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Popular summary

Pregnancy-related complications such as congenital heart defects, fetal growth restriction
and preeclampsia cause significant fetal and neonatal mortality and morbidity. Treatment
of these conditions have improved significantly over the last decades and include surgery
for congenital heart defects, careful delivery planning and neonatal intensive care. In order
to provide the best possible care for the patients, a prenatal diagnosis can be crucial. In
Sweden, all pregnant women are offered fetal ultrasound screening. While fetal ultrasound
will provide a diagnosis in the majority of cases, ultrasound may be unable to clearly vi-
sualize fetal anatomy, particularly in late pregnancy or obese pregnant women. Therefore,
there is a need for improved diagnostic methods to improve the management of compli-
cated pregnancies.

Cardiovascular magnetic resonance imaging (CMR) is considered to be the gold standard
method for measuring cardiac volumes and blood flow in adults and children, and could
potentially overcome the limitations of fetal ultrasound imaging. However, CMR requires
a synchronization of acquired image data and the cardiac rhythm for optimal image quality.
In adults and children, this is usually achieved by recording an electrocardiogram during
image acquisition. In fetuses however, an electrocardiogram of sufficient quality for CMR
is not available, which has limited the usefulness of CMR for fetal examinations. In recent
years, a new method for recording the fetal heart rhythm using a magnetic resonance com-
patible ultrasound device has been developed. This has enabled imaging of the fetal heart
and measurements of blood flow in fetal vessels using state-of-the-art CMR techniques.
The overall aim of this thesis was to apply and develop new methods in fetal CMR for
assessment of the fetal heart and circulation.

Paper I evaluated a new method for quantifying blood flow in fetal blood vessels using
CMR. This new method was found to be feasible and could potentially provide important
insights into fetal disease mechanisms.

Paper II applied artificial neural networks to automatically measure fetal volume in high-
resolution magnetic resonance images. The agreement between automatic and manual mea-
surements was good and the automatic method typically saves 1-2 hours per case. Fetal
volume can be used to estimate fetal weight, which is an important factor for accurate in-
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viii Popular summary

terpretation of blood flow measurements and for delivery planning.

Paper 111 investigated the clinical utility of fetal CMR in fetuses where ultrasound exami-
nation was unable to answer all diagnostic questions. Fetal CMR added diagnostic infor-
mation in the majority of cases, and had a direct impact on patient management in some
cases.

Paper IV applied artificial neural networks to increase resolution in fetal CMR images ac-
quired with reduced resolution to shorten the image acquisition time. A shorter image
acquisition time reduces the risk of fetal movement during image acquisition, which in
turn increases the chance of a successful examination.

In summary, this work has applied and developed new methods for assessment of the fetal
heart and circulation using fetal CMR. Fetal CMR had a direct impact on clinical decision-
making in selected cases. Furthermore, this thesis evaluated a new method for measuring
fetal blood flow using CMR, and a method for automatic fetal weight estimation based on
high-resolution magnetic resonance images. Future research using these methods is war-
ranted to increase the understanding of fetal physiology and further improve the diagnostic
methods for complicated pregnancies.



Populirvetenskaplig sammanfattning

Graviditetsrelaterade komplikationer som medfédda hjirtfel, tillvixthdmning hos fostret
och havandeskapsforgiftning kan medféra allvarlig sjukdom eller d6d hos barnet. Behan-
dlingen har forbittrats de senaste drtiondena och innefattar bland annat kirurgi f6r med-
fodda hjirtfel, noggrann forlossningsplanering samt neonatal intensivvird. En korreke di-
agnos fore forlossning kan vara avgorande. I Sverige erbjuds alla gravida kvinnor ultraljud-
sundersokning av fostret. Ultraljud ger i de flesta fall korrekt diagnos men det ir i vissa fall
inte majligt att tydligt visualisera fostrets anatomi, sirskilt i sen graviditet och hos évervik-
tiga kvinnor. Det finns dirfor ett behov av forbittrade metoder for fosterdiagnostik.

Magnetisk resonanstomografi (MR) anses vara den icke-invasiva metod som med storst
noggrannhet kan mita hjirtvolymer och blodflode hos barn och vuxna, och skulle kunna
overvinna vissa begrinsningar hos fosterultraljud. Vid hjirt-MR krivs synkronisering av
insamlad bildinformation och hjirtats rytm for att fa bra bildkvalitet. Detta gors vanligtvis
genom att ett elektrokardiogram (EKG) registreras under bildtagning. Det dr dock inte
mojligt att registrera ett foster-EKG av tillricklig kvalitet for hjart-MR-undersékning, vilket
har begrinsat mojligheterna att undersoka fostrets hjirta och kirl med MR. P4 senare ér har
en ny metod for att registrera fostrets hjirtrytm vid MR-undersékning utvecklats. Denna
metod bygger pa en MR-kompatibel ultraljudsapparat som kan detektera fostrets hjirtslag.
Detta har majliggjort att undersoka fostrets hjirta och kirl med hjirt-MR-tekniker som
rutinmissigt anvinds hos barn och vuxna. Det 6vergripande mélet med denna avhandling
var att anvinda och utveckla nya tekniker inom hjirt-MR for att utvirdera fostrets hjirta
och cirkulation.

Studie I utvirderade en ny metod for att mita blodfldde i fosterkir]l med hjire-MR. Den
nya metoden visade sig vara genomférbar och skulle kunna ge viktig kunskap om sjuk-
domsmekanismer hos foster.

Studie II applicerade artificiella neuronnit for att automatiskt mita fostrets volym med
hjilp av hogupplésta MR-bilder. Overensstimmelsen mellan automatiska och manuella
mitningar var god och den automatiska metoden sparar cirka 1 — 2 timmar per foster.
Fostrets volym kan anvindas for att uppskatta fostrets vike, vilket ir en viktig faktor att ta
hinsyn till bade for att tolka blodflédesmitningar och for att planera forlossning.

ix
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Studlie 11 undersdkte den kliniska nyttan av fosterhjirt-MR for patienter dir fosterultraljud
inte kunde besvara alla diagnostiska fragestillningar. Fosterhjiart-MR tillforde diagnostisk
information i en majoritet av patienterna, och hade en direkt paverkan pa klinisk handlig-
gning i vissa fall.

Studie IV applicerade artificiella neuronnit for att 6ka upplosningen i fosterhjart-MR-
bilder som samlats in med lag uppldsning for att férkorta bildinsamlingstiden. En kortare
bildinsamling minskar risken for fosterrérelser under bildinsamlingen, vilket i sin tur 6kar
chanserna for en framgingsrik undersokning.

Sammanfattningsvis har denna avhandling applicerat och utvecklat nya metoder for att
utvirdera fostrets hjirta och cirkulation med hjilp av fosterhjiart-MR. Fosterhjiart-MR hade
en direkt paverkan pé klinisk handlidggning i utvalda fall. Denna avhandling utvirderade
en ny metod for att mita blodfléde i fosterkirl, och en metod f6r att automatisket uppskatta
fostrets vikt med hjilp av hogupplésta MR-bilder. Dessa metoder skulle pa sikt kunna leda
till 6kad forstaelse for fostrets fysiologi och forbittrad diagnostik avseende komplicerade
graviditeter.
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Chapter 1

Introduction

1.1 The fetal circulation

The fetal circulation is different from the postnatal circulation (Figure 1.1). A central differ-
ence is that the fetal lungs do not take part in gas exchange. Instead, gas exchange occurs
in the placenta [1]. The placenta is an organ which is attached to the wall of the preg-
nant uterus and whose main function is to allow gas exchange and transfer of nutrients
between the pregnant woman and the fetus. The umbilical cord contains the umbilical
arteries and umbilical vein, which transfer fetal blood to and from the placenta respectively
[2—4]. Maternal arteries carry oxygenated blood, whereas fetal umbilical arteries carry de-
oxygenated blood to the placenta. In the placenta oxygen is transferred from the maternal
blood to the fetal blood by diffusion over a membrane separating the maternal and fetal
placental blood [1]. Oxygenated fetal blood is returned to the fetus through the umbilical
vein, which has the highest saturated blood in the fetus [1]. The umbilical vein is directly
connected to the inferior vena cava through the ductus venosus (Figure 1.1) [1]. Thus,
oxygenated blood flows through the umbilical vein into the ductus venosus to the inferior
vena cava and continues to the right atrium. Through streaming within the inferior vena
cava and through a ridge, the eustachian valve, in the right atrium, the highly oxygenated
blood from the placenta is preferentially directed towards an opening in the atrial septum
called the foramen ovale (Figure 1.1) [1, 5, 6]. This opening allows for oxygenated blood
to be transferred directly from the right atrium to the left atrium and subsequently to the
left ventricle and ascending aorta (Figure 1.1). This ensures that the blood with highest
oxygen saturation reaches the coronary arteries and brain as these are supplied by the as-
cending aorta. As the fetal lungs are collapsed and filled with amniotic fluid, and does
not contribute to gas exchange, blood flow to the fetal lungs is limited [3]. Instead, there
is another fetal connection between the pulmonary trunk and descending aorta called the
ductus arteriosus (Figure 1.1) [2—4]. Blood from the superior vena cava mixed with some
of the blood from the inferior vena cava reaches the right ventricle, which pumps blood
through the pulmonary trunk, where flow continues mainly through the ductus arteriosus



CHAPTER 1. INTRODUCTION

Figure 1.1: The fetal circulation. Oxygenated blood returns from the placenta to
the fetus through the umbilical vein. The umbilical vein forms the ductus veno-
sus, which passes through the liver and connects the umbilical vein directly to the
inferior vena cava. Blood from the ductus venosus preferentially flows through
the foramen ovale to the left side of the heart and subsequently to the fetal as-
cending aorta (red arrows). Less oxygenated blood (blue arrows) from the right
ventricle flows to the main pulmonary artery and continues through the ductus
arteriosus directly into the descending aorta and is distributed to the placenta
and lower body. Ao, aorta; DA, ductus arteriosus; DV, ductus venosus; FO, foramen
ovale; IVC, inferior vena cava; LV, left ventricle; MA, mitral annulus; MPA, main
pulmonary artery; RV, right ventricle; SVC, superior vena cava; TA, tricuspid annu-
lus; UV, umbilical vein.




1.2. CONGENITAL HEART DEFECTS 3

to the fetal descending aorta. This flow of blood is distributed mainly to the lower body of
the fetus and to the placenta [3], mixed with residual blood from the left ventricle through
the transverse aorta. Transition from fetal to postnatal circulation occurs by closure of the
ductus arteriosus and ductus venosus as well as the foramen ovale within the first few days
after birth [7-11]. The connections in the fetal circulation allow for blood with the highest
oxygen saturation and nutrient content to be delivered to the brain and heart. The fetal
connections however also allow for one side of the heart to compensate for the other in
severe cases of congenital heart defects.

1.2 Congenital heart defects

Congenital heart defects are a group of congenital malformations affecting the cardiovas-
cular system. These cardiovascular malformations affect approximately 1% of infants [12]
and vary in severity. The most common congenital heart defect is the ventricular septal
defect [13]. In this condition, there is a hole in the ventricular septum. The vascular re-
sistance of the downstream circulation determine flow across the ventricular septal defect
[14]. In the postnatal circulation, the lower vascular resistance of the pulmonary circula-
tion compared to the systemic circulation causes oxygenated blood to flow from the left
ventricle directly into the right ventricle [14]. This oxygenated blood continues through
the pulmonary circulation and returns to the left ventricle without being delivered to the
intended organs. The volume of blood flowing from the left ventricle directly to the right
ventricle, called shunt volume, therefore leads to unnecessary work performed by the left
ventricle, and a fluid load to the lungs which causes increased work of breathing [15, 16].
Clinical manifestations depend on shunt size and range from no symptoms to heart failure
[13].

In several severe congenital heart defects, the survival of the newborn is dependent on
patency of the ductus arteriosus [17]. These defects are said to be duct dependent. An
example of a duct dependent congenital heart defect is hypoplastic left heart syndrome. In
hypoplastic left heart syndrome, the left ventricle is severely underdeveloped and unable
to provide sufficient blood flow to the organs [18]. Blood that has been oxygenated in
the lungs must therefore be able to pass from the left side of the heart to the right side of
the heart [18]. This occurs through an interatrial communication [18], the foramen ovale.
After entering the right side of the heart, the oxygenated blood must be able to pass from the
right side of the heart to the systemic arteries. This occurs through the ductus arteriosus
[18]. The closure of the ductus arteriosus during the transition from fetal to postnatal
circulation leads to lack of blood supply to vital organs, circulatory shock, and death of
the infant unless treatment is promptly initiated. This is done by starting prostaglandin
infusion, which maintains patency of the ductus arteriosus, until the patient can undergo
surgery [19].

