + Automatic)/2

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

M
a
n
u
a
l 
- 

A
u
to

m
a
ti
c

m1_LV [-]

20 25 30 35 40 45

(Manual + Automatic)/2

-10

-5

0

5

10

15

M
a
n
u
a
l 
- 

A
u
to

m
a
ti
c

m2_LV [-]

Figure 13: Bland-Altman plots of a selection of output parameters: Capacitance
of the ascending aorta (Caa), Passive diastolic elastance of LV (Emin LV), Diastolic time
constant of LV (k diast LV), Systolic time constant of LV (k syst LV), Contraction rate
constant of LV (m1 LV), and Relaxation rate constant of LV (m2 LV). The solid horizontal
line marks the mean of the difference between automatic and manual approach, while the
dotted marks the mean± 1.96σ.

Two cases were examined to see how the tool worked on subjects with slight aortic
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stenosis, see figure 14 and 15. Some output parameters for these subejcts can be viewed
in figure 16.
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Figure 14: Subject 1 with aortic stenosis. Automatic input and results from the model
obtained from a subject with aortic stenosis. Top left is the automatically generated input,
top right is the flow curves obtained from the model. On the bottom are the P-V loop
(left) and pressure curves simulated by the model.
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Figure 15: Subject 2 with aortic stenosis. Automatic input and results from the model
obtained from a subjects with aortic stenosis. Top left is the automatically generated
input, top right is the flow curves obtained from the model. On the bottom are the P-V
loop (left) and pressure curves simulated by the model.

Figure 16: Selected model output parameters for the subjects with aortic stenosis.
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5 Discussion

In this project, a method to get inputs to and run a personalized model of the cardiovas-
cular system in an automatic way has been developed. It makes the model more useful as
this is an easy process, compared to previously having to generate inputs by hand, which
was slow and tedious. It also makes it possible to get inputs and run the model on large
cohorts without any user interaction.

The method consistently generates the same results every time when applied to a
dataset, instead of being dependent on the user. In contrast, manual generation of the
input parameters is highly dependent on who is performing the task and might vary with
time, even if the same person is doing the segmentation for all evaluation subjects.

The majority of the CoV calculated for the outputs, see table 3, are lower than 16%.
The largest CoV of the outputs is that of Emin LV. This measurement describes how the
LV relaxes during diastole and it has a large confidence interval (0.09 ± 0.0071 [3]), the
uncertainty in this measurement is most likely the reason the CoV is large.

The only other CoV larger than 16% is that of the capacitance of the ascending aorta
(Caa). The high variability is most likely a result of the relatively low temporal resolution
(30-40 ms) of the data used in this study. A previous study on measuring pulse wave
velocity (PWV) from 4D Flow MRI has reported on an inadequacy of time resolution
of 40.8 ms [27]. Studies on two-dimensional phase-contrast MRI (2D PC-MRI) show a
requirement for time resolution lower than 11 ms [28, 29].

There is a difference in flow volume between the AV and ascending aorta, the flow
volume through the ascending aorta is lower than that of AV for each subject. This could
also affect the simulated Caa, as the model tries to simulate this difference, making it
vary more from the manual model.

Furthermore, the Bland-Altman plots of the output parameters indicate a small vari-
ability and relatively small difference between the output obtained from the automatic
and manual methods, see figure 13.

The CoV for the AV and MV flow volumes and AV peaks of the inputs were larger
than that of the outputs. The smaller differences in the generated outputs suggest that
the inputs should be good enough to generate a subject specific model, even though the
input parameters are not exactly the same as those calculated manually.

When the model was developed, the AV plane was placed below the AV, in the LV
outflow tract. However, this was deemed an insecure positioning when the automatic
method was developed, as the risk of catching extra flow from the LV would make it
less reliable. Therefore, the AV plane was placed right above the AV when running
the automatic tool. When the manual inputs where made, the plane was placed below,
upstream, the AV, as no simple way of tracking the motion of the valve somewhere else
existed. This has affected the results of the evaluation, as the speed of flow increases if
it is forced through a smaller opening. This could be a reason why the CoV of the AV
peak is relatively high, at 26.8%, see table 2. It is also probably the reason why almost
all of the points in the Bland-Altman plot of AV peaks are negative and larger compared
to that of the other peaks, see figure 11.

The peak values of the AV flows render a Bland-Altman plot with relatively high dif-
ference and large variability, as shown in figure 11. Positioning the AV plane downstream
the valve in the automatic approach and upstream the valve in the manual will have had
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some impact on this. As the blood is forced through a smaller opening, created by the
valve, the speed of the blood increases, leading to a higher peak value in the automatically
measured AV flow rate.

The CoV of the AV flow volume is even higher than that of the AV peaks, 29.7%, see
table 2. A difference could come from the coronary arteries. If the automatic AV plane
is above the coronary arteries, while the manual is beneath, there will be a difference in
the amount of flow registered. This would, however, result in a lower flow through the
automatic plane, which seems to be the opposite of what is actually happening, see figure
12. One possible reason is the difference in segmentation in the planes. In the automatic
method it is done by the automatic segmentation which is based on both the flow and
magnitude volumes from the 4D Flow MRI. When the segmentation is done manually, it
is done, almost exclusively, by looking at the flow, as the magnitude is of very low contrast
making the structures hard to identify. This leads to the automatic method including
more voxels in the flow calculations than the manual.

Since the EOA is calculated from information retrieved from the AV plane alone, the
position of this plane could have a huge impact here as well. The difference in EOA is not,
however, very high, see table 2, indicating that this way of calculating EOA is sufficiently
accurate.

Manual segmentation on a plane, to separate the inside of a vessel or structure without
including vessel walls, is difficult to perform based only on the magnitude image. Instead,
it is almost only based on the absolute speed calculated from the 4D Flow MRI, in
which only the flows with the largest velocities will be clearly visible. The automatic
segmentation this tool uses is based on an angiographic image generation technique called
4D PC-MRCA [30], which was developed to get a better assessment of structure and blood
flow. The segmentation shows the structures even when flow is not clearly visible. This
means that voxels with low velocities are included in the automatic segmentation, but
might be difficult to include accurately in the manual segmentation. A lot of voxels with
small flow velocities can add up to a large flow. This makes the difference between the
two methods, automatic and manual, larger, and might be a reason why AV and MV A
peaks and AV and MV flow volumes are showing higher CoV, see table 2. This difference
might also be the reason the relatively large negative mean in some of the Bland-Altman
plots of the input, see figure 11 and 12.

The large difference in ACA, which has a CoV of 77.5%, see table 2, can be due to the
fact that the automatic method uses the mean of all time frames while the manual is the
area at peak systole. Some of this difference also results from the positioning of the AV
plane, which is different in the manual compared to the automatic. The manual plane is
placed upstream AV and is actually measuring the LV outflow tract, instead of ACA.

Even though the SSE of the input flow rates show a relatively large difference between
automatic and manual, see table 4, the SSE comparison of manually generated input, see
table 6, shows that the difference can be just as high when the input is generated twice
manually for the same subject. Furthermore, the output flow rates are not so different
even though the input flow rate differ a bit, see table 5. This could suggest that the
model is not very sensitive to how the exact input flow curves look, but generates similar
curves all the same.

The method is very dependent on a good segmentation, therefore, it can be made
better by fine tuning the segmentation further. Making it more precise to make the edges
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of the regions to exactly match the top part of the MV and AV would maybe make the
positioning of those planes more reliable, for instance. If the segmentation of the LV is
at an angle in the interface with the AV, the AV plane will also be tilted.

Another possible improvement for the tool is to make sure that the brachiocephalic
branches are found in the segmentation. Since the plane in the ascending aorta should be
placed just upstream those, finding the correct location for the plane would be easier and
more robust if they were guaranteed to be there, specifically the brachiocephalic trunk.
Another way would be to eliminate the need for this specific plane position, by developing
the model. For instance by placing multiple planes in the ascending aorta to calculate a
compliance from and insert that into the model instead.

Depending on how much of the regions of interest is included in the segmentation,
the flow rates will be a bit different, as more or less voxels will be included in the flow
calculations. The effect of this could be examined by using different thresholds for the
segmentations when calculating the inputs to the model. The ideal segmentation would
include everything inside the structures without any of part of the wall of it, since the
movements of the walls also show up in 4D Flow MRI.

There are some changes that could be examined with the aim of making the tool
better, such as taking action to reduce the risk of noise from the 4D Flow MRI showing
up in flow calculations. This might be accomplished by placing multiple planes in the
same area and taking the mean flow through them. The tool’s sensitivity to noise does
not, however, seem very high, from measurements made here.

If the skeleton created to place the plane in the ascending aorta gets loops, these
won’t be pruned away, and as a result the normal may get an angle to what would be the
optimal direction. To get rid of this problem, a curve could be fitted to the aorta, or the
main flow direction, to follow the shape without any branches or loops.

A factor which affects the flow rate of the AV is if the plane is placed upstream or
downstream the coronary arteries. This should be further examined to make sure it does
the same for all subjects. It can also have affected the evaluation, making the CoV of AV
flow volume larger than it would have been if the automatic plane was placed upstream
the coronary arteries in all cases.

The limitations of this tool include those of the model. For instance, the current
version of the model can not account for valvular regurgitation, even if the method cre-
ated here could successfully calculate inputs for subjects with this pathology. Since the
pathology could not be handled by the model this was not, however, examined, but would
require further evaluation.

In general, the model generates AV and ascending aorta flow rates which are similar
at their peaks, even when the input flow rates differ, see figures 10 for an example. This
indicates that pathologies causing the flow rates to differ between the AV and ascending
aorta might not be detected using the model in its current state, even if the inputs catches
these differences.

The first examined subject with aortic stenosis, see figure 14, has a clearly visible
pressure gradient, the maximum LV pressure is higher than the maximum pressure in the
aorta. This is a known indication of aortic stenosis.

The P-V loop is an interesting measurement which is hard to come by with methods
used today as it demands invasive measures of the pressure. The effect on the loop from
aortic stenosis is a smaller volume range and higher pressures. As people are different the
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best way of seeing this effect would be comparing the curve of the same subject with and
without aortic stenosis. No such data sets were available for this project, so this could
not be examined.

The MV peaks of the second subject with aortic stenosis, see figure 15, have a higher
A peak than E peak. This is an effect connected to relaxation abnormalities of LV, which
is a possible effect of aortic stenosis as LV has to work harder to achieve the same stroke
volume as before. The fact that this shape of the MV flow rate is so clearly visible is an
indication that the method of calculating this flow curve is accurate.

The model takes varying amount of time to run for one subject, depending on how
many iterations are needed to get a good enough simulation, according to the model’s
specifications on the output accuracy. This is the part which takes the longest time to
perform with the automatic approach, 25 min on average, while the input calculations
take 4 min. These calculations were performed on a desktop computer with a 3.5 Ghz
6-Core Intel Xeon E5 processor and 64 GB RAM.

The evaluation was made by comparing to manually created inputs and the corre-
sponding model-generated outputs for 10 subjects. To get a better assessment of how
well the created tool works, more subjects could have been examined in this manner,
increasing the reliability of the evaluation. However, because of limited time and the
difficulty of generating manual inputs for a large evaluation cohort, this was the best that
could be accomplished within the time scope of the project.

5.1 Future possibilities

As it is now known to be possible to calculate inputs and run the model automatically, it
is more enticing to make a model of the right side of the heart as well. The implemented
method is a step towards making a model for the entire cardiovascular system, as it
eliminates the need for user interactions to get the result.

The approach to make inputs automatically can be used to make further flow calcula-
tions and have a greater number of personalized inputs to make the model more adjusted
to the subject. Multiple planes could be placed along the entire aorta to measure the
pulse wave propagation. These planes could also be used to calculate a more accurate
compliance to insert into the model, instead of just using two plains as it is currently
done. Planes could also be introduced to calculate flow in the pulmonary veins to get
better assessment of the inflow into the LA, and the pressure changes taking place in this
chamber.

A better measurement to evaluate the tool against could have been to use the seg-
mentation the tool is based on to calculate flow rates in planes placed manually, and have
this as ground truth.

More pathologies could be examined in greater depth and with more test subjects, to
make a better estimation of how the developed tool handles them. It would be interesting
to examine how the model handles a larger range of pathologies as well.

Before the tool can be used, the 4D Flow MRI data sets have to be segmented. If
this process could be incorporated in the same tool, it could be automatically run at each
incoming 4D Flow MRI data set without any user preparation. This would render the
tool even more useful in the long run.
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6 Conclusion

It has been found that it is possible to calculate inputs fully automatically from segmented
4D Flow MRI and run the cardiovascular avatar in an automatic fashion, making it
possible to run the model on large groups of subjects without user interaction. The
method seems to be in good to moderate agreement when compared to the parameters
obtained manually, and could be the basis for further evaluation and development of the
model.
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Appendix A
Output parameters from the cardiovascular avatar

Three columns from table 3 in the article Bridging the gap between measurements and modelling: a
cardiovascular functional avatar by B. Casas et al. [3]. The table describes the parameters given as
outputs from the avatar model.

Parameter Description (units) Literature values

Pulmonary venous system
Ppu Pulmonary capillary pressure (mmHg) 7.4 [31]
Rpv Resistance of pulmonary veins (mmHg ∗ s/mL) 2·10−3 [31]
Lpv Inertance of pulmonary veins (mmHg ∗ s2/mL) 5·10−4 [31]
Rpvc Viscoelastic resistance of pulmonary capillaries and veins

(mmHg ∗ s/mL)
0.01 [31]

Cpvc Capacitance of pulmonary capillaries and veins
(mL/mmHg)

4 [31]

Rpu Resistance of pulmonary capillaries (mmHg ∗ s/mL) 0.01 [31]

Heart parameters

Left atrium (LA)
Ks,LA Source resistance coefficient of the LA (s/mL) 10·10−9 [32]
Emin,LA Minimal elastance of the LA (mmHg/mL) 0.08 [32]
Emax,LA Maximal elastance of the LA (mmHg/mL) 0.17 [32]
V0,LA Unstressed volume of the LA (mL) 3 [32]
m1,LA Contraction rate constant of the LA (-) 1.32 [32]
m2,LA Relaxation rate constant of the LA (-) 13.1 [32]
α1,LA Systolic time constant of the LA (-) 0.11 [32]
α2,LA Diastolic time constant of the LA (-) 0.18 [32]
Rvisc,LA Viscous loss resistance for the LA (mmHg ∗ s/mL) 1·10−4 [32]
OnsetLA Onset of contraction of the LA (s) 0.85 [32]

Left ventricle (LV)
Ks,LV Source resistance coefficient of the LV (s/mL) 4·10−9 [32]
Emin,LV Minimal elastance of the LV (mmHg/mL) 0.08 [32]
Emax,LV Maximal elastance of the LV (mmHg/mL) 3 [32]
V0,LV Unstressed volume of the LV (mL) 10 [32]
m1,LV Contraction rate constant of the LV (-) 1.32 [32]
m2,LV Relaxation rate constant of the LV (-) 27.4 [32]
α1,LV Systolic time constant of the LV (-) 0.269 [32]
α2,LV Diastolic time constant of the LV (-) 0.452 [32]
Rvisc,LV Viscous loss resistance for the LV (mmHg ∗ s/mL) 1·10−4 [32]
OnsetLV Onset of contraction of the LV (s) 0 [32]

Mitral valve
Rmv Resistance of the mitral valve (mmHg ∗ s/mL) 3.75·10−3 [31]
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Lmv Inertance of the mitral valve (mmHg ∗ s2/mL) 2·10−4 [31]

Aortic valve
EOAav Effective orifice area of the aortic valve (cm2) 1.69 [33]
Aao Cross sectional area of the aorta (cm2) 5 [34]
Lav Inertance of the aortic valve (mmHg ∗ s2/mL) 4·10−4 [31]

Systemic arterial system
Raa Resistance of the ascending aorta (mmHg ∗ s/mL) 0.04 [31], 0.02 [35]
Laa Inertance of the ascending aorta (mmHg ∗ s2/mL) 5·10−4 [31], 1.2·10−3 [36]
Raav Viscoelastic resistance for C aa (mmHg ∗ s/mL) 0.01 [31]
Caa Capacitance of the ascending aorta (mL/mmHg) 0.1 [31], 0.16 [36]
Rpsa Proximal peripheral resistance for the supra aortic vessels

(mmHg ∗ s/mL)
-

Rdsa Distal peripheral resistance for the supra aortic vessels
(mmHg ∗ s/mL)

3.9 [37]

Cpsa Peripheral compliance for the supra aortic vessels
(mL/mmHg)

0.6 [35]

Rpia Proximal peripheral resistance for the intercostal arteries
(mmHg ∗ s/mL)

-

Cpia Peripheral compliance for the intercostal arteries
(mL/mmHg)

0.93 [35]

Rdia Distal peripheral resistance for the intercostal arteries
(mmHg ∗ s/mL)

3 [37]

Rda Resistance of the abdominal aorta (mmHg ∗ s/mL) 0.04 [31], 0.02 [35]
Lda Inertance of the abdominal aorta (mmHg ∗ s2/mL) 5·10−4 [31], 1.6·10−3 [36]
Rdav Viscoelastic resistance for C da (mmHg ∗ s/mL) 0.01
Cda Capacitance of the abdominal aorta (mL/mmHg) 0.1 [31], 0.28 [36]
Rpda Proximal peripheral resistance (mmHg ∗ s/mL) -
Rdda Distal peripheral resistance (mmHg ∗ s/mL) 1.2 [31], 1.31 [36]
Cda Peripheral compliance (mL/mmHg) 2 [31]

Other parameters
Tb Duration of the cardiac cycle (s) -
ρ Density of blood (g/mL) 1.06

Table 7: Output parameters from the cardiovascular avatar model described
and with theoretical values found in literature [3].
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