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Abstract

The electrocardiogram (ECG) represents the heart electrical activity, and it is widely used in clinical prac-
tice, e. g. for the detection of cardiac arrhythmias. An ECG is also often used during magnetic resonance
imaging (MRI) examinations. In cardiac MRI, the ECG is used to compensate the motion of the heart
muscle. This is achieved by synchronising the acquisition of the MRI data with heart motion, which can
be obtained from the ECG signal by QRS detection (gating). If sedation is used during an MRI exam or if
the patient suffers from a cardiovascular disease, the ECG is also required to monitor the heart rate and
heart rhythm (monitoring).

The static magnetic field and the switched gradient magnetic fields of an MRI machine severely distort
the ECG signals acquired inside the bore of the scanner. This thesis starts with an investigation of the
magnetohydrodynamic (MHD) effect, which is caused by the flow of blood in the presence of the static
magnetic field. Due to its origin inside the body, the MHD signal is transferred to the surface of the
torso and is picked up by the ECG electrodes. Since the MHD signal superimposes to the ECG signal,
the diagnostic value of the ECG in clinical MRI scanners (magnetic field strengths up to 3T) is limited.
Diagnostic information contained in the ST-segment or T-wave of the ECG cannot be accessed during an
MRI examination. At higher magnetic field strengths of 7T and above the MHD effect also hampers QRS
detection, which limits the usage of the ECG for gating applications. The aim of this thesis is to develop
denoising techniques, which would enable a reliable QRS detection at 7T and allow a more detailed
diagnostic analysis based on the ECG at 3T.

Real and simulated ECG signals were used for the development and evaluation of different denoising
techniques. The influence of the MHD effect (at 7 T) on an existing QRS detector dedicated for gating ap-
plications in MRI was firstly investigated. Based on these investigations, an existing method was optimised
in order to improve the QRS detection quality. Additionally, a new technique for QRS detection at 7T,
based on independent component analysis (ICA), was developed and evaluated using real ECG records.
It was shown that the ICA-based technique could enable a reliable QRS detection at 7T. To obtain diag-
nostic information from the ECG at 3 T, several denoising techniques were developed and evaluated using
simulated ECG signals containing pathological variations. Simulated MHD signals and physiological noise
(muscle artefacts) were superimposed to the simulated (pathological) ECGs. Since the ground-truth of the
simulated signals was known, a detailed quantitative evaluation of the different filtering techniques was
possible. Different techniques were evaluated for denoising purposes and for the extraction of diagnostic
information. Based on an extensive evaluation, the simulated ECG signals filtered by the extended Kalman
filter (EKF) allowed for the most precise estimation of different diagnostic parameters. This observation
was confirmed qualitatively when the EKF was applied to real ECG signals.

Within this thesis, innovative techniques were introduced and should provide for both, ECG-based trig-
gering at ultra-high fields but also for the extraction of diagnostic information, e.g. during MRI-guided
interventions.






Zusammenfassung

Das Elektrokardiogramm (EKG) bildet die elektrische Aktivitdt des Herzmuskels ab. In der kardiologischen
Diagnostik findet das EKG eine breite Anwendung, da es unter anderem eine Erkennung von Arrhythmien
ermoglicht. Auch bei Untersuchungen mittels der Magnetresonanztomographie (MRT) wird ein EKG héau-
fig genutzt, um beispielsweise bei der MRT des Herzens die Herzbewegung zu kompensieren. Mithilfe des
EKG werden der Aufnahmezeitpunkt der MRT-Daten und die Herzbewegung synchronisiert (Triggerung).
Sind Patienten wéhrend einer MRT-Untersuchung sediert oder leiden an einer Herz-Kreislauf-Erkrankung,
werden mit dem EKG auch die Herzfrequenz und der Herzrhythmus {iberwacht (Monitoring).

Das statische magnetische Feld sowie die geschalteten magnetischen Gradientenfelder des MRT stéren
das EKG-Signal jedoch erheblich. Diese Dissertation untersucht zunéchst, wie sich der magnetohydrody-
namische (MHD) Effekt — welcher durch den Blutfluss im statischen Magnetfeld verursacht wird — auf
das EKG-Signal auswirkt. Aufgrund seiner Entstehung im Korperinneren wird das MHD-Signal {iber die
auf der Korperoberfliche angebrachten Elektroden aufgezeichnet und iiberlagert so das EKG-Signal. Der
MHD-Effekt limitiert den diagnostischen Wert des EKG in typischen klinischen MRT Scannern (magnetis-
che Flussdichte < 3T). So sind beispielsweise die ST-Strecke oder die T-Welle nicht mehr diagnostisch
nutzbar. Bei hoheren magnetischen Flussdichten (> 7T), die hauptséchlich in der Forschung eingesetzt
werden, erschwert der MHD-Effekt aul’erdem die Triggerung der Bildgebung, da der QRS-Komplex nicht
mehr zuverléssig erkannt werden kann. Das Ziel der Arbeit ist es schlieRlich, Methoden zu entwick-
eln, die sowohl die QRS-Detektion als auch den diagnostischen Wert eines im MRT aufgezeichneten EKG
verbessern.