Ultrasound screening of fetuses has enabled prenatal detection of congenital heart de-
fects. A correct prenatal diagnosis has been shown to reduce mortality and morbidity, as
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well as improve parental counseling [20-25]. This is particularly the case in duct-dependent
malformations. However, detection rates vary among different malformations and between
centers [26]. While ultrasound examination is successful in the majority of cases, ultra-
sound may be unable to visualize fetal cardiovascular structures, particularly in late preg-
nancy or obese pregnant women. In addition, ultrasound has limitations in quantitative
measurements of blood flow [27], an important indicator of cardiovascular pathophysiol-
ogy. Therefore, there is a need for improved methods for prenatal assessment of congenital
heart defects. In this thesis, newly developed magnetic resonance imaging (MRI) tech-
niques were used to assess the fetal heart and circulation.

1.3 Magnetic resonance imaging

Main components of the magnetic resonance system

In a magnetic resonance (MR) scanner, a strong static magnetic field in the direction of the
bore is created by current through a superconducting coil. The MR system has additional
coils which are used for imaging. One such coil is the transmitting radio frequency (RF)
coil [28]. A radiofrequency pulse can be transmitted through this coil, which creates a new
magnetic field perpendicular to the main magnetic field and which rotates around the main
magpnetic field at a certain frequency [28]. Furthermore, the MR system has three gradient
coils [29]. These coils can create magnetic field gradients in all directions in space, where
field strength vary linearly with position along the direction of the magnetic field gradient.
Finally, the MR system has receiver RF coils which receive the MR signal described in the
following section [28].

The magnetic resonance signal

The most common source of MR signal is protons, which are ubiquitous in the tissues
of the body. Protons behave like small magnets, each with its own magnetic field which
can be viewed as a vector with magnitude and direction (Figure 1.2A). Protons in a strong
main magnetic field show a slight overall tendency to point in the direction of the field,
and are randomly oriented in the direction perpendicular to the field [30] (Figure 1.2A).
Furthermore, protons rotate about their own axis, and are therefore commonly referred to
as spins. Spins in a magnetic field show an additional rotating motion called precession
about the magnetic field [30] (Figure 1.2A). The frequency w of precession is given by the
Larmor equation w = vy - By where v is the gyromagnetic ratio and By is the magnetic
field strength of the main magnetic field [30]. The vector sum of the magnetic fields of
spins in a small neighborhood forms the net magnetization vector M which points in the
direction of the main magnetic field (Figure 1.2A). By convention, the direction of the
main magnetic field represents the z-axis of a three-dimensional coordinate system. The
net magnetization vector from protons in water molecules in tissues provide the basis for
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magnetic resonance imaging for clinical applications. However, in order to measure that
tissue magnetization, additional procedures are needed.

By applying a radiofrequency pulse, an oscillating magnetic field perpendicular to the
main magnetic field is created. If the frequency of the radiofrequency pulse closely matches
the frequency of precession of the spins in the tissues, these spins will begin to rotate down
towards the xy-plane (Figure 1.2B) [30]. This tips the net magnetization vector (Figure
1.2B) [30]. When the net magnetization vector rotates down towards the xy-plane, it
simultaneously precesses about the main magnetic field (Figure 1.2B). Furthermore, the
net magnetization vector now has a non-zero projection My, on the zy-plane (Figure 1B).
This creates an oscillating magnetic field in the xy-plane, which induces current in the
receiver coils of the MR system. This current is the MR signal (Figure 1.2C).

A magnetization vector can be defined by its magnitude, frequency of precession and
angle of precession (Figure 1.3). The angle of precession, also referred to as phase, is defined
as the counter-clockwise angle of the magnetization vector in relation to the z-axis. These
properties of magnetization vectors are important in the process of generating an image
from the MR signal.

T2* relaxation

The MR signal described above decays over time (Figure 1.2C). The most rapid decay is
due to inhomogeneities of the main magnetic field and spin-spin interactions which cause
dephasing of magnetization vectors on the xy-plane. This process is called 72* relaxation

(Figure 1.4) [31].

T2 relaxation

Even with a perfectly homogenous main magnetic field, the MR signal would decay due to
spin-spin interactions. When the contribution of main magnetic field inhomogeneities are
ignored, the MR signal decays with time according to the equation M, = M - e#/72
where My, is the transverse magnetization at time ¢, My is the transverse magnetization at
time 0, and T'2 is a tissue-specific constant (Figure 1.4). This is called 72 relaxation [32].

T'1 relaxation

When the MR signal is generated, the net magnetization vector is rotated down towards
the zy-plane. When the radiofrequency pulse is turned off, the net magnetization vector
therefore has a reduced longitudinal component M (0) along the z-axis. As spins return to
their orientation in the direction of the main magnetic field, the longitudinal component
of the net magnetization vector regrows. The regrowth of M., is described by the equation
M, = Mey — (Meyg — M;(0)) - e t/T1 where M, is the longitudinal magnetization at
time ¢, Me, is the longitudinal magnetization at equilibrium and 71 is a tissue-specific

constant (Figure 1.4). This is called 7'1 relaxation [32].
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Figure 1.2: Generating the magnetic resonance signal. Spins from an object in
a strong magnetic field are represented by the dark blue arrows, indicating the
magnitude and direction of their magnetic fields. At equilibrium (A), spins are
preferentially oriented in the direction of the main magnetic field (z-axis), as
illustrated by the more dense distribution of arrows pointing in the z-direction
versus in the opposite direction. The vector sum of all spins forms the net mag-
netization vector (bright blue larger arrow) pointing in the z-direction (A).
Furthermore, spins rotate about the z-axis in a motion called precession, as indi-
cated by the grey arrow. By applying a radiofrequency pulse at a frequency that
closely matches the frequency of precession of the spins, the spins will begin to
rotate down towards the zy-plane (B). This causes the net magnetization vector
to rotate down towards the xy-plane (B). Furthermore, the net magnetization
vector now has a non-zero projection M, on the xy-plane (red arrow) (B). This
creates a rotating magnetic field in the xy-plane, which induces an oscillating
current in the receiver coils of the MR system. This current is the MR signal

(O).
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Figure 1.3: Characteristics of a magnetization vector. A magnetization vector is
defined by its magnitude (length of the arrow), angle and frequency of precession.
The phase ® of the magnetization vector is defined as the counterclockwise angle
with respect to the x-axis.

A. T2* and T2 relaxation B. T1 relaxation
MXy T2 Mz A
T2% b
Time Time

Figure 1.4: T1, T2 and T2* relaxation. After a radiofrequency pulse, the trans-
verse magnetization M, decays over time (12" decay) due to magnetic field
inhomogeneities and spin-spin interactions (A). If the effects of field inhomo-
geneities are ignored, the signal decays due to spin-spin interactions, also referred
to as T2 decay (A). If the net magnetization vector is rotated 90 degrees towards
the xy-plane by the radiofrequency pulse, the longitudinal component of that
vector is 0. As spins return to their orientation in the direction of the main mag-
netic field, the longitudinal component of the net magnetization vector regrows
(B). The dashed line (B) indicates the magnitude of the net magnetization vector
at equilibrium.
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Image formation

The following sections describe the principles of forming an image from the MR signal.
A magnetic resonance image can be thought of as a slice with a certain spatial resolution.
Therefore, imaging requires defining the position, orientation and thickness of the slice
from which the MR signal is generated, followed by localization of the signal components
within the slice.

Slice selection

The first step in the spatial localization of the MR signal is to select the slice of interest
(Figure 1.5A) [33]. This is done by applying a magnetic field gradient perpendicular to the
slice of interest. For simplicity we will assume that the slice of interest is transversal and
thus that the magnetic field gradient is applied in the z-direction. When a magnetic field
gradient is applied in the z-direction, the magnetic field strength will vary linearly with
position along the z-axis. This in turn will cause differences in the frequency of precession
among spins which depend linearly on position along the z-axis, as described by the Larmor
equation (Figure 1.5B). By applying a radiofrequency pulse with a frequency that matches
a specific position along the z-axis, only spins near this z-position will be affected by the
radiofrequency pulse (Figure 1.5C). Thus, the only spins that contribute to the transverse
magnetization that generates the MR signal are those within the slice of interest (Figure

1.5C).

Spatial localization of the signal components within the slice

We have defined the slice that we would like to image using the slice selection process
described above. To form a two-dimensional image, the components of the resulting MR
signal have to be localized in the zy-plane. This is performed using two additional processes
called phase encoding and frequency encoding [33, 34]. Phase encoding is performed by
applying a magnetic field gradient in the phase-encoding direction (which for simplicity is
assumed to be the y-axis). This causes the magnetic field strength, and thus the frequency
of precession, to vary depending on position along the y-axis. With time, spins along
the y-axis therefore acquire different amounts of phase depending on their position. The
phase-encoding gradient is applied after the slice-selective radiofrequency pulse, but before
frequency encoding.

Frequency encoding is a similar process which occurs simultaneously with sampling of
the MR signal. A magnetic field gradient is applied along the frequency-encoding direction,
perpendicular to the phase-encoding direction (which for simplicity is assumed to be the z-
axis). This causes the magnetic field strength, and thus the frequency of precession, to vary
depending on position along the x-axis. At a given point in time, spins along the z-axis
will have acquired different amounts of phase due to the frequency-encoding gradient. As
the MR signal is sampled multiple times during the application of the frequency-encoding
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Figure 1.5: Slice slection. Figure A shows a fetus in the MR scanner, divided
into three slices where slice 2 contains the heart. The net magnetization vectors
of these slices are shown as M, Mo and M3 to the right. At baseline, the main
magnetic field is homogenous and the frequency of precession of spins within
all three slices are equal. When a magnetic field gradient is turned on in the
z-direction, the magnetic field strength and thereby the frequency of precession
is different for each slice (B). By applying a radiofrequency pulse at frequency

2, only spins with the same frequency will be affected (C). This will rotate My
down towards the xy-plane while leaving M; and M3 unaffected (C). As a re-
sult, the generated MR signal will be derived only from slice 2 which contains

the fetal heart.
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gradient, each signal sample corresponds to a unique pattern of phase variation along the
frequency-encoding direction. Furthermore, the preceding phase-encoding step defines a
specific pattern of phase variation along the y-direction.

It can be shown that each signal sample corresponds to a specific spatial frequency of the
MR image, defined by the specific phase variation patterns along the phase- and frequency-
encoding directions respectively (Figure 1.6). While multiple spatial frequencies along the
x-direction can be acquired during a single readout of the MR signal, each spatial frequency
along the y-direction requires a separate generation of the MR signal with a different phase-
encoding gradient strength. The acquired MR signal samples are stored in a matrix called
k-space, which contains the spatial frequencies of the MR image. By applying an inverse
Fourier transform to k-space data, the magnitude and phase of the net magnetization vector
corresponding to each pixel in the MR image is obtained.

A. Spins along magnetic field gradient B. Spatial frequency

Baseline S s> —»

Timepoint 1 o7t \'\<—/ /NS /_\_/
Timepoint 2 I / A\ Y /N /\/\_/
Timepoint 3 l l l

Position along magnetic field gradient

Figure 1.6: Spatial frequencies. At baseline, all spins have the same phase (A).
When a linear magnetic field gradient is applied, the frequency of precession

will vary linearly with position along the direction of the gradient. With time,
spins therefore acquire different amounts of phase depending on position (A).
Timepoints 1 — 3 in panel A represent successively increasing phase accumulation
as the gradient magnetic field is applied. At each timepoint, the phase variation
pattern along the direction of the gradient defines a spatial frequency, as illus-
trated in panel B. For phase-encoding, timepoints 1 — 3 correspond to generating
the MR signal three separate times, each with a different strength of the phase-
encoding gradient. For frequency-encoding, timepoints 1 — 3 correspond to three
consecutive samples of the MR signal during the application of the frequency-
encoding gradient.
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Cardiovascular magnetic resonance imaging

In the cardiovascular system, motion occurs with every cardiac cycle. In order to generate
high quality cardiovascular magnetic resonance (CMR) images of the heart and blood ves-
sels, this motion has to be accounted for. In general, this is accomplished by dividing the
cardiac cycle into short time frames and acquiring a separate image during each time frame.
If such images are acquired throughout the cardiac cycle, the result is a cine image showing
cardiac motion. The ability to depict cardiac motion depends on the temporal resolution,
i.e., the time period that constitutes one cardiac phase. Typically, a temporal resolution
of about 30 milliseconds is used. In order to acquire cine images, image information is
acquired from several cardiac cycles.

Cardiac gating refers to the process of synchronizing acquired image data with the
cardiac cycle. This is commonly performed by acquiring magnetic resonance image data
while recording the cardiac rhythm using electrocardiography [35].

Flow measurements

Magnetic resonance imaging can be used to measure blood flow [36-38]. In this section,
the basic principles of flow measurements by MRI will be described, followed by a discus-
sion of the strengths and limitations of this technique.

In order to measure flow by MRI, a technique called phase-contrast imaging is used.
The principle of this technique is to alter the phase of spins in such a way that phase be-
comes proportional to velocity. This is performed by applying a bipolar magnetic field
gradient along the direction in which velocity is to be measured. Figure 1.7 illustrates how
a bipolar magnetic field gradient affects the phase of stationary and moving spins respec-
tively. As a first negative magnetic field gradient is turned on, stationary spins experience
a weaker magnetic field strength and will therefore precess at a lower rate. This will cause
the stationary spins to lose phase. As stationary spins experience a constant magnetic field
strength throughout the application of the magnetic field gradient, the change in phase for
stationary spins during the magnetic field gradient application is proportional to gradient
amplitude and time. As the negative magnetic field gradient is turned off, and a positive
magnetic field gradient of equal amplitude and duration is turned on, stationary spins will
precess faster and regain the amount of phase that was previously lost. Thus, the application
of a bipolar magnetic field gradient leads to no net change in phase for stationary spins.

As spins moving along a magnetic field gradient experience a continuously increasing
(or decreasing) magnetic field strength over time, the relationship between change of phase,
gradient amplitude and time is different compared with stationary spins. It can be shown
that the change of phase for moving spins with a constant velocity is proportional to veloc-
ity, gradient amplitude and time squared. Therefore, moving spins will lose some amount
of phase during the application of a first negative magnetic field gradient. However, with
the following application of a positive magnetic field gradient of equal amplitude and du-
ration, moving spins will experience a stronger magnetic field than during the negative
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gradient application, and will therefore gain more phase than was previously lost. There-
fore, after the application of a bipolar magnetic field gradient, moving spins will have gained
phase which can be measured. As phase is proportional to velocity, gradient amplitude and
time squared, velocity can be calculated based on phase if gradient amplitude and time are
known.

In order to quantify blood flow, the phase-contrast technique is used to measure flow
velocity in each pixel of a cross section of the vessel of interest. By multiplying mean velocity
with cross-sectional area, flow is obtained.

Strengths and limitations of flow quantification by magnetic resonance imaging

Magnetic resonance imaging can be used to quantify flow volumes with high accuracy [39—
43]. Further strengths of this MRI-based technique include the possibility to image blood
vessels in any direction. Clinical applications of flow volume measurements by MRI in-
clude quantification of valvular regurgitation and shunts [44, 45], which can be used to
guide treatment. Furthermore, unlike ultrasound, MRI is not limited by acoustic win-
dows. Therefore, quantification of blood flow by MRI is an important tool for studying
cardiovascular physiology. However, there are important limitations to consider.

Spatial and temporal resolution

Spatial and temporal resolution are important considerations, particularly in fetal MRI as
the fetal aorta typically has a cross sectional area of less than 1 ¢m? and the fetal heart rate
is about 140 beats per minute. With insufficient spatial resolution, voxels at the interface
between flowing blood and stationary tissue will receive MR signal from both. This is
called partial volume effects. As the magnetization vector of a voxel equals the vector sum
of all spins within that voxel, the phase of the magnetization vector from a voxel including
stationary tissue and flowing blood will be affected by the stationary tissue [46, 47]. This
leads to underestimation of peak velocity and may lead to incorrect estimation of average
phase and hence total flow [38, 46, 47]. Similarly, when a voxel contains moving spins
with different velocities, intravoxel phase dispersion can cause incorrect measurements of
velocity. The minimum spatial resolution for accurate flow quantification has been shown
to be 16 pixels over the vessel area [46, 47]. Sufficient temporal resolution is required to
accurately capture the flow curve throughout the cardiac cycle. With insufficient temporal
resolution, pulsatile flow is underestimated [38].

Turbulent flow

In turbulent flow, such as flow after a stenosis, flow velocities differ significantly even within
a voxel. Turbulent flow leads to incorrect flow measurements [48], due to intravoxel phase
dispersion.
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Figure 1.7: Phase-contrast imaging. A bipolar magnetic field gradient is applied.
Diagram A illustrates this bipolar magnetic field gradient. Diagrams B and C
show the effect of the bipolar gradient on the phase of stationary and moving
spins respectively. For stationary spins, there is no net change in phase after the
application of the bipolar gradient. For moving spins however, an amount of net
phase is acquired that is proportional to the velocity of the spins. This acquired
phase can be measured and used to derive the velocity of the moving spins.
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Misalignment of the image plane

Flow quantification is most accurate when the imaging slice is perpendicular to the vessel
(42, 47]. As velocity is encoded perpendicular to the slice, an oblique slice over a blood
vessel will encode the projection of the blood velocity on the direction perpendicular to
the slice rather than the true blood velocity [47]. This leads to underestimation of velocity.
However, the vessel area over which flow is acquired increases. For thin slices, these effects
cancel and cause no error in total flow, however as slice thickness increases, partial volume
effects cause overestimation of flow [47]. This presents a particular challenge in fetal MRI
as fetal movement may occur during imaging and resolution is relatively low compared to
vessel size.

Phase offset errors

Rapid gradient coil activations can induce currents in the gradient coils themselves. This
interferes with the magnetic field gradients, which in the case of phase-contrast imaging
may cause phase offset errors [49]. Unless properly accounted for, phase offset errors may
cause large errors in measured flow [49]. Correction methods include subtraction of the
velocity error as estimated based on stationary tissue information in the same patient or in
a stationary phantom scan performed in conjunction with the examination of the patient

(50, 51].

Velocity encoding

If a small amount of phase is acquired at a given velocity, the measurement of that phase
(and hence velocity) is prone to error due to noise [38]. On the other hand, if for a given
velocity more than 180° phase is acquired, that velocity will be incorrectly interpreted as
velocity in the opposite direction, commonly referred to as aliasing [38]. Therefore, a
phase-contrast image acquisition should be designed to be optimally accurate to the flow
velocity that can be expected in the vessel of interest. As phase shift is proportional to
both velocity and gradient amplitude, the higher the amplitude of the bipolar gradient,
the more phase will be acquired for a given velocity. Therefore, a strong gradient provides
higher sensitivity to low velocities, whereas a weak gradient provides higher sensitivity to
high velocities [38]. The velocity encoding parameter (VENC) is defined as the highest
velocity that can be measured without aliasing and is adjusted depending on the expected
flow velocity in the vessel of interest.
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1.4 Machine learning

One of the first definitions of machine learning, attributed to Arthur Samuel in 1959,
is that machine learning is the “Field of study that gives computers the ability to learn
without being explicitly programmed”. Subsequently in 1998, Tom Mitchell stated that
“a computer program is said to learn from experience E with respect to some task 7" and
some performance measure P, if its performance on T, as measured by P, improves with
experience E”. Machine learning is widely used and have become a very hot topic in the last
five years. A few examples of situations where machine learning have proven to be successful
is in image classification, image analysis, classification of emails as spam or non-spam, and
for voice recognition.

General principles and considerations

Machine learning can be used to estimate a continuous-valued output based on an input, or
to make classifications of an input into one of several classes. Two relatively simple machine
learning algorithms for prediction of a continuous-valued output and classification respec-
tively are linear regression and logistic regression. These models can be used as examples to
demonstrate some of the main principles of machine learning.

Linear regression

In simple linear regression, a training set of data points (;, ¥;) is used to estimate a straight
line fit to the data (Figure 1.8). The goal of linear regression is to use the straight line
equation to estimate the y-value corresponding to an x-value not included in the training
set (Figure 1.8). A model of the form y = ax + b is optimized to best fit the training data.
In order to do this, for a given choice of the parameters a and b, we need a performance
measure of the model. This performance measure, often called cost function, is a function
that measures the overall error of the given model on the training data. The higher the error
on the training data, the higher the value of the cost function. To optimize the model, the
parameters ¢ and b that minimize the cost function are chosen. In linear regression, the
cost function F is defined as the mean of the squared errors of the model over the training
set. If k is the number of training examples, then F(a,b) = ¢ Zle ((az;+b)—y;)? and
the parameters a and b that minimize the cost function F'(a, b) will give the best straight
line fit to the data. While this example assumes a linear model with one variable, the same
principles can be used to estimate a more complex model with more linear terms and higher
order polynomial terms.

Logistic regression

Logistic regression is another example of machine learning used for classification rather than
prediction of a continuous-valued output. The simplest example is binary classification, i.e.,
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Figure 1.8: Linear regression. The left graph shows training data points (red
circles) in the xy-plane. The best straight line fit to this training data can be
achieved by minimizing the mean squared error between the straight line and the
training data points, as shown by the pink dashed lines. The straight line equa-
tion can be used to estimate the y-value corresponding to a new x-value (right).
This is called linear regression, which can be seen as a simple learning algorithm.

classification of an input variable into one of two possible classes. The training data consist
of points (x;,y;), where each y; is equal to either 0 or 1. The logistic function g(z) =
H% is used for classification, where the value of the logistic function is interpreted as
the probability that a given input belongs to class 1. In order to optimize the model given
the available training data, the variable 2 in the logistic function above is chosen as some
parametrization of the input variable 2, with parameters that can be optimized to give high
probabilities for training examples belonging to class 1 and low probabilities for training
examples belonging to class 0. A simple example of the variable z = z(z) could be 2(z) =
ax + b. To optimize the logistic regression model, a cost function must be defined which
penalizes incorrect classifications. If h(z) denotes the output of the logistic function for a
given parametrization z = z(x), the cost of the classification algorithm can be defined as
Cost(h(z;),yi;) = —log(h(x;)) if y; = 1 and Cost(h(x;),y;) = —log(1 — h(z;)) if
y; = 0. The cost function of the logistic regression model is given by the average cost over
all training examples.

In order to perform more complex tasks such as image classification, logistic regression
is insufficient. Instead, more complex models such as artificial neural networks are needed.
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Artificial neural networks

An artificial neural network is a method of machine learning inspired by the brain, which
can be viewed as an advanced learning machine. In the brain, each neuron receives infor-
mation from other neurons. This information is in turn propagated forward.

An illustration of an artificial feed-forward neural network is provided in Figure 1.9.
Each circle in the figure denotes an artificial neuron. Each column of artificial neurons is
called a layer of the artificial neural network. The network contains an input layer, in which
input data is provided to the network. After the input layer, several so-called hidden layers
follow, each of which processes information from the previous layer. The final layer of the
neural network is called the output layer. In an artificial neural network, each neuron in
one layer contributes with information to neurons in the next layer.

e 2}

Input layer Hidden layer Output layer

O
O

Figure 1.9: Schematic artificial neural network. An artificial neural network con-
sists of artificial neurons, illustrated by circles. A column of artificial neurons is
called a layer of the network. An artificial neural network has an input layer, one
or more hidden layers, and an output layer. Each neuron in one layer forwards
information to neurons in the next layer, illustrated by the black lines.

In order to demonstrate the calculations performed by the artificial neural network,
consider Figure 1.10 which shows how information is propagated from one layer to the
next. Each neuron in the first layer carries information to neurons in the next. Letag . . . ai
denote the outputs of the neurons of the first layer (Figure 1.10). Each neuron in the
first layer is connected to neurons in the second layer by parameters which determine the
contribution of the neuron in the first layer to the neurons in the second layer. Let 6y . . . 0y,
denote the parameters connecting the first layer to a specific neuron in the second layer
(Figure 1.10). The output of the neuron in the second layer is calculated as h(6pap +
-+ 4 Orax) where h is some function defined as the activation function of the neuron.
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Commonly used activation functions include a rectified linear unit function or a sigmoid
function (Figure 1.10). Similar calculations are performed for each neuron in the artificial
neural network until the output layer is reached. The error of the network output with
regard to the desired output is measured by a cost function. The exact definition of the
activation function and cost function respectively depends on the specific context in which
the network is applied. By minimizing the cost function, the parameters of the neural
network that best fit the training data are determined.
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Figure 1.10: Computations performed by the artificial neural network. Each

v

neuron in the first layer is linked to neurons in the second layer by parameters
which determine the contribution of the neuron in the first layer to the neurons
in the second layer (A). For a specific neuron in the second layer, the output of
that neuron is calculated as a function of the weighted sum of parameters and
neuron outputs from the previous layer (A). This function is called the activation
function of the neuron. Two examples of such activation functions are a logistic
function (B) and a rectified linear unit function (C).

Optimizing the cost function

The cost function of a learning algorithm is a function that measures the error of the model
output versus the desired output. For image classification algorithms, the cross-entropy
function is commonly used. This function returns high values i.e., high cost when the
model outputs a low probability for the correct class label of the input image.

The performance of the learning algorithm is optimized by determining the model pa-
rameters that minimize the cost function given the available training data. As the minimum
value of the cost function of a learning algorithm can be difficult to calculate explicitly, nu-
merical optimization methods are often used. One such method is the gradient descent
algorithm. It can be shown for a differentiable function f that at a given point (6, f(6)),
the direction of steepest descent is the direction opposite to the gradient of f denoted
V f. By choosing a random initial value of the input vector 6 and iteratively changing 6 to
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0 —a -V f(0) where a is some small positive number, 6 can converge to a local minimum
value of f(0). Ideally, the cost function f(#) should have only one local minimum which
also is the global minimum. The number « is defined as the learning rate of the learning
algorithm. It is not always easy to choose the number o appropriately. With a very small
«, many computational steps are required to optimize the cost function, which can lead to
a time-consuming training process for the learning algorithm. On the other hand, a too
large ov may cause the gradient descent algorithm to fail to converge to the local minimum
of the cost function.

Model selection and evaluation

As we have already seen, learning algorithms are trained using training data to produce a
desired output. While a trained model may perform well on the training data, this does
not guarantee that it will perform well on new, previously unseen data. The generalizability
of a learning algorithm is the ability to produce a desired output given a previously unseen
input.

In order to evaluate how well a model generalizes, it must be tested on new data. Fur-
thermore, it may be of interest to test different model structures rather than assuming that
one particular structure is optimal. This is performed by adjusting the hyperparameters
of the model. Examples of hyperparameters for an artificial neural network include the
number of layers and neurons, the neuron connectivity pattern and the learning rate. To
evaluate different model structures, each model structure is trained and tested on a valida-
tion data set. The model with the best performance on the validation data set is chosen.
However, as the final model has been deliberately chosen based on its performance on the
validation data, it is still not known how well it generalizes to new examples. Therefore,
the final model should subsequently be evaluated on a test set consisting of new data.

Bias and variance

For a given machine learning problem, models of different complexity can be used. A too
simple model may be unable to fit training data well. On the other hand, a too complex
model may fit training data well, yet perform poorly on test data. These concepts can be
illustrated using polynomial regression to fit a set of data points in the xy-plane (Figure
1.11). If a constant polynomial model is used to fit the data, this model will likely perform
poorly on both training data and test data, and the model is said to be underfitted and to
have high bias (Figure 1.11). On the other hand, if a high degree polynomial model is
used, this model may fit the training data very well, but still perform poorly on test data,
and the model is said to be overfitted and to have high variance (Figure 1.11). The optimal
model has a complexity somewhere in between those extremes (Figure 1.11). If a learning
algorithm turns out not to perform well, it may potentially be improved by increasing the
training data set or by changing some aspect of the model itself. In order to determine
which of these alternatives is likely more effective, it is useful to determine if the model
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has high bias or high variance. For a model with high bias, which underfits training data,
adding more training data is unlikely to improve the model, and is likely a waste of time.
Instead, changing the model itself so that it is able to fit the available training data may be
useful. For a model with high variance on the other hand, which overfits the training data,
adding more training data and/or modifying the model may be useful.

p
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Figure 1.11: Bias and variance. Consider a set of training data points (green
circles) and test data points (blue circles). Different polynomial models can be
fitted to this data. If a too simple model is used, such as a constant polynomial
(Ieft), the model is unable to fit the training data well and performs poorly on
both training and test data. This model is said to be underfitted and to have high
bias. If on the other hand a too complex model is used, such as a high degree
polynomial, this model fits training data well but still performs poorly on test
data (right). This model is said to be overfitted and to have high variance. The
optimal model has a complexity somewhere in between (middle).

Convolutional neural networks

A convolutional neural network (CNN) is an artificial neural network including layers
which perform convolution operations on input data. Convolutional neural networks have
proven to be highly successful in image analysis, as they can be used to deconstruct a com-
plex image into simpler elements called feature maps, each containing specific features of
the original image. A CNN can be trained to recognize a specific class of images by their
feature maps using training data consisting of labeled images. When the trained CNN re-
ceives a new unseen input image, it deconstructs this image into feature maps and assesses
the likelihood that those feature maps represent an image of the image class the CNN was
trained to identify.
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In order to understand how an input image is fed forward through a CNN, consider
Figure 1.12 which illustrates the convolution operation for a 6x8 pixel input image. An
image filter is a smaller image representing a specific feature (Figure 1.12). In Figure 1.12,
the image filter is a 3x3 image containing a diagonal line of 3 pixels as a feature. This image
filter is moved across the input image at every possible position. Each filter position over
the input image is mapped to a third image called a feature map. If, at a given position, the
feature of the filter matches the pattern of the input image, the corresponding pixel of the
feature map receives a high value, illustrated by the bright green pixel in the feature map of
Figure 1.12. If, on the other hand, the feature of the filter does not match the pattern of
the input image, the corresponding pixel of the feature map receives a low value, illustrated
by the black pixel in Figure 1.12. The feature map will thus be a feature representation of
the input image, indicating where the pattern of the filter occurs in the input image. In
a CNN, a convolutional layer may consist of several different filters, each deconstructing
the input image into a feature representation of a specific feature. Typically, the filters
in a CNN are part of the learning process, i.e., the network figures out what filters work
best based on the training data. In order to simplify calculations, CNNs use layers which
perform pooling operations on feature maps. Figure 1.13 illustrates an example of a pooling
operation on a feature map. The left image shows a 4x4 feature map, where each pixel
has a value corresponding to how well the input image pattern matched the filter pattern
at a given filter position. The pooling operation maps this 4x4 feature map image into
a 2x2 image according to Figure 1.13, where each pixel in the resulting 2x2 image is the
maximum value of its corresponding part of the feature map. The pooling operation thus
creates an image with slightly lower precision for the given feature, but which facilitates
computations in the CNN. The filters of a CNN are learnable parameters, whereas the
pooling operations must be defined beforehand.

Figure 1.14 shows an illustration of a convolutional neural network for image classi-
fication, which has been trained to classify input images as fetuses, cats, hats or boats. In
the first step, a magnetic resonance image of a fetus is used as input. This image is passed
through a convolutional layer with four different filters, creating four feature maps of the
input image. In the next step, a pooling operation is performed on each feature map, result-
ing in four lower-dimensional images. The following layer is another convolutional layer
with two filters, resulting in a total of 8 feature maps of the 4 input images from the previ-
ous layer. Subsequently, another pooling layer further reduces the image dimensions. The
final layer is the output layer, which is commonly called the fully connected layer. Each
artificial neuron of this layer receives input from each image in the previous layer. In the
example in Figure 1.14, each neuron of the fully connected layer outputs a measure of how
likely it is that the input image belongs to a certain class.
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Input image

Feature map

Figure 1.12: Convolution operation for a two-dimensional image. An image
filter (top) is moved across the input image, and maps each position into a third
image called a feature map. If the pattern of the input image matches the filter
at a given position (left), the pixel of the feature map corresponding to this filter
position receives a high value (bright green pixel in the bottom image). If on
the other hand the pattern of the input image does not match the pattern of the
filter at a given position (right), the pixel of the feature map corresponding to
that position receives a low value (black pixel in the bottom image).
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Figure 1.13: Pooling operation. A 4x4 feature map (left) is divided into a 2x2
grid as shown by the four colours. A pooling operation reduces the dimension of
the 4x4 feature map image to a 2x2 image, in this case replacing the four pixels
in each quadrant with their maximum value (right). This operation facilitates
computations in a convolutional neural network.
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Input image with 4 filters Pooling with 2 filters
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Figure 1.14: Convolutional neural network. An image of a fetus is used as input.
The first layer is a convolutional layer with four filters, which creates four feature
maps of the input image. The next layer is a pooling layer which reduces the
dimensions of the feature maps. The next layer is a convolutional layer with two
filters, creating a total of eight new feature maps. This is followed by another
pooling layer, further reducing image dimensions. Finally, an output layer re-
ceives input from all images in the previous layer and uses this input to classify
the original input image, in this case as either a fetus, a cat, a hat or a boat.
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1.5 Study motivations

Study I - Quantification of fetal blood flow

Quantification of blood flow provide important insights into cardiovascular physiology.
Blood flow measurements using MRI are considered accurate and have potential for im-
proving blood flow assessment in fetuses. However, the lack of a fetal cardiac gating signal
has hampered fetal blood flow assessment by MRI. While post-processing methods such as
metric optimized gating [52] have partly overcome this issue, such methods require time-
consuming offline image reconstruction and are potentially less accurate than direct cardiac
gating. A recently developed MR-compatible Doppler ultrasound device has provided a so-
lution for fetal cardiac gating [53, 54]. Therefore, evaluation of fetal flow quantification
using this new gating technique is warranted.

Study II - Fetal volume quantification

While fetal blood flow measurements can provide information of cardiovascular patho-
physiology, absolute flow values are expected to depend on fetal weight. Therefore, weight-
indexed fetal flow values may more accurately depict underlying pathology compared to
absolute values. While ultrasound-based fetal weight estimation is commonly used, this
has been shown to be less accurate than MRI-based estimation [55]. Segmentation of the
fetus in high-resolution MR images can provide accurate quantification of fetal volume
which can be used to estimate fetal weight. However, manual segmentation requires 1 —
2 hours per case, and there is a need for automatic methods. Specifically, artificial neural
networks for image segmentation could provide a solution.

Study III - Assessment of congenital heart defects

Recently developed CMR techniques allow for cardiovascular cine imaging in fetuses, pro-
viding information of the function and anatomy of the fetal heart. However, the role of
fetal CMR for prenatal diagnosis of congenital heart defects is yet to be established. Ultra-
sound is and will likely continue to be the preferred imaging modality for initial assessment.
However, as MRI is not limited by acoustic windows, the added value of fetal CMR in cases
where fetal ultrasound is unable to answer all diagnostic questions warrants further study.

Study IV - Super-resolution image reconstruction for fetal CMR

While fetal CMR shows potential to improve prenatal assessment of congenital heart de-
fects, an important limitation is the relatively long image acquisition times. This increases
the risk of fetal movement during image acquisition, which results in motion artifacts and
poor image quality. Therefore, shorter image acquisition times could increase the chance
of successful fetal CMR examination. One way to decrease acquisition time is to decrease
image resolution. However, a higher resolution must then be reconstructed to achieve
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high-quality images. This could be performed using so-called super-resolution image re-
construction.






Chapter 2
Aims

The overall aim of this thesis was to apply and develop fetal cardiovascular magnetic reso-
nance imaging for assessment of fetal cardiovascular physiology.

The specific aims of studies I — IV were:

I To evaluate Doppler ultrasound gating for phase-contrast magnetic resonance flow
measurements in fetal blood vessels, with the main hypothesis that quantification of
fetal blood flow using Doppler ultrasound gating agree with metric optimized gating.

IT To 1) apply artificial neural networks for automatic quantification of fetal volume
in high-resolution magnetic resonance images; 2) Compare fetal weight measured
by fetal segmentation in magnetic resonance images to fetal weight estimated by
formulas developed for fetal ultrasound; and 3) index fetal blood flow values in the
umbilical vein and descending aorta to fetal weight.

III To investigate the clinical utility of cardiovascular magnetic resonance imaging in
fetuses with remaining diagnostic uncertainty after ultrasound examination.

IV To apply super-resolution image reconstruction methods to increase resolution in
fetal CMR images acquired with a low resolution and reduced acquisition time.
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Chapter 3

Materials and methods

3.1 Study populations

Study I

Twenty-two pregnant women in gestational week 36 (range 26 —40) were included at Skane
University Hospital (Lund, Sweden). The study population consisted of both fetuses with
and without known or suspected congenital heart defects. This study had a subject overlap
of n=5 with study III and n=7 with study IV.

Study II

Forty-two pregnant women in gestational week 36 (range 29 — 39) were included at Skane
University Hospital (Lund, Sweden). The study population consisted of both fetuses with
and without known or suspected congenital heart defects. This study had a subject overlap
of n=4 with study III and n=6 with study IV.

Study I1I

Thirty-one pregnant women in gestational week 36 (range 31 — 39) were included at Skane
University Hospital (Lund, Sweden). All study participants had undergone fetal ultra-
sound screening, where a suspicion of congenital heart defect was raised. Subsequently
all participants underwent at least one repeat fetal ultrasound examination performed by
a pediatric cardiologist specialized in fetal cardiology. Patients with remaining diagnostic
uncertainty after the second fetal ultrasound examination were referred for fetal cardiovas-
cular magnetic resonance (CMR) examination and included in the study. This study had
a subject overlap of n=5 with study I, n=4 with study II and n=9 with study IV.

29
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Study IV

Twenty-eight pregnant women in gestational week 36 (26 — 40) were included at Skéne
University Hospital (Lund, Sweden). The study population consisted of both fetuses with
and without known or suspected congenital heart defects. This study had a subject overlap
of n=7 with study I, n=6 with study II and n=9 with study III.

3.2 Fetal cardiovascular magnetic resonance imaging

All study participants underwent fetal CMR imaging using a 1.5T magnetic resonance
(MR) scanner (Siemens Aera, Erlangen, Germany). To avoid compression of the inferior
vena cava, the MR examination was performed with the pregnant woman in the left lateral
decubitus position. A recently developed Doppler ultrasound (DUS) device (smart-sync,
northh medical GmbH, Hamburg, Germany) was used for cardiac gating [53, 56]. Car-
diac gating is necessary to acquire high-quality images of the heart and blood vessels, as
described in the introduction section. The most commonly used method to acquire a car-
diac gating signal is by electrocardiography. However, it is not yet possible to acquire a
fetal electrocardiography signal of sufficient quality for cardiac gating during CMR ex-
amination. Instead of recording the electrical activity of the fetal heart, the DUS device
records a velocity waveform from the fetal heart which can be used to identify each fe-
tal heartbeat. This has enabled state-of-the-art CMR techniques for cardiovascular cine
imaging and phase-contrast flow measurements in fetuses.

3.3 Study I - Quantification of fetal blood flow
Image acquisition

Phase-contrast images for flow quantification were acquired in the fetal descending aorta
(DAo) and umbilical vein (UV) (Figure 3.1) using a 2D segmented gradient recalled echo
sequence. Typical parameters were 1.41x1.41x5 mm spatial resolution, 30.18 ms tempo-
ral resolution, flip angle 20° and TE/TR 2.76/5.03 ms. Quantitative flow images were
acquired using both the DUS gating method and the previous reference method metric
optimized gating (MOG) for comparison [52]. While the DUS method directly identi-
fies each fetal heartbeat for cardiac gating, the MOG method used in this study relies on
mathematical optimization based on a two-parameter fetal heart rate model to identify
the fetal heart rate. Potential disadvantages of the MOG method include the inability to
fully account for the heart rate variability typically seen in fetuses [57, 58], and the long
post-processing time required for image reconstruction.

The agreement between repeated measures of fetal blood flow using the DUS method
was assessed by repeatedly acquiring phase-contrast flow images in six fetuses.
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Figure 3.1: Acquisition of quantitative blood flow images. A sagittal fetal mag-
netic resonance image showing the fetal descending aorta (DAo) and umbilical
vein (UV) is shown to the left. Corresponding cross-sectional images used for

quantification of flow in the DAo and UV are shown to the right.

Image analysis

Four observers from two different centers quantified fetal blood flow by manual delineation
in the phase-contrast images (Figure 3.2). Inter- and intra-observer variability were assessed
for fetal flow measurements. Time-resolved vessel delineation with adjustment of the region
of interest (ROI) to cover the vessel area in each time frame was compared with static
delineation using the same ROI in all time frames. For static delineations, the ROI was
defined to cover the vessel in the time frame with maximum vessel area. Furthermore,
the effect of ROI size on measured flow was assessed using multiple circular ROIs with a
diameter between 50 — 150% of the estimated vessel diameter.
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Blood flow measurements were performed without background correction in general.
For time-resolved delineations and for the effect of different ROI sizes on measured fow,
measurements were performed both without and with linear background correction based
on automatic identification of stationary tissue in the acquired flow images.

150 cm/s

0 cm/s

-150 cm/s

Figure 3.2: Measurement of fetal blood flow in quantitative flow images. Flow
was measured by manually delineating the vessel of interest in the phase-contrast
images. The figure shows the fetal descending aorta delineated in red, where the
left image shows anatomy and the right image is the corresponding velocity map,
where pixel intensity corresponds to velocity according to the velocity scale to the
right.

Statistical analysis

Data are presented as median (range) or mean + standard deviation. Bias and variability
for DUS versus MOG differences and intra- and interobserver differences were defined
as mean + standard deviation and expressed in absolute values and in percent of average.
Bland-Altman analysis was used to assess method and observer agreement. Coefhicient of
variation (CoV), defined as standard deviation divided by mean, was used to assess the
agreement between repeated measurements of fetal blood flow by the DUS gating method.

3.4 Study II - Fetal volume quantification

Image acquisition and analysis

A 3D image slab covering the whole uterus was acquired for fetal volume quantification.
Typical imaging parameters were 1.8x1.4x2.5 mm spatial resolution, TE/TR = 1.77/4.08
ms and flip angle=50°. All intrauterine structures (fetus, umbilical cord, placenta, and
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amniotic fluid) were manually delineated using a 3D pen tool with 3 — 4 mm diameter in
Segment 3D print v 3.1 (Medviso AB, Lund, Sweden) (Figure 3.3). Manual segmentations
were used as ground truth for neural network training and evaluation.

Figure 3.3: Delineation of intrauterine structures for volume quantification in
magnetic resonance images. The image shows the fetus (green), placenta (yellow),
umbilical cord (blue) and amniotic fluid (pink).

Artificial neural networks for fetal segmentation

A convolutional neural network with U-net structure was used, as previously suggested for
automatic segmentation in medical images [59, 60]. The neural network used in this study
was developed in a previous project, which contains a detailed description of the algorithm
[60]. In short, the network was trained to classify each voxel in the input image as fetus,
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placenta, umbilical cord or amniotic fluid. A multi-task learning process including all
intrauterine structures was used as this has been suggested to improve network performance
by providing more information compared with a binary classification task of each pixel
as fetus or non-fetus [61]. The two-dimensional U-net used in this study analyzes input
images slice by slice in three orthogonal directions. The final classification of each voxel
is determined by voxel-wise voting based on the outputs of all three orthogonal images
containing the voxel. Training and hyperparameter optimization were performed by four-
fold cross-validation using 15 datasets for training and 5 for validation for each iteration.
A total of 42 fetuses were included, of which 20 were used for training and validation, and
22 for testing network performance. One of the 22 test datasets consisted of twin fetuses,
and was used to assess the generalizability of the model, without comparison to manual
segmentation.

Comparison with weight-estimation formulas commonly used in fetal ultrasound

Fetal volume by 3D magnetic resonance imaging (MRI) was multiplied with an assumed
fetal density of 1.04 kg/ dm?3 to estimate fetal weight [55]. Fetal weight was also estimated
by Hadlock’s formulas 1 — 4 [62, 63] and compared with 3D MRI-based measurements.
HadlocK’s formulas use measurements of fetal head circumference, biparietal diameter, ab-
dominal diameter and femur length to estimate fetal weight, and were originally developed
for ultrasound-based fetal weight estimation [62, 63]. In the current study, fetal biometric
measurements were made using MR images instead (Figure 3.4).

Fetal blood flow indexed to fetal weight

Blood flow was measured in the umbilical vein and descending aorta in 15 and 20 fetuses
respectively, and indexed to fetal weight measured by manual segmentation of the fetus.

Statistical analyses

Bland-Altman analysis was used to assess differences between manual and automatic fe-
tal volume measurements and differences between fetal weight estimated using HadlocK’s
formulas and fetal weight measured by segmentation in magnetic resonance images respec-
tively. The agreement between manual and automatic fetal segmentation was also assessed

. . . o . . . . 2-|A|N|B
using Dice similarity coefhcient, which is defined as as |A|EE‘| where A and B are two

sets.
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Figure 3.4: Measurement of fetal biometric parameters for weight estimation
using HadlocK’s formulas. The image shows measurements of femur length
(A) ,abdominal circumference (B), and head circumference and biparietal diameter

(O.
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3.5 Study III - Assessment of congenital heart defects

Image acquisition

Cine images were acquired using a balanced steady-state free precession sequence with pa-
rameters 1.4 x 1.4 x 4 mm spatial resolution, 38 ms temporal resolution, flip angle 45°,
and TE/TR 1.38/3.16 ms. The anatomy and function of the left and right ventricles were
assessed using cine images (Figure 3.5). The anatomy of the great vessels was assessed us-
ing cine images and anatomical overview images (Figure 3.5). A T2-weighted image stack
covering the fetal lungs was acquired, for assessment of the so-called nutmeg pattern which
indicates pulmonary lymphangiectasia and a poor prognosis [64]. While this T2-weighted
sequence is not a cardiovascular MR sequence per se, it is readily acquired during fetal CMR
examination and provides valuable complementary information in cases of congenital heart
defects with suspected restrictive or intact atrial septum.

Image evaluation

Images were evaluated in consensus by three observers including the referring pediatric
cardiologist. The observers together had extensive experience in CMR and fetal cardiac
ultrasound and had access to ultrasound images and reports. Fetal CMR was considered
to have clinical utility if CMR examination provided additional diagnostic information.
Findings by fetal CMR were compared with findings by postnatal cardiac ultrasound.
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Figure 3.5: Assessment of cardiovascular anatomy and function. The top images
show a fetal four-chamber view in end-diastole (left) and end-systole (right), in
this case showing a normal systolic function. The bottom images show the right
and left ventricular outflow tracts. Normal connections of the main pulmonary
artery to the right ventricle (left) and aorta to the left ventricle (right) are seen.
Ao, aorta; LA, left atrium; LV, left ventricle; MPA, main pulmonary artery; RV,
right ventricle.
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3.6 Study IV - Super-resolution image reconstruction for fetal

CMR

Data for network training, validation and testing

Two types of datasets were used for neural network training and testing; 1) fully sampled
standard clinical images and acquired low-resolution images in the same fetus; and 2) low-
resolution images synthesized from fully sampled standard clinical images. Low-resolution
images with a spatial resolution in the phase-encoding direction (phase resolution) of 25%,
33% and 50% of that of the standard clinical sequence were used. The training dataset
consisted of 36 cine image slices from 14 fetuses, resulting in a total of 1080 images. The
validation dataset consisted of three cine image slices from 3 fetuses, resulting in a total of
90 images. The test dataset consisted of 67 cine image slices from 11 fetuses, resulting in a
total of 2010 images. The datasets used for training, validation and testing had no overlap.

Reconstruction methods

Proportions in low-resolution input images were restored using nearest neighbor interpo-
lation. Two super-resolution neural networks were used, called phasrresnet and phasrtGAN
[65]. The phasrresnet is based on a single convolutional neural network, whereas the phas-
rGAN consists of multiple neural networks in a generative adversarial network model, as
described below. In addition, the common reconstruction methods bicubic interpolation
and k-space zeropadding were used for comparison.

Generative adversarial model

The details of the artificial neural networks used in this study are described in paper IV [65].
This section will describe the main principles of the phasrGAN model. A generative adver-
sarial neural network was used to generate high-resolution images from the low-resolution
input images described above. This model consists of two different main networks. One of
those networks is called the generator. The generator is a neural network which creates new
information. In this case, the goal of the generator is to add information to a low-resolution
fetal CMR image, to make the image appear as a true high-resolution fetal CMR image.
However, in order to learn this task, the generator needs feedback on its performance. This
is provided by the second network, called the discriminator. The discriminator is a classifier
network which receives labeled generator-produced images and true high-resolution fetal
CMR images as training data and is trained to classify those images accordingly.

In the network training process, low-resolution fetal CMR input images are processed
by the generator (Figure 3.6). The generator outputs forged images with high resolution
which are used as input to the discriminator network. The discriminator also receives true
acquired high-resolution fetal CMR images as input. For each input image, the discrimi-
nator outputs a probability that the input image is a true high-resolution fetal CMR image.
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Figure 3.6: Generative adversarial network for increasing image resolution. Low-
resolution images are used as input to the generator network, which adds infor-
mation in these images, resulting in forged high-resolution images. Forged and
true high-resolution images are used as input to the discriminator. The discrim-
inator is a classifier neural network which is trained to classify input images as
forged or true. The training process can be seen as a competition between the
generator and discriminator, where the generator is trained to fool the discrimina-
tor, and the discriminator is trained to correctly identify forged images produced
by the generator.

The discriminator has a cost function which returns a high cost if the discriminator outputs
a low probability for the correct class of the input image. The generator on the other hand
has a cost function which returns higher values the more confidently the discriminator
predicts that the generator-produced image is indeed a forged high-resolution image. The
generator and discriminator are therefore trained in a competitive way; the parameters of
the generator network are optimized to fool the discriminator, while the parameters of the
discriminator network are optimized to recognize the forged images from the generator.

Image evaluation

Images in the test set were qualitatively assessed by three observers. Each observer scored
the images from 1 — 10 based on image quality, taking into account the visibility of cardiac
structures throughout the cardiac cycle and any potential artifacts interfering with the as-
sessment of cardiac anatomy and function. Any pathology in reconstructed images which
was not present in the fully sampled standard clinical images was noted, as well as pathology
in the fully sampled standard clinical images which was not present in the reconstructed
images.

In addition to qualitative assessment, the reconstruction of low-resolution images were
assessed objectively using mean squared error (MSE), peak signal to noise ratio (PSNR)
and structural similarity index measure (SSIM). This was performed by down-sampling
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the fully sampled test set data and subsequently reconstructing the down-sampled images
using the methods described above. Mean squared error, PSNR and SSIM were calculated
for the reconstructed images versus the fully sampled images.

Statistical analyses

For each reconstruction method, image scores were compared to the standard clinical im-
ages using Mann-Whitney’s non-parametric test. Each reconstruction method was com-
pared to the phastGAN method with respect to MSE, PSNR and SSIM using Mann-
Whitney’s non-parametric test. P-values < 0.05 were considered statistically significant.
Data are presented as median (interquartile range).
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Results and comments

4.1 Study I - Quantification of fetal blood flow

Flow curve profiles

Figure 4.1 shows typical flow curves in the descending aorta (DAo) and umbilical vein
(UV) for the Doppler ultrasound (DUS) and metric optimized gating (MOG) methods
respectively, acquired in the same fetus. The DAo shows a pulsatile flow profile while the
UV shows a constant flow profile, as can be expected [66, 67]. Moreover, a higher peak
flow is seen in the DAo using the DUS method. Underestimation of peak flow occurs
with imperfect gating, and has previously been reported for the MOG method in phantom
experiments [68]. Thus, the DUS gating method could potentially be more accurate than
MOG in measuring peak flow and capturing the flow curve profile.

DUS gating versus MOG for fetal blood flow quantification

Flow in the DAo was 726 (348 — 1130) ml/min using DUS gating and 708 (440 —
1170) ml/min using MOG. Flow in the UV was 366 (150 — 782) ml/min using DUS
gating and 404 (147 — 697) ml/min using MOG. Measurements without and with linear
background correction showed a bias and variability for the DUS and MOG meth-
ods respectively of - 17 + 42 ml/min (- 3 + 6%) and - 17 + 43 ml/min (- 3 + 6%) in the
DAo, and 33 + 41 ml/min (8 + 12%) and 43 + 42 ml/min (14 + 17%) in the UV. Figure
4.2 shows Bland-Altman plots for flow quantified in the DAo and UV using the DUS
and MOG methods respectively. Bias and variability for DAo flow using the DUS and
MOG methods were - 45 + 122 ml/min (- 6 + 15%) for time-resolved delineations and
-23+ 112 ml/min (- 2 £ 14%) for static delineations. Bias and variability for UV flow
using the DUS and MOG methods were 19 + 136 ml/min (2 + 24%) for time-resolved
delineations and 9 + 103 ml/min (0 + 23%) for static delineations.

The agreement between the DUS and MOG methods was thus good in terms of bias,
although measurements showed a high variability. One potential reason for the observed

41
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Figure 4.1: Flow curves. The graphs show flow curves in the fetal descending
aorta (left) and umbilical vein (right) using Doppler ultrasound gating (DUS)
and metric optimized gating (MOG). Modified and used with permission from
Salehi et al. Journal of Cardiovascular Magnetic Resonance 2019. Springer Nature.
hitps:/ldoi.org/10.1186/s12968-019-0586-8 — Creative commons attribution 4.0
international license (http://creativecommons.org/licenses/by/4.0/)

variability is that it was not possible to record the DUS gating signal simultaneously with
acquisition of MOG data. Instead, image acquisition using DUS gating was performed af-
ter image acquisition using MOG. This may have caused differences in measured flow due
to physiological fetal blood flow variation over time or due to measurement error caused by
fetal movement between acquisitions. While bias and variability were low for flow measure-
ments without and with linear background correction in this study, the optimal method for
background correction in fetal flow measurements is unknown. In the current study, pixels
with a phase variation over the cardiac cycle below a certain threshold were automatically
classified as stationary tissue and used for background correction. However, the choice
of stationary tissue for background correction presents a challenge in fetal cardiovascular
magnetic resonance (CMR). Specifically, fetal movement could potentially affect the phase
of fetal static tissue or amniotic fluid. Therefore, future studies are warranted to elucidate if
and how background correction should be performed in fetal phase-contrast flow images.

Agreement of repeated fetal blood flow measurements using DUS gating

Figure 4.3 shows repeated fetal blood flow measurements in the DAo and UV in six fetuses.
Figure 4.4 shows CoV for repeated measurements in each fetus. Repeated flow measure-
ments generally showed similar values however in some cases with substantial variability,

particularly in the UV.
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Figure 4.2: Flow quantification using Doppler ultrasound (DUS) gating ver-
sus metric optimized gating (MOG). The graphs show Bland-Altman plots for
quantification of fetal blood flow using DUS gating versus MOG in the de-
scending aorta (left) and umbilical vein (right) using time-resolved (top) and
static (bottom) vessel delineations. Bias and 95% limits of agreement (LoA)

are indicated by solid and dashed lines respectively. Used with permission from
Salehi et al. Journal of Cardiovascular Magnetic Resonance 2019. Springer Nature.
https:/ldoi.org/10.1186/s12968-019-0586-8 — Creative commons attribution 4.0
international license (http://creativecommons.org/licenses/by/4.0)).

The variability in measured flow can be explained both by physiological variability in
flow and by measurement error e.g. due to fetal movement or background phase errors.

Heating of gradient coils during prolonged activation has been shown to cause temperature-

dependent background phase errors in phase-contrast flow images [69]. Therefore, the re-

peating of phase-contrast flow acquisitions in this study could potentially have introduced

increasing background phase errors, thereby confounding the assessment of physiologi-

cal flow variability. However, previous experimental studies on the fetal lamb have shown
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Figure 4.3: Repeated blood flow measurements in six fetuses. Flow images were
acquired between 6 and 12 times in six fetuses. For each image acquisition, blue
circles show flow values in the descending aorta (DAo) and red circles show flow
values in the umbilical vein (UV). Medians are indicated by solid lines. Flow
acquisition in the UV was not successful in fetus 6. Modified and Used with
permission from Salebi et al. Journal of Cardiovascular Magnetic Resonance 2019.
Springer Nature. https:/ldoi.org/10.1186/512968-019-0586-8 — Creative commons
attribution 4.0 international license (http://creativecommons.org/licenses/by/4.0/)

significant fetal DAo flow variability, occurring in conjunction with fetal respiratory move-
ments [70]. Furthermore, marked decreases in UV flow have been demonstrated in con-
junction with certain patterns of respiratory movements in the fetal lamb [71]. Therefore,
by averaging flow over multiple acquisitions in the same fetus, more representative flow
values could potentially be obtained. This should be considered in future studies aiming to
compare physiology in different patient categories.

The effect of region of interest size

Figure 4.5 shows the effect of ROI size on measured flow. An ROI smaller than vessel
size underestimated flow, whereas an ROI larger than vessel size overestimated flow, both
without and with linear background correction. The underestimation caused by a smaller
ROI was relatively larger than the overestimation caused by a larger ROL.
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Subject " Descending aortic flow * Umbilical venous flow

Fetus 1 1140 [97] (CoV = 7%) 581 [33] (CoV = 3%)

Fetus 2 400 [68] (CoV = 11%) 179 [140] (CoV = 35%)

Fetus 3 797 [155] (CoV = 10%) 327 [93] (CoV = 23%)

Fetus 4 565 [78] (CoV = 8%) 423 [138] (CoV = 19%)

Fetus 5 531 [174] (CoV = 17%) 335 [58] (CoV = 25%)

Fetus 6 432 [93] (CoV = 16%) Unsuccessful image acquisition

Figure 4.4: Repeatability of blood flow measurements. Flow values are pre-
sented as median [IQR] and CoV. Modified and Used with permission from
Salehi et al. Journal of Cardiovascular Magnetic Resonance 2019. Springer Na-
ture. https:/ldoi.org/10.1186/s12968-019-0586-8 — Creative commons attribution
4.0 international license (http://creativecommons.org/licenses/by/4.0/)

These results are in agreement with a previous study by Arheden et al [42]. In that study,
the effect of ROI size on measured flow was assessed in a small-vessel flow phantom where
the true vessel size and flow was known from the experimental setup. Flow quantification
was accurate when ROI size equaled vessel size. With increasing ROI sizes up to several
times larger than vessel area, the overestimation of flow was approximately 20%. On the
other hand, ROI sizes smaller than vessel area resulted in larger underestimation of flow.

These results highlight the challenges of flow quantification in small vessels, where par-
tial volume effects may introduce measurement error [46, 47]. Ideally, the ROI size should
be equal to vessel size. If there is uncertainty of vessel size, it may be recommended to
use a slightly larger ROI for flow quantification, as this results in relatively smaller error
compared to a smaller ROIL

Time-resolved versus static vessel delineation

Figure 4.6 shows Bland-Altman plots for time-resolved versus static vessel delineations for
measurement of fetal DAo and UV flow. For the DAo, bias and variability for time-resolved
versus static vessel delineations were 33 + 39 ml/min (4 + 6%) for the DUS method and
56 + 55 ml/min (7 £ 7%) for the MOG method. For the UV, bias and variability for
time-resolved versus static vessel delineations were 11 + 84 ml/min (2 + 15%) for the DUS
method and 1 + 44 ml/min (0 + 10%) for the MOG method.

Both bias and variability for static versus time-resolved delineations were low. However,
time-resolved manual delineations are time-consuming compared to static delineations.
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Figure 4.5: Graphs show flow in the descending aorta (top) and umbilical vein
(bottom) using Doppler ultrasound gating (DUS) and metric optimized gating
(MOG) measured with region of interest sizes from 50% to 150% of estimated
vessel diameter, without background correction (left) and with linear background
correction (right). For each vessel diameter, circles and error bars represent
median and range. Flow is overestimated when the region of interest size is
larger than estimated vessel size, and underestimated when region of interest
size is smaller than estimated vessel size. Modified and Used with permission from
Salehi et al. Journal of Cardiovascular Magnetic Resonance 2019. Springer Nature,
hitps://doi.org/10.1186/s12968-019-0586-8 — Creative commons attribution 4.0
international license (http://creativecommons.org/licenses/by/4.0)).




4.1. STUDY I- QUANTIFICATION OF FETAL BLOOD FLOW 47

Therefore, static delineations may be recommended for quantification of blood flow in the

fetal DAo and UV.
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Figure 4.6: Time-resolved versus static vessel delineations. Bland-Altman plots for

fetal blood flow measurements in the descending aorta (top) and umbilical vein
(bottom) using Doppler ultrasound (DUS) gating (left) and metric optimized
gating (right) for time-resolved versus static vessel delineations. Solid and dashed
lines indicate bias and 95% limits of agreement (LoA) respectively. Used with
permission from Salebi et al. Journal of Cardiovascular Magnetic Resonance 2019.
Springer Nature. https:/ldoi.org/10.1186/512968-019-0586-8 — Creative commons
attribution 4.0 international license (http://creativecommons.orgllicenses/by/4.0/).

Intra- and interobserver variability for fetal blood flow measurements

Figure 4.7 shows intraobserver variability of blood flow measurements in the fetal DAo and

UV. Figure 4.8 shows interobserver variability of blood flow measurements in the fetal DAo

and UV. Intraobserver variability was low. Interobserver variability was low for observers
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1 — 3 whereas observer 4 systematically underestimated flow compared to observers 1 — 3.
This highlights the need for consensus on vessel delineation between observers and centers.

Vessel and gating method Time-resolved delineations . Static delineations
Descending aorta DUS 19 + 54 ml/min (2 £ 7%) -15 + 96 ml/min (-2 £ 13%)
Descending aorta MOG 32 + 55 ml/min (4 + 6%) 17 £ 59 ml/min (2 £ 9%)
Umbilical vein DUS -10 £ 73 ml/min (-3 £ 13%) -31+62 ml/min (-5 + 11%)
Umbilical vein MOG -2+ 26 ml/min (-1 + 8%) 25+ 67 ml/min (8 £ 17%)

Figure 4.7: Intraobserver variability. Intraobserver variability is presented as mean
differences + standard deviation in absolute values and in percent of average mea-

sured flow.
- J
s N
Time-resolved delineations
Vessel and method Observer 1 vs 2 Observer 1vs 3 Observer 1vs 4 Observer 3 vs 4
Descending aorta DUS 37 £65 (5 + 8%) 064 (0 +9%) 175+87 (26 +9%) 175+ 80 (26 + 8%)
Descending aorta MOG 35+62 (4 +8%) -3+80 (0 +9%) 198 £99 (28 + 10%) 201 + 111 (28 + 10%)
Umbilical vein DUS 16 +98 (4 £ 20%) 2+84(-2+23%) 69 +71 (17 £ 14%) 67 +£43 (19 + 14%)
Umbilical vein MOG 26+71(4+21%) -9+48(-3+13%) 75+61(18+19%) 85+ 71 (20+ 15%)
Static delineations
Vessel and method Observer 1 vs 2 Observer 1vs 3 Observer 1vs 4 Observer 3 vs 4

Descending aorta DUS ~ -17 £66 (-2 +11%) -43+55(-5+7%)  98+107 (15+17%) 142+ 125 (21+17%)

Descending aorta MOG  -13+64 (-2 +8%)  -85+88(-10£9%) 63+114(9+14%) 148+ 152 (20 + 16%)
Umbilical vein DUS 4+66(2+16%) 3069 (-9+23%) 24 +83(6+19%) 53 £ 61 (15 + 20%)
Umbilical vein MOG 17 + 86 (2 + 22%) 7+88(2+21%) 45+88(13+24%) 3864 (11 19%)

Figure 4.8: Interobserver variability for flow quantified using time-resolved and
static vessel delineations. Interobserver variability is presented as mean differences
+ standard deviation in absolute values and in percent of average. DUS, Doppler
ultrasound gating; MOG, metric optimized gating. Modified and used with per-
mission from Salehi et al. Journal of Cardiovascular Magnetic Resonance 2019.
Springer Nature. https:/ldoi.org/10.1186/512968-019-0586-8 — Creative commons
attribution 4.0 international license (http://creativecommons.org/licenses/by/4.0/)
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Summary

Study I evaluated fetal blood flow quantification by phase-contrast CMR using a recently
developed Doppler ultrasound device for cardiac gating. This method is feasible and shows
a low bias compared to the previous CMR reference method metric optimized gating. Re-
peated flow measurements in the same fetus generally show similar values, however with
substantial variability in some cases. The size of the region of interest affects measured
flow, and a region of interest size similar to or slightly larger than vessel size can be rec-
ommended. Consensus on vessel delineation is needed for reproducible measurements
between observers.

4.2 Study II - Fetal volume quantification

Automatic versus manual fetal segmentation

Median fetal volume was 2759 ml (range 1824 — 3895 ml). Figure 4.9 shows examples of
3D models by automatic and manual fetal segmentation respectively. Figure 4.10 shows
3D models from automatic segmentation of twin fetuses as a test of the generalizability of
the model. Figure 4.11 shows a Bland-Altman plot for automatic versus manual quantifi-
cation of fetal volume. Bias and 95% limits of agreement were -4.5+351 ml (0.01%z+11%).
Dice similarity index for automatic and manual segmentation was 0.94 +0.02. The time
required for manual segmentation was approximately 1 — 2 hours per case. In contrast, the
time required for automatic segmentation typically was 45 seconds per case. The agreement
between automatic and manual fetal segmentation was good. Furthermore, automatic seg-
mentation typically saves approximately 1 — 2 hours per case. Therefore, the automatic
method makes fetal volume quantification using high-resolution magnetic resonance (MR)
images clinically feasible.

Hadlock’s formulas versus fetal segmentation

Figure 4.12 shows Bland-Altman plots for fetal weight estimated by Hadlock’s formulas 1
— 4 versus fetal weight estimated by fetal segmentation. Bias and limits of agreement for
Hadlock’s formulas 1 — 4 versus fetal segmentation were 108+435g (3%+14%), 211+468g
(7%+15%), 106+425g (4%+14%) and 179+472¢g (6%+15%), respectively.

The agreement between Hadlock’s formulas and fetal segmentation was generally good,
however with significant differences in individual cases. In particular, previous studies have
found Hadlock’s formulas to be less accurate for small and large fetuses [72]. Therefore,
there is a need for improved methods for fetal weight estimation. Estimation of fetal weight
using high-resolution MR images could potentially improve the detection of small and large
fetuses and thereby have an impact on clinical decision-making.
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Automatic segmentation Manual segmentation

-

Figure 4.10: Automatic segmentation of twin fetuses. The 3D models show au-
tomatic segmentations of twin fetuses from two different angles. The incorrect
segmentation at the fetal head is caused by artifacts in the MR images.

Fetal blood flow indexed to fetal weight

Absolute and indexed fetal blood flow values are shown in Figure 4.13. Median umbil-
ical venous flow was 406 ml/min (range 151 — 650 ml/min) in absolute values and 162
ml/min/kg (range 52 — 220 ml/min/kg) indexed to fetal weight. Median descending aortic
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Figure 4.11: Automatic versus manual fetal segmentation. Bland-Altman plot for
automatic versus manual fetal segmentation, with manual segmentation used as
reference. The dashed and dotted lines indicate bias and 95% limits of agreement
(LoA) respectively

flow was 763 ml/min (range 481 — 1160 ml/min) in absolute values and 276 ml/min/kg
(range 189 — 386 ml/min/kg) indexed to fetal weight.

Note the different relationship between absolute blood flow versus fetal weight and
indexed blood flow versus fetal weight (Figure 4.13). This illustrates how indexed fetal
flow may reduce the confounding effects of fetal weight on flow. As blood flow may be
dependent on both weight and pathology, indexed flow measurements could potentially
more accurately depict underlying pathology.
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Figure 4.12: Hadlock’s formulas 1 — 4 versus fetal segmentation. Bland-Altman
plots for fetal weight estimated using Hadlock’s formulas 1 — 4 versus fetal weight
estimated using 3D magnetic resonance imaging (MRI) as reference. Dashed and
dotted lines indicate bias and 95% limits of agreement (LoA) respectively.
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Figure 4.13: Fetal blood flow indexed to fetal weight. Graphs show fetal blood
flow in the umbilical vein (top) and descending aorta (bottom) in absolute values
(left) and indexed by weight (right) on the y-axis and fetal weight on the z-axis.
Note the different relationships between absolute and indexed blood flow versus
fetal weight.
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Summary

Study II applied artificial neural networks for automatic quantification of fetal volume in
high-resolution MR images. The automatic method is accurate and requires approximately
45 seconds per fetus, whereas manual measurements require 1 — 2 hours. Therefore, auto-
matic fetal volume measurements with the suggested method are clinically feasible. Fetal
volume can be used to estimate fetal weight, which is an important factor for interpretation
of blood flow measurements and delivery planning.

4.3  Study III - Assessment of congenital heart defects

A detailed case by case description of all included patients is provided in the Appendix. Four
main non-exclusive categories of cases referred for fetal CMR were identified. Fetuses in
the first category were referred for assessment of aortic arch anatomy. The second category
included fetuses with borderline left ventricle, unbalanced atrioventricular septal defect or
pulmonary atresia with intact ventricular septum referred for prediction of biventricular
versus univentricular outcome. The third category consisted of fetuses with hypoplastic
left heart syndrome referred for assessment of signs of restrictive or intact atrial septum.
The fourth and final category included cases where fetal CMR provided information for
parental counseling. Typical case descriptions and a general discussion for each category
are provided below.

Assessment of aortic arch anatomy

This category included 20 patients referred mainly for risk assessment regarding aortic
coarctation (see cases 3, 6-10, 12-13, 18-27, 28 and 31 in Supplementary Table 1 in the
Appendix). In 16 of those cases, fetal CMR added diagnostic information. In four of those
16 cases, fetal CMR showed normal aortic anatomy and the suspicion of aortic coarctation
could be dismissed. Although fetal CMR provided additional information in the remain-
ing twelve cases, aortic coarctation could not be ruled out. Figure 4.14 shows a case where
fetal CMR showed a normal aortic anatomy in a fetus where aortic arch hypoplasia and
coarctation was suspected at fetal ultrasound examination.

Aortic coarctation is a potentially duct dependent congenital heart defect and can be
life-threatening for the newborn [73]. If aortic coarctation is suspected in a fetus, it is
crucial that delivery take place in a tertiary hospital with specialized pediatric cardiac care
readily available. Prenatal risk assessment regarding aortic coarctation presents a challenge
as coarctation can develop after birth without being apparent in the fetus [74, 75]. Cur-
rently known prenatal risk factors for aortic coarctation include a narrow aortic arch and/or
isthmus and a small left ventricle [74, 75]. However, current risk stratification methods
show suboptimal results [74, 75]. Therefore, improved methods for prenatal diagnosis are
needed. Future studies will determine whether new fetal CMR biomarkers including blood
flow measurements can improve prenatal detection of incipient aortic coarctation.
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Figure 4.14: Assessment of the fetal aortic arch. Aortic arch hypoplasia and
coarctation was suspected at fetal ultrasound examination (left). A normal
anatomy of the aorta was demonstrated by fetal CMR (right). Cardiovascular
magnetic resonance imaging findings were confirmed by postnatal ultrasound
examination. Modified and used with permission from Ryd et al. “Utility of Fetal
Cardiovascular Magnetic Resonance for Prenatal Diagnosis of Complex Congeni-
tal Heart Defects”. JAMA Network Open 2021. American medical association.
hitps:/ldoi.org/10.1001/jamanetworkopen.2021.3538 — CC-BY license.

Prediction of biventricular versus univentricular outcome

This category included a total of 15 patients with borderline left ventricle, unbalanced atri-
oventricular septal defect or pulmonary atresia with intact ventricular septum (see cases
3-4, 6,8, 13-17, 20, 24-27 and 29 in Supplementary Table 1 in the Appendix). Prediction
of biventricular versus univentricular outcome requires estimation of atrioventricular valve
annulus diameter and assessment of ventricular function and morphology. Atrioventricu-
lar valve annulus diameter could be assessed in 13 of 15 cases. Ventricular function and
morphology could be assessed in all cases. In one case where fetal CMR could adequately
visualize cardiac anatomy and function, there was still uncertainty regarding outcome due
to an underdeveloped mitral valve and left ventricular lateral wall hypokinesia. The assess-
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ment of biventricular versus univentricular outcome was correct in 11 of the 12 remaining
cases. Figure 4.15 shows a case from this category.

In borderline left ventricle, unbalanced atrioventricular defect and pulmonary atresia
with intact ventricular septum, one of the cardiac ventricles is underdeveloped and may not
be able to sustain adequate postnatal circulation [76-80]. Therefore, surgical establishment
of a functionally univentricular circulation may be necessary. The decision to proceed with
univentricular or biventricular circulation is based on the function and morphology of the
underdeveloped ventricle [76, 77, 79, 81]. While this decision is based on postnatal ex-
amination, prenatal prediction of biventricular versus univentricular outcome can provide
valuable information for parental counseling. Furthermore, current prediction models are
not perfect, which may explain the incorrect prediction in one case in this study. Future
studies are warranted to find improved prediction models.

Figure 4.15: Prediction of uni- versus biventricular outcome. Borderline left
ventricle was suspected at fetal ultrasound examination (left), where mitral
valve annulus diameter was estimated to be 5.6 mm. Fetal CMR estimated
mitral valve annulus diameter to be 9.4 mm (right). Therefore, biventricular
outcome was suggested based on CMR findings and was confirmed postna-
tally. Crosses indicate the diameter of the mitral annulus. LV, left ventricle;

RV, right ventricle. Modified and used with permission from Ryd et al. “Utility of
Fetal Cardiovascular Magnetic Resonance for Prenatal Diagnosis of Complex Con-
genital Heart Defects”. JAMA Network Open 2021. American medical association.
https:/ldoi.org/10.1001/jamanetworkopen.2021.3538 — CC-BY license.
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Assessment of signs of restrictive atrial septum

This category included four patients with hypoplastic left heart syndrome (see cases 5, 11,
28 and 31 in Supplementary Table 1 in the Appendix). In one case, the interatrial com-
munication could not be assessed by ultrasound due to poor acoustic windows. A large
interatrial communication was demonstrated by fetal CMR, and no signs of the nutmeg
lung pattern were present. Delivery was originally planned as caesarean section with pre-
paredness for cardiac catheterization, however the information from fetal CMR changed
delivery planning to vaginal delivery without preparedness for cardiac catheterization (Fig-
ure 4.16). In another case, fetal CMR similarly showed a sufficient interatrial communi-
cation and no signs of the nutmeg lung pattern, which led to a similar change in delivery
planning. In the third case, fetal ultrasound showed signs of restrictive atrial septum. Fetal
CMR showed no signs of the nutmeg lung pattern. Postnatally, a restrictive atrial septum
was confirmed, although without signs of pulmonary vascular disease. In the fourth and
final case, fetal ultrasound showed a univentricular heart, raising suspicion for hypoplastic
left heart syndrome. However, maternal obesity hampered ultrasound examination, and
neither the interatrial communication nor the connections of the great vessels to the heart
could be visualized. Fetal CMR confirmed the suspicion of hypoplastic left heart syndrome.
Furthermore, fetal CMR showed a sufficient interatrial communication, at least two pul-
monary veins connecting normally to the left atrium, and normal connections of the main
pulmonary artery to the right ventricle and aorta to the left ventricle respectively. In this
case, fetal CMR changed the plan for delivery from caesarean section with preparedness for
cardiac catheterization to vaginal delivery without preparedness for cardiac catheterization.
In hypoplastic left heart syndrome, the survival of the newborn requires a left-to-right
atrial shunt and patency of the arterial duct [82]. If the atrial shunt is insufficient due to
restrictive or intact atrial septum, immediate cardiac intervention is needed after birth [82—
84]. In those cases, it is critical to perform a planned caesarean section with preparedness
for cardiac catheterization. However, if there are signs of pulmonary lymphangiectasia as
indicated by the nutmeg lung pattern, the infant is unlikely to survive, and vaginal delivery
may be recommended to avoid unnecessary risks associated with caesarean section. This
study demonstrates that fetal CMR can provide important diagnostic information with
direct impact on clinical management in fetuses with hypoplastic left heart syndrome.

Parental counseling

In 21 cases, parental counseling was improved due to diagnostic information from fetal
CMR (see cases 2-4, 6, 8, 11-13, 16, 18, 19-21, 23-29 and 31 in Supplementary Table
1 in the Appendix). With a more definitive diagnosis, parents were given more accurate
expectations regarding outcome and postnatal clinical management. In hypoplastic left
heart syndrome with suspected restrictive atrial septum, a better prognosis was suggested
by the absence of the nutmeg lung pattern. This offered hope and was important for the
decision to recommend caesarean section with the cardiac catheterization team on standby.
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Figure 4.16: Evaluation of the interatrial communication in hypoplastic left heart

syndrome. Neither the atrial septum nor Doppler flow across could be visual-
ized by fetal ultrasound (left). A large interatrial communication (asterisk) was
demonstrated by fetal CMR (right). Modified and used with permission from Ryd
et al. Utility of Fetal Cardiovascular Magnetic Resonance for Prenatal Diagnosis of
Complex Congenital Heart Defects”. JAMA Network Open 2021. American medical
association. hitps://doi.org/10.1001/jamanetworkopen.2021.3538 — CC-BY license.

Furthermore, additional diagnostic information could potentially allow parents to feel more
comfortable with the choice of delivery center whether delivery is planned at a tertiary
center or a local hospital.

Summary

This study investigated the clinical utility of fetal CMR in cases where diagnostic questions
remained after fetal cardiac ultrasound performed by a pediatric cardiologist. Fetal CMR
added diagnostic information in the majority of cases, in some cases with a direct impact
on clinical management.

4.4 Study IV - Super-resolution image reconstruction for fetal

CMR

Figure 4.17 shows reconstructed low-resolution fetal cardiac cine images compared to the
fully sampled standard image. Figure 4.18 shows qualitative image scores by observers 1 —
3 for each reconstruction method versus the fully sampled standard clinical images. For ob-
servers 1 and 2, the phastGAN and phasrresnet methods showed no statistically significant
difference in image quality versus the fully sampled standard clinical images for phase-



4.4. STUDY IV -SUPER-RESOLUTION IMAGE RECONSTRUCTION FOR FETAL CMR59

resolutions down to 33%. For observer 3, the phastGAN method showed no statistically
significant difference in image quality versus the fully sampled standard clinical images for
phase-resolutions down to 33%, whereas the phasrresnet method showed statistically sig-
nificantly lower image quality for 33% phase-resolution but not for 50% phase-resolution.
No unexpected pathology was found in any of the reconstructed images, and pathology
in the standard clinical images was also found in all reconstructed images. Artifacts were
seen in the descending aorta in 4% of images, and in one case, the atrial septum showed an
unrealistic motion in all reconstructed images. There were no statistically significant dif-
ferences between the phasrGAN and phasrresnet methods with respect to MSE or PSNR,
whereas for SSIM the phasrresnet method showed statistically significantly higher values
compared to the phasrGAN method at 25% and 33% phase resolution (Figures 15-17).

Nearest neighbor Zeropadding Bicubic Phasrresnet PhasrGAN

B = P 5 - e REE
F P

Fully Sampled

Figure 4.17: Reconstructed low-resolution fetal CMR images. The four leftmost
columns show reconstruction methods, and rows represent low-resolution input
images with 25%, 33% and 50% phase resolution respectively. The rightmost
column shows the fully sampled standard clinical image. Used with permission
from Berggren et al. “Super-Resolution Cine Image Enhancement for Fetal Car-
diac Magnetic Resonance Imaging”. Journal of Magnetic Resonance Imaging 2021.
John Wiley and Sons. hitps://doi.org/10.1002/imri.27956 — CC BY-NC 4.0 license
(https://creativecommons.org/licenses/by-nc/4.0/).

This study proposed two models based on artificial neural networks to increase image
resolution in fetal CMR images with a shortened acquisition time. For the phasrGAN
method, no statistically significant differences in image quality were seen in reconstructed
images for phase resolutions down to 33% of the fully sampled standard clinical images,
corresponding to a threefold accelerated image acquisition. While beyond the scope of this
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study, it would be of interest to compare the performance of the proposed methods to alter-
native accelerated imaging methods such as compressed sensing, as has been suggested for
fetal CMR [85, 86]. The accelerated image acquisition achieved using the proposed meth-
ods may lead to increased chances of successful fetal CMR examination, as fetal motion
during image acquisition is less likely with a shorter acquisition time. However, the risk of
neural networks introducing nonexistent pathology or removing pathology should be con-
sidered. Even small perturbations of input images previously unseen by the network, such
as pathology or artifacts, can cause significant errors in reconstructed images [87]. In the
absence of an acquired high-resolution image for comparison, such errors may be difficult
to detect. Therefore, clinical implementation requires prior validation in a large number of
cases including a variety of congenital heart defects.
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Phase-encoding resolution

25% 33% 50% 100%
Enhancement method and observer  Speed-up:4x  Speed-up:3x  Speed-up:2 x Reference
Observer 1
phasrGAN 7 [5-7]* 8 [6.5-8]P027 7 [7-8]P=026
phasrresnet 7 [6-7]* 8 [7-8]p=043 7 [7-8]p=012
bicubic interpolation 5 [4.5-6.5]* 7 [6-8]* 7 [6.25—7.75]P=0-06
k-space zero-padding 5 [5-6.5]* 7 [6-8]* 7 [6.25-8]p=0-10
nearest neighbor interpolation 4 [3-5]* 6 [4.5-6.5]* 6.5 [6-7]*
standard clinical acquisition (fully 8 [7-8.5]
sampled)
Observer 2
phasrGAN 7 [6-8]* 8 [6.5-8]P=006 g [7-9]p=0-96
phasrresnet 7 [6-7]* 8 [7-8.5]P032 g [7-9]p=038
bicubic interpolation 6 [5-6.5]* 7 [6.5-8]* 8 [7-9]p=062
k-space zero-padding 6 [5-7]* 8 [7-8]* 8 [7-9]p=055
nearest neighbor interpolation 4 [3.5-4.5]* 5[4.5-7]* 7.5 [7-8]*
standard clinical acquisition (fully 8 [8-9]
sampled)
Observer 3
phasrGAN 6 [5.5-7]* 7 [7-8]P0%° 7 [6.25-8]P=083
phasrresnet 5 [4-6]* 6 [5-7]* 7 [6-8]p=071
bicubic interpolation 4 [3.5-4]* 5 [4-6]* 7 [5.25—7]p=0-18
k-space zero-padding 4 [3-4.5]* 5 [5-6]* 6.5 [6—7.75]P=0-38
nearest neighbor interpolation 2 [2-3]* 3 [3-4]* 5 [4-6]*
standard clinical acquisition (fully 7[6-8]
sampled)

Figure 4.18: Image scores. The table shows image scores for observers 1 — 3,
for each reconstruction method and phase resolution. Data are presented as me-
dian [IQR]. For each reconstruction method and phase resolution, image scores
were compared to the fully sampled reference images using Mann-Whitney’s
non-parametric test. P-values < 0.05 are denoted by *. Modified and used with
permission from Berggren et al. “Super-Resolution Cine Image Enhancement for Fe-
tal Cardiac Magnetic Resonance Imaging”. Journal of Magnetic Resonance Imaging
2021. John Wiley and Sons, https:/ldoi.org/10.1002/jmri.27956 — CC BY-NC 4.0
license (https://creativecommons.org/licenses/by-nc/4.0/).
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Figure 4.19: Mean squared error. Graphs show mean squared error (MSE) cal-
culated for reconstructed synthetically created low-resolution images versus the
fully sampled original images. No reconstruction method showed statistically
significantly lower MSE than the phasrGAN method. Solid lines indicate me-
dians. Used with permission from Berggren et al. “Super-Resolution Cine Image
Enhancement for Fetal Cardiac Magnetic Resonance Imaging”. Journal of Magnetic
Resonance Imaging 2021. John Wiley and Sons. hitps://doi.org/10.1002/jmri.27956
— CC BY-NC 4.0 license (https://creativecommons.org/licenses/by-nc/4.0/).
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Figure 4.20: Peak signal to noise ratio. Graphs show peak signal to noise ra-
tio (PSNR) calculated for reconstructed synthetically created low-resolution
images versus the fully sampled original images. No reconstruction method
showed statistically significantly higher PSNR than the phastGAN method.
Solid lines indicate medians. Used with permission from Berggren et al.
"Super-Resolution Cine Image Enhancement for Fetal Cardiac Magnetic Res-
onance Imaging”. Journal of Magnetic Resonance Imaging 2021. John Wi-

ley and Sons. hitps:/ldoi.org/10.1002/jmri.27956 — CC BY-NC 4.0 license
(https:/lcreativecommons.org/licenses/by-nc/4.0/).
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Figure 4.21: Structural similarity index measure. Graphs show structural sim-
ilarity index measure (SSIM) calculated for reconstructed synthetically created
low-resolution images versus the fully sampled original images. The phasrres-

net method showed statistically significantly higher SSIM than the phastGAN
method at 25% and 33% phase resolution. Solid lines indicate medians. Used
with permission from Berggren et al. "Super-Resolution Cine Image Enhancement for
Fetal Cardiac Magnetic Resonance Imaging”. Journal of Magnetic Resonance Imaging
2021. John Wiley and Sons. https:/ldoi.org/10.1002/jmri.27956 — CC BY-NC 4.0
license (https://creativecommons.org/licenses/by-nc/4.0/).
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Summary

This study applied two artificial neural networks to increase resolution in fetal CMR im-
ages acquired with a reduced resolution and acquisition time. For the phastGAN method,
reconstructed low-resolution images showed no statistically significant differences in image
quality compared to fully sampled standard clinical images for phase resolutions down to
33%, corresponding to a threefold increase in acquisition speed. The proposed methods
could potentially increase the chances of successful fetal CMR examination as fetal move-
ment is less likely during a short image acquisition.






Chapter 5

Conclusions

In this thesis, fetal cardiovascular magnetic resonance imaging techniques were applied and
developed for assessment of fetal cardiovascular physiology.

The main conclusions for Studies I - IV are:

I Fetal blood flow quantification using phase-contrast cardiovascular magnetic reso-
nance gated by Doppler ultrasound is feasible.

IT Automatic fetal volume quantification from high-resolution magnetic resonance im-
ages using artificial neural networks provide accurate results versus manual measure-
ments and saves considerable amounts of analysis time.

II Fetal cardiovascular magnetic resonance imaging can provide additional diagnostic
information with impact on clinical management and parental counseling in fetuses
with congenital heart defects where diagnostic questions remain after fetal ultrasound
examination.

IV Super-resolution image reconstruction can be used to increase resolution in low-
resolution fetal cardiovascular magnetic resonance cine images, thereby allowing a
shorter acquisition time.
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