Fiir die Entwicklung und Evaluierung der Methoden kamen reale und simulierte EKG-Signale zum Einsatz.
Zunéchst wurde untersucht, wie sich der MHD-Effekt bei 7T auf das EKG-Signal sowie auf einen schon
existierenden QRS-Detektor, welcher speziell fiir die Anwendung im MRT entwickelt wurde, auswirkt.
Mit den gewonnen Erkenntnissen wurde das vorhandene Verfahren zur QRS-Detektion optimiert und
zusétzlich eine neues, auf der Independent Component Analysis (ICA) basierendes Verfahren, entwickelt
und implementiert. Es konnte gezeigt werden, dass das ICA-basierte Verfahren eine zuverldssige QRS-
Detektion bei 7T ermoglichen kann. Bei der Entwicklung von Methoden zur Filterung der EKG-Signale
und zur nachfolgenden Gewinnung diagnostischer Informationen wurden im ersten Schritt simulierte
EKG-Signale, welche pathologische Verdnderungen enthielten, verwendet. Den simulierten EKGs wurden
MHD-Signale sowie physiologisches Rauschen (Muskelartefakte) iiberlagert. Nur mit den simulierten
Daten war eine quantitative Bewertung der Ergebnisse moglich, da hier das zugrunde liegende EKG-
Signal bekannt war. Fiir die Filterung und die Extraktion diagnostischer Parameter wurden verschiedene
Verfahren untersucht. Dabei zeigte sich, daf} der Extended Kalman Filter die préziseste Bestimmung
verschiedener diagnostischer Parameter erméglichte. Diese Beobachtungen konnten schlief3lich auch an
realen EKG-Signalen qualitativ bestétigt werden.

In dieser Arbeit wurden innovative Verfahren vorgestellt, die sowohl fiir die EKG-basierte Triggerung
im Ultrahochfeld-MRT als auch fiir die Bestimmung diagnostischer Parameter, z. B. wéhrend einer MRT-
gefiihrten Intervention, geeignet sind.
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Introduction

Magnetic resonance imaging (MRI) is a medical imaging technique used to study the anatomy and
physiology of the body. It has been applied for a wide range of diagnostic purposes including cancer,
cardiology, vascular diseases, neurology and others. Besides high-quality anatomical images, which
enable the differentiation of several soft tissue types, MRI can also provide functional information
about vascular blood flow (angiography), diffusion or spectroscopy. Based on these physical informa-
tion one can draw inferences about the activity of the brain, the health condition of blood vessels,
the existence of malignant tumours or the connection of nerve or muscle fibres. One very important
application of MRI is cardiovascular magnetic resonance (CMR). CMR covers the anatomical and func-
tional diagnose of the heart muscle and related blood vessels. Besides its application as a diagnostic
modality, MRI gained popularity as a modality for guiding minimal invasive interventions, known as
interventional MRI (iMRI). In these interventions, MRI is used instead of ultrasound or X-ray imag-
ing to guide intravascular catheters in electrophysiological (EP) interventions or percutaneous needle
biopsies, e. g. of the liver or the prostate.

Several of the above mentioned MRI applications — either diagnostic or therapeutic — require an elec-
trocardiogram (ECG) of the patient. The ECG represents the electrical activity of the heart muscle or
myocardium and is acquired by electrodes placed on the surface of the thorax. For MRI, a trace of the
ECG can be required for:

Dissertation Johannes W. Krug 1



1. Introduction

* synchronising the acquisition of MRI data with heart motion (gating),
* monitoring the patient’s vital parameters.

Gating describes the synchronization of the CMR data acquisition with cardiac motion. It is the most
important application of the (clean underlying) ECG signal in MRI. ECG-based gating is robust in most
cases and due to the physiological origin of the ECG, it is usually preferred over other gating methods.
It is well established for clinical MR scanners with magnetic field strengths up to 3 T. However, ECG-
based gating can be prone to errors at magnetic field strengths above 7T which are used in research
settings.

For cardiovascular monitoring, the ECG is of high importance and is often used in clinical routine.
Several scenarios exist where an ECG signal is required during an MRI examination for monitoring.
While the patient is inside the bore of the MR scanner, the physician or clinical staff has to rely on the
patient’s vital parameters since it is often difficult to visually observe the patient. Especially patients,
who are in a critical or unstable condition (e. g. patients from an intensive care unit (ICU) or patients
under anaesthesia), need to be adequately monitored during MRI. However, the diagnostic informa-
tion of an ECG recorded within an MR scanner is very limited. With existing MR-safe ECG recording
hardware it is possible to detect the QRS complexes in most cases for healthy and pathological sub-
jects. This enables the estimation and analysis of the heart rate and of the heart rhythm. All other
information contained in the ECG signal, i.e. the morphology of the P-wave, the QRS complex, the
ST-segment, the T-wave or the length of the QT-interval can currently not be accessed during MRI due
to different interfering signals.

The magnetohydrodynamic (MHD) effect, which is caused by the interaction of the MR scanner’s
static magnetic field and the patient’s blood flow, is one of the main issues for gating problems at high
magnetic field strengths (> 7T). The MHD effect is also responsible for the limited diagnostic value
of the ECG at all typical magnetic field strengths which are present in clinical MR scanners (up to 3 T).
This effect cannot be avoided since the static magnetic field of an MR scanner cannot be switched
off during normal operation. The MHD effect superimposes the ECG since this electrical field is also
picked up by the ECG electrodes.

This thesis explores different methods and techniques to cope with the consequences of the MHD
effect. Based on the applications described above, two different aims were pursued within this thesis.

The first aim was to develop QRS detection methods, which enable a more reliable gating for CMR
applications at 7 T. 12-lead ECG signals were acquired from several subjects outside and inside a 7 T
MRI scanner. Currently existing QRS detection methods for MRI were investigated and new algorithms
were developed using the 7T ECG datasets. The different algorithms were evaluated quantitatively
by measuring the accuracy of the QRS detection.

The second aim was to improve the diagnostic value of the ECG during MRI by filtering or suppressing
the influence of the MHD effect. Two different signal types were used to pursue this aim. Simulated
ECG and MHD signals were used to develop and test different filter algorithms. Different models
were used to simulate the ECG and MHD signals, ranging from template methods to synthetic ECG
models and more realistic simulations of the MHD effect. The simulated signals are required for a
quantitative evaluation of the filter results. Real ECG signals do not allow a quantitative evaluation
since the ground-truth of the ECG signals acquired inside the MRI scanner is not known. Based on
the simulation results, the developed methods were applied to ECG signals acquired from different
subjects in a 3T MR scanner. The results using the real ECG signal were evaluated qualitatively only.
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The thesis will be structured as follows: Chapter 2 introduces the physiological and technical basics
required to follow the ideas and methods of this thesis. This chapter also explains why ECG signals
are required during MRI. The reader, who is familiar with ECG signals and MRI is directly referred to
Chapter 3. The theory of the MHD effect is explained together with an overview of different existing
MHD simulation models. Exemplary measurements show how the MHD effect affects the ECG signals
during MRI and how this limits the currently existing ECG-based gating and monitoring applications.
The experimental setup used for the acquisition of the ECG signals at 3T and 7 T will be described in
chapter 4. Chapter 4 also covers a description of the models used for the simulation of the ECG and
MHD signals. Algorithms for the QRS detection at 7T will be described and evaluated in Chapter 5.
Chapter 6 will investigate different methods to access diagnostic information from an ECG during
MRI. A conclusion and an outlook for future research will be given in the closing Chapter 7.
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Medical and technical foundations

2.1 Cardiovascular physiology and electrocardiography

2.1.1 Physiological background

Cardiac anatomy

The heart can be considered as a pump made up of four different chambers. It provides the mechanical
driving forces for pumping blood through the body’s vessel system. The myocardium or heart muscle
forms the largest part of the heart wall. The heart is mainly divided into two different parts, which
act in a double pump configuration. A schematic of the heart’s anatomy is depicted in Fig. 2.1. Each
of the two parts consists of an upper chamber, the atrium and a lower chamber, the ventricle. The
atria are required to store blood and to fill the ventricles. The ventricles act as the main pumps, which
eject the blood into the circulatory system. Deoxygenated blood is pumped by the right ventricle into
the pulmonary circulation system where it is enriched with oxygen. The oxygenated blood flows into
the left atrium where it is transferred into the left ventricle and is finally pumped into the systemic
circulation system. [Schmidt 07]

The haemodynamic cycle of the heart is commonly separated into a diastolic and a systolic phase. The
former is the relaxation period where the atria and ventricles are filled with blood from the venous
system. In the atrial systole, the atria contract and additional blood is pumped into the ventricles.
This phase is followed by the ventricular systole in which the ventricles contract causing an ejection
of blood into the arteries [Kohl 11, p.103]. The following parts of this section describe how the
mechanical contraction of the heart is controlled by propagating action potentials and how these
potentials form the basis of the ECG signals which can be measured at the surface of the body.

Dissertation Johannes W. Krug 5



2. Medical and technical foundations
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Figure 2.1.: Anatomy of the heart and surrounding blood vessels. (Image source: [Guyton 06])

Cardiac muscle cells, action potentials and body surface potentials

On the cell level, important parts of the heart are the heart muscle cells, pacemakers cells and a spe-
cialised electrical conduction system. As for nerve cells, muscle cells have excitable membranes. The
membranes divide the medium into extracellular and intracellular fluids which have different ionic
concentrations. Potassium (K*), sodium (Na™), calcium (Ca?") and chlorine (Cl") ions are involved in
the creation of the cell potential. Active sodium-potassium pumps, which are located in the membrane
of the cells, actively expel Na* from the cells and move K* into the cells. This active ion transport
against the electrochemical gradient results in an enrichment of K* and a depletion of Na* concen-
tration inside the cell compared to a high extracellular Na* and low K* concentration. The difference
of K™ concentration can remain because the gradients of ion concentration and of the electrical fields
have equal but opposite effects. In this steady-state condition, the cell has a transmembrane potential
of —90 mV (intracellular potential is negative) — the so called resting membrane potential. [Schmidt 07]

During the depolarisation or excitation of a cell, its membrane permeability is modified with respect
to certain ions. Firstly, the permeability to sodium (Na*) is increased. Hence, Na* ions flow from the
extracellular to the intracellular space. Theoretically, the influx of the Na* ions would cause a cell
membrane potential of 60 mV'. However, this voltage level is not reached since the sodium channels
start to close at —40 mV. The cell membrane potential rises up to 30 mV — at this point the Na* chan-
nels are fully closed. Once the Na* are closed, Ca®>* channels open and Ca®* ions flow slowly into the
cell. This Ca®" influx slightly repolarises the cell and causes the characteristic plateau phase which is
depicted in Fig. 2.2. In this stage, the cell is said to be depolarised. Meanwhile, the permeability of the
sodium channels returns to normal but those of the potassium channels increases about thirty-fold.
Now, K* diffuse to the extracellular space due to the ionic concentration gradient. This brings the cell
membrane potentials back to its resting level (repolarisation). The higher permeability of the K* chan-
nels remains. Finally, the sodium-potassium pumps takes over again which pumps Na™ out of the cell
and allows K* ions to diffuse back to the intracellular space. The time course of the different potential

IThe cell membrane potentials can be computed by the Nernst equation which describes the relation between the electrical
and chemical gradients of a single ion type [Schmidt 07, p.48].
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2.1 Cardiovascular physiology and electrocardiography

changes due to ionic currents is known as action potential. Action potentials of different cell types
(e.g. of muscle cells or pacemaker cells) have different temporal characteristics. The depolarisation
of one cell propagates to the adjacent cells through gap junctions which finally depolarises the entire
cardiac muscle tissue?. The Ca?* influx causes a mechanical response: the muscle tissue contracts
shortly after it was depolarised. The depolarisation lasts about 2 ms and repolarisation about 200 ms
(including the plateau phase) in mammalian cardiac muscle tissue. Figure 2.2 depicts the formation
of the action potential and its relation to the contraction of the muscle fibres. [Hick 06, Schmidt 07]

The activities within the cell membranes generate current densities which affect the surrounding
medium, i. e. current changes in the surrounding tissue. Figure 2.3 depicts the propagation of an ad-
vancing depolarisation wavefront. An electric dipole field is generated from the different extracellular
ion concentrations. The resulting electrical potentials can be measured on the surface of the thorax
using electrodes — the measured signals form the electrocardiogram (ECG). The following paragraphs
provide a brief description of the initial depolarisation (excitation) of the myocardium, the propaga-
tion of the depolarisation wavefront, the repolarisation of the cells and the characteristic waveforms
which are induced on the surface of the thorax and are picked up by the ECG electrodes.

Origin of the ECG waveform and mechanical activation of the myocardium

In ordinary cardiac muscle cells, the resting potential can be maintained indefinitely. In specialised
cells known as pacemaker cells, the transmembrane potential will increase spontaneously. Hence, the
pacemaker cells are said to be self-excitatory. Once such a pacemaker cell depolarises, adjacent cells
depolarise as well. Among others, pacemakers cells can be found in the the sinoatrial (SA) node, which
is located in the right atrium of the heart. Figure 2.4 depicts a schematic of the cardiac anatomy with
the most important electrophysiological sources and pathways, which together form the cardiac con-
duction system. The wavefront caused by the depolarisation of the SA node propagates concentrically
through the right atrium until it reaches the left atrium and the atrioventricular (AV) node. Figure 2.5
depicts the atrial depolarisation (¢t = 80 ms). In the measured ECG signal, the atrial excitation mani-
fests as the P-wave. The excitation of the atrium results in a mechanical contraction: blood which is
located in the left and right atrium is pumped (or ejected) into the corresponding ventricles. Mean-
while, the wavefront is passing through the AV node which forms the connection between the atria

Na* channels —— i
o4 Cardiac muscle
Slow Ca®* channels open

close w30 T, —
] / Slow Ca?* channels close +30 Action potential
0 The plateau 04

I
mV

Repolarization
-0 7 NN

E : K* channels close

mV
Contraction
Voltage-gated ——————— Refractory period ) ?
ion channels -90 _ x Tension
open Absolute ’ |
T T T T

. 0 100 200 300 0 100 200 300

Influx of Na Time (ms)

Time (ms)

Figure 2.2.: Action potential of a cardiac muscle cell showing the depolarisation and repolarisation of the cells (left and
upper right). During the absolute refractory period, the permeability of the Na™ and Ca?* channels cannot be changed.
Hence, during this period it is not possible to generate a new action potential. During the relative refractory period, a
strong external stimulus (e.g. due to an electric shock) can reopen the Na™ channels causing a new action potential. The
contraction of the muscle cells follows shortly after the rapid depolarisation. (Image modified according to [OSC 13])

2The propagation of the action potential through gap junctions does not exist in skeletal muscles.
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2. Medical and technical foundations
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Figure 2.3.: Current flow in a myocardial cell in the direction of the propagating depolarisation wavefront. An electrical
dipole field results from the different extracellular charge distributions. The transmembrane potential is given by Vi, (z,t).
(Image source: [Clifford 06], ©MIT-OCW [Mark 04])
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Figure 2.4.: The anatomy of the heart, the cardiac conduction system and the formation of the ECG signal. Each part of
the cardiac conduction system has a characteristic action potential. The sum of all action potentials is responsible for the
formation of the body surface potentials measured by the ECG signal (a). Besides the muscle cells, additional pathways are
responsible for the propagation of the action potentials throughout the heart muscle (b).

and the ventricles. Compared to the propagation velocity within the atrium or ventricles, the velocity
through the AV node is relatively slow. The propagation delay prevents a simultaneous contraction of
the atria and the ventricles. This enables a complete filling of the ventricles. The propagation delay
caused by the AV node can be measured by the ECG’s PQ-interval. Once the wavefront passed the AV
node and reached the ventricles, it proceeds along the Purkinje fibres to the inner walls of the ventri-
cles. The excitation starts from the left side of the interventricular septum followed by the activation
of its right side as depicted in Fig. 2.5 at time ¢ = 220 ms. At the same time, an early apical activation
is occurring. Afterwards, the left and right ventricle become excited. Finally, the basal parts of the
ventricle (the ‘upper’ parts) depolarise. This depolarisation propagation throughout the ventricles is
represented by the QRS complex of the ECG signal. When the ventricles are fully excited (¢t = 350 ms),
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2.1 Cardiovascular physiology and electrocardiography

a propagating wavefront or electrical sum vector does not exist any more. This phase corresponds to
the ST-segment of the ECG. Hence, there is no signal measurable at that time. [Schmidt 07]

Repolarisation of the ventricles starts from the cells, which were depolarised latest (i. e. it starts from
the outer sides — the epicardium - and then propagates to the inner side — the endocardium - of
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Figure 2.5.: Formation of the ECG signal at different time instances during one cardiac cycle. The ECG trace is shown for
each of the three Einthoven limb leads (1, II, 11l) as well as the spatial propagation of the activation of the heart cells
(dotted green line). (Image modified according to [Malmivuo 95])
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2. Medical and technical foundations

the heart). The repolarisation of one cell does not affect neighbouring cells but it can be noticed
that repolarisation generally moves from the epicardium toward the endocardium [Malmivuo 95].
In the ECG, cardiac repolarisation of the ventricle is represented by the T-wave. Compared to the
QRS complex, the T-wave is much smaller and broader. This is depicted in Fig. 2.5 at the time interval
between ¢t = 450 ms and ¢ = 500 ms.

For the healthy heart depolarisation starts at the sinus node, which is the heart’s primary pacemaker. If
depolarisation of the sinus node fails, the AV node acts a secondary pacemaker. Its intrinsic frequency
is much lower than that of the sinus node (approximately 40 bpm to 60 bpm). The spontaneous depo-
larisation of the AV node is inhibited if a wavefront generated by the sinus node reaches the AV node®.
Additionally, the Purkinje fibres (see Fig. 2.4b) can act as an even slower pacemaker (approximately
15 bpm to 40 bpm) in case the SA or AV node do not function. [Klinge 84]

Figure 2.6 depicts a complete ECG signal with its most important fiducials and segments. As it was
described above, the ECG is the representation of the cardiac’s electrical activity. The Wiggers diagram
depicted in Fig. 2.7 shows the relation between the electrical activity of the heart muscle cells and the
corresponding mechanical activation, which is expressed by the pressures in different heart chambers
and blood vessels. These relations are important in order to reduce the influence of motion artefacts
in cardiac MRI as we are looking for phases in the cardiac cycle where there is no motion. The heart
is in a nearly immobile position during the isovolumetric contraction/relaxation period in the systolic
phase and during the mid-diastolic phase. Detailed explanations of MRI data acquisition are given in
Section 2.3.1.

During physical exercise, the stroke volume is increased by approximately 20 % to 30%. A further
increase of the cardiac output (ejected blood volume per time, IL/min) can only be achieved by
an increase of the heart rate. When heart rate increases, the duration of the diastolic phase de-
creases (whereas the duration of the ventricular systolic phase stays approximately constant). Dur-
ing rest, the cardiac output is approximately 51/min whereas during exercise it can be 20L/min to
25L/min. [Hick 06, p. 138]

RRinterval

J-point T-wave
P-wave

-

ST-
s [segment

! PQ-interval QRS-complex

QT-interval

Figure 2.6.: The ECG signal with the most important fiducials and segments. The depolarisation of the atria, which is
marked by the P-wave can be considered as the beginning of the cardiac cycle. The QRS complex represents the ventricular
depolarisation whereas the T-wave represents the repolarisation effects. The distance between two adjacent R-peaks or
QRS complexs is measured by the RR interval (RRI). (The U-wave which follows the T-wave and which can only be seen
sometimes in an ECG is not shown.)

3This is due to the refractory period of the heart muscle cells.
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Figure 2.7.: The Wiggers diagram representing the different stages of the heart cycle with left atrial pressure (LAP), left
ventricular pressure (LVP), aortic pressure (AP) and the left ventricular volume (LVV) in relation to the ECG signal and the
heart sounds. An isovolumetric contraction of the myocardium occurs during the QRS complex. At the end of the

QRS complex, the aortic valve opens and the blood is ejected into the aorta. The passive filling of the ventricles starts after
the end of the contraction. Additional blood is actively pumped into the ventricles due to the contraction of the atria
(marked by the P-wave in the ECG). (Image source: [Courneya 11])

2.1.2 The electrocardiogram (ECG) - measurement of body surface potentials

In order to measure the body surface potentials caused by the action potentials of the heart, differ-
ent electrode configurations can be used. These electrode configurations are known as ECG leads.
Figure 2.8 depicts the most common ECG lead configurations. Other configurations can be found

vi vz V3
(a) Electrode positions for the frontal Einthoven (top) and Goldberger (b) Precordial leads V1-V6, additional
(bottom) lead schemes. dorsal leads V7-V9 and the right

precordial leads V3 — Vsg.

Figure 2.8.: Measurement of the ECG signals using different locations for the placement of the measurement electrodes.
The three bipolar Einthoven leads I-11l form the so called Einthoven triangle (a). The Goldberger leads can be derived from
the Einthoven leads using additional electronics (a) or by vector calculus. Additional unipolar electrodes can be placed
around the heart (b). Lead V1-V6 (Wilson leads) are regularly used in clinical practice. Leads I-1ll, aVR, aVl,aVF and V1-V6
form the 12-lead ECG. (Images modified according to [Gertsch 08])
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2. Medical and technical foundations

in [Klinge 84, Gertsch 08]. The voltages of the three Einthoven leads (I,ILIII) depicted in Fig. 2.8a can
be defined as follows

I =& — Ppa
T =y — B 2.1
IIT =&y — Py

where @15, Pra and Py, are the potentials at the electrode positions at left arm (LA), right arm (RA)
and left leg (LL), respectively. Alternatively, these potentials can be measured on the thorax (left and
right shoulder and lower left part of the thorax) [Sheppard 11]. Subtracting lead I from II gives

111 =11-1. (2.2)

Technically speaking this means that the set of measurements given in Eq. 2.1 is overdetermined.

For diagnostic purpose, additional leads are derived from the Einthoven leads: the so called aug-
mented leads. The augmented leads are either derived by an additional electronic circuit as depicted
in Fig. 2.8a or by using the following equations

WVER — _I—|—II
2

aVL:I—IQ—I 2.3)
I

VF =11 — —.

“ 2

Hence, only lead I and II are required to obtain all other (augmented) limb leads.

In addition to the above mentioned leads, Wilson introduced the horizontal or precordial
leads [Wilson 34, Wilson 44]. The precordial leads V1-V6 are measured against a virtual ground Viy
(Wilsons’s central terminal) defined by

1
Vw = g(RA + LA+ LL). (2.4)

Figure 2.8b depicts the electrode positions of the precordial leads. A 12-lead ECG can be composed
by all the different ECG leads mentioned above (I, II, III, aVR, aVL, aVF, V1-V6). It is often used in
clinical practice, e. g. during exercise tests, since it provides the most complete diagnostic information
about the cardiac activity or pathological variations [Simonson 63, Klinge 84]. If the location of the
limb electrodes are relocated from the wrist and ankles to the torso, the 12-lead ECG is also called
Mason-Likar 12-lead ECG system [Mason 66, Drew 04].

The additional precordial leads V7-V9 shown in figure 2.8b are important for the diagnosis of a poste-
rior myocardial infarct [van Gorselen 07]. The right precordial leads V3 — V7 are indispensable to
diagnose myocardial infarcts within the right ventricle [Andersen 89].
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2.1 Cardiovascular physiology and electrocardiography

Technical parameters

The technical parameters or properties of the ECG signal are important for its acquisition and the
further processing. ECG amplitudes are in the range of 0.1 mV to 5mV whereas most of the ECG’s
information lies in the frequency range of 0.05Hz to 100 Hz. Amplification and filtering of the ECG
is required before the A/D conversion. Low-pass filtering is required to remove the high frequency
components before sampling and A/D conversion in order to avoid anti-aliasing effects. The DC
component, which is caused by the different half-cell voltages of the electrodes, is removed by high-
pass filtering. Many ECG devices acquire the filtered and amplified signals with a sampling frequency
of 250 Hz or above.

2.1.3 The vectorcardiogram (VCG) - a spatial representation of the ECG

Overview

The vectorcardiogram (VCG) can be used for the spatial representation of the heart’s electrical activity.
The VCG is defined by a 3 dimensional x-, y-, z-coordinate system. The evolution of the VCG signal
over time can be seen as the fourth dimension. Figure 2.9 shows how a VCG could be obtained from a
set of three dedicated electrode pairs. Each electrode pair would capture the activity of the electrical
heart vector in one direction. The signals of two different electrode pairs can be plotted in one diagram
(initially, this was done by using an oscilloscope in the x-y-mode). This results in a plot showing the
evolution of the spatial activity over time. The plot is mainly dominated by three loops: one large
loop which corresponds to the QRS complex and two smaller loops corresponding to the T-wave and
the P-wave. Properties of the VCG were studied for diagnostic purposes, e. g. for the estimation of
respiratory information or for the detection of acute myocardial ischemia [Leanderson 03,Romero 11].
The VCG is practically used for gating cardiac MRI sequences [Fischer 99, Chia 00, Fischer 01]. Since
an improved cardiac gating is one of the thesis’ aims, this section shortly introduces the synthetic VCG.

Synthetic VCG Signals

Instead of using dedicated hardware and electrode configurations to estimate a VCG, other (standard)
lead configurations can be used to estimated the VCG signal. During the 1980’s, Dower et al. in-
vestigated the relation between a standard 12-lead ECG and the VCG [Dower 88]. Based on these
studies, Edenbrandt et al. proposed a method to obtain a VCG from a 12-lead ECG using the so called
inverse Dower matrix [Edenbrandt 88]. A synthetic VCG can be derived from the 12-lead ECG using
the inverse Dower matrix

-1
VCG =D -ECGjg jand (2.5)

where D! is the inverse Dower matrix defined as [Edenbrandt 88]

-0.172 -0.074 0.122  0.231 0.239 0.194 0.156 0.010
D '=1] 0057 —0.019 —0.106 —0.022 0.041 0.048 —0.227 0.887 (2.6)
-0.229 -0.310 -0.246 -0.063 0.055 0.108 0.022 0.102
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and ECG1 9 _je,q is the column vector containing the precordial leads V1-V6 and limb leads I and II in
the following order

T
ECG1g jead = Vi, Va, Vi, Vi, Vo, Vi 11 @2.7)

The remaining leads of the complete 12-lead ECG are not considered in this transformation since
these leads (IlI, aVR, aVL, aVF) are linear combinations of limb leads I and II (see Section 2.1.2). By
rearranging Eq. 2.5, a 12-lead ECG can be estimated from a VCG by

T
ECG19 jead = D7 - VCG (2.8)

with D being defined as

—0.522  0.025 0.865 1.200 1.118 0.833  0.655 0.232
D=1 0.161 0.167  0.107  0.124 0.123 0.073 —-0.222  1.069 | . (2.9)
—-0.928 -1.389 -1.271 -0.583 -0.069 0.238 —-0.0235 —0.143

The initial idea of Dower et al. was to estimate the 12-lead ECG signal from the VCG signal in
order to reduce the complexity of electrode positioning [Dower 80]. This idea could be of possible
technical interest for compressing the 12-lead ECG signal to a VCG of 3 leads. However, later studies

TRANSVERSE

Figure 2.9.: Measurement of the vectorcardiogram (VCG) based on three dedicated electrode pairs. The measured x, y and
z leads can be used for a spatial representation of the VCG (images source: [Malmivuo 95]).
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revealed that the idea of reconstructing a 12-lead ECG from VCG recordings was not suitable for
clinical application due to the loss of information in a VCG recording and the resulting error between
an original and a reconstructed 12-lead ECG [Augustyniak 01]. Man et al. came up with individually
calculated conversion matrices to reduce the transformation errors [Man 09]. In the context of this
work, the VCG was not used for diagnostic purposes (but only for gating purposes) and hence, the
standard inverse Dower matrix D! was applied to synthesize the VCG [Edenbrandt 88].

Two exemplary synthetic VCG signals are depicted in Fig. 2.10. The VCGs are characterized by the
three loops representing the P-wave (smallest loop), by the T-wave (second largest loop) and by the
QRS complex (largest loop). The outer points of the largest loop correspond to the R-peaks (black
dots).

2.1.4 The pathological ECG

Figure 2.6 depicts a schematic ECG during one cardiac cycle. The origin of the different waves occur-
ring during one (healthy, normal) cardiac cycle was described in Section 2.1.2. Pathological disorders
of the myocardium manifest in the measured ECG signals. These manifold disorders can have vari-
ous reasons. By analysing the P-wave, QRS complex or T-wave, inferences can be drawn about the
underlying physiological variations. Only a few pathologies shall be discussed in this section - more
extensive descriptions can be found in [Klinge 84, Josephson 02]. The first part of this section gives a
short overview of selected disturbances of depolarisation and repolarisation processes. The second part
names a few important cardiac arrhythmias.

(a) Synthetic VCG, subject 1. (b) Synthetic VCG, subject 2.

Figure 2.10.: Synthetic VCGs obtained from two subjects (a,b) based on a 12-lead ECG measurement. The black dots
which are close to the turning point of the main loop mark the position of the R-peak. The two smaller loops (or ‘lobes’)
correspond to the P-wave (smallest) and to the T-wave (second smallest). Axes values are given in [mV].
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Depolarisation and repolarisation disorders

The P-wave, which marks the excitation of the atria, can be elevated and broadened when a patient
suffers from a hypertrophy of the left or right atrium. A negative P-wave occurs when the heart cells
are triggered by the AV node instead of the SA node: in this case, the wavefront propagates in the
opposite direction (from bottom to the top). P-waves are absent when the middle AV node triggers
the depolarisation or during atrial fibrillation.

The time of total depolarization of the ventricles is marked by the ST-segment. This segment is also
important in cardiac diagnostics. The isoelectric level of the ST-segment can be affected by a lack of
oxygen supply of the myocardium (ischemia), by a pericarditis or by an electrolyte disorder (hyper-
kalaemia). A horizontally elevated or depressed and downsloping ST-segment indicates a decreased
coronary blood flow or myocardial ischemia* [Evans 09, pp.92], [Alpert 00, Hill 02, Fletcher 13]. Dif-
ferent ST morphologies are depicted in Fig. 2.11. Changes of the ST-segment related to a myocardial
ischemia are depicted in Fig. 2.12. It can be seen that not only the amplitude of the ST-segment
(revealing an elevation or depression) but also the slope (upsloping or downsloping) is of clinical
relevance.

During a myocardial infarct, the Q-wave of the QRS complex can be broadened and increased in
(negative) amplitude. Q-waves of very high (negative) amplitude are a sign of a hypertrophy of the
septum. The whole QRS complex is broadened during a right or left bundle branch block due to a
delay propagation of the wavefront within the ventricles. Hypertrophies of the right or left ventricles
manifest in increased amplitudes of the QRS complex. [Klinge 84, Alpert 00]

The T-wave amplitude can increase during a hyperkalaemia or in the first phase of a myocardial
infarct. Hyperkalaemia can cause a cardiac arrest and needs to be treated accordingly. A depressed

- J

(a) Normal (b) Elevated, upsloping (c) Elevated

(d) Depressed, downsloping (e) Depressed, horizontal (f) Flattened

Figure 2.11.: Different morphologies of the ST-segment. (Images modified according to [Channer 02])
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Figure 2.12.: Different morphologies of depressed ST-segments and its relation to myocardial ischemia. (Image modified
according to [Fletcher 13])

T-wave can occur during a hypokalaemia or during a decreased coronary blood flow. A negative
terminal T-wave indicates a specific disturbance of repolarisation: an ischemia. Figure 2.13 shows
several morphological variations of the T-wave. [Klinge 84]

A delayed T-wave leads to a prolongation of the QT-interval. The QT-interval is measured between
the Q-peak and the end of the T-wave (compare Fig. 2.7, p.11). Since the length of the QT-interval
naturally varies with heart rate, several correction factors were proposed to compute a corrected
QT-interval length, QTc [Clifford 06]. Prolonged QT-intervals in patients suffering from intraventricu-
lar conduction defects and cardiac dysfunciton are considered as an independent risk factor for sudden
death due to cardiac arrest [Algra 91]. QT prolongations can also be caused by drug administration.
A general threshold for the identification of a drug induced QTc prolongation does not exist. However,
it should raise concerns if the QTc is prolonged by more than 30 ms [Steinberg 09].

Cardiac arrhythmias

Cardiac arrhythmias are another source for the pathological ECG [Klinge 84]. These arrhythmias can
be either caused by 1) the pacemaker system or 2) the conduction system of the heart. As described in
Section 2.1.2, several cardiac pacemakers exist (e. g. the SA node or the AV node). The corresponding
arrhythmias are named after the place of origin: sinus bradycardia or the sinus tachycardia are caused
by irregular behaviour of the SA node. Atrial flutter or fibrillation can be observed if the center of the
pacemaker is not within the SA node but elsewhere in the atria. Both, premature atrial contractions
(PACs) and premature ventricular contraction (PVCs) are described as extrasystoles. PACs or PVCs are
extra beats, which occur earlier than a regular beat and can disturb the underlying cardiac rhythm. In
the case of early occurrence, the ventricles are not fully filled with blood leading to a reduced cardiac
output during such an extra beat. PACs or PVCs can occur in healthy and pathological subjects. The
second group of arrhythmias concerns the conduction system of the heart. A very common conduction
problem is caused by the AV node. The AV node is the (only) electrical connection between the atria
and the ventricles. The conduction of the wavefront from the atria to the ventricles through the
AV node can be delayed (prolonged PQ-intervals, first degree AV block), partly blocked (delay gets
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Figure 2.13.: Different morphologies of the T-wave. (Images modified according to [Channer 02])

longer and longer until conduction is completely blocked, second degree AV block) or is completely
blocked (third degree AV block). A third degree AV block is one of the worst rhythmic disorders. In
this case, the contraction of the ventricles either stops (due to the lack of an action potential) or
a compensating but slower and asynchronous heart rhythm is generated by AV pacemakers cells or
the tertiary pacemakers (bundle of His, Purkinje fibres). [Klinge 84]

Measurements during interventions in the heart catheter lab

In heart catheter labs, ECGs are not only measured at the body surface but also directly within the
heart. Specialised catheters, with one or more electrodes, can be placed in dedicated locations to
locally gather information about the activity of the right atrium, the coronary sinus, the bundle of His,
the AV-node or other parts of the heart [Josephson 02]. The intracardiac information is combined
with the information obtained from the 12-lead surface ECG to draw conclusions about an observed
pathology. For example, the onset of atrial activation can be derived from the surface ECG (P-wave)
whereas the His bundle electrogram (measured by an intracardiac catheter) is used to measure the
activation onset of the AV-node [Khurana 06, p.269]. This measurement can be used to reveal con-
duction problems in the atrium. Catheter can either be used to measure the cardiac potentials or
they can be used for therapeutic purposes. Therapeutic interventions can include the active stim-
ulation of the cardiac tissue (‘pacing mapping’) [Haas 11, p.75], catheter ablation of pathological
tissue ventricular in tachycardia [Tung 10] or during balloon dilatation. These therapeutic interven-
tions are always combined with the measurement of surface and intracardiac ECG signals. Another
measurement example in the heart catheter lab is the analysis of the QT-interval during an balloon
angioplasty. Corrected QT-interval measurements (QTc) allow the detection of early transmural is-
chemia in patients undergoing a balloon angioplasty [Kenigsberg 07]. It was shown experimentally
that during such ischemias, a prolongation of the QT-interval occurs before a changing T-wave or an
elevation/depression of the ST-segment.
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This section showed that the measurement of the ECG’s different fiducials such as the P-wave, the
QRS complex, the T-wave, the ST-segment or QT-interval are of potential interest in MRI-guided car-
diac interventions, for patients undergoing stress MRI or during anaesthesia. A more detailed motiva-
tion and clinical application such as interventional MRI procedures are described in Chapter 3.

2.1.5 Heart rate variability

Heart rate is not constant but varies from beat-to-beat (except for pathological cases). These variations
are mainly controlled by the autonomous nervous system (ANS) [Ravenswaaij 93, Stein 94]. The
ANS is divided into a sympathetic and a parasympathetic branch. One well known variation is the
respiratory sinus arrhythmia which causes an increases of the heart rate during inspiration and a
decrease during expiration. Other variations of the heart rate can be caused by mental or physical
stress or during different stages of sleep [Ravenswaaij 93, Stein 94]. HRV can be described by its
spectral parameters. HRV analysis usually covers three frequency bands ranging from 0.003 Hz to
0.04 Hz (VLF band), from 0.04 Hz to 0.15Hz (LF band) and from 0.15Hz to 0.4 Hz (HF band). It was
found that sympathetic activity is mostly represented by the LF band whereas parasympathetic activity
is mostly represented by the HF band.

In the course of this thesis, HRV is important for the simulating ECG signals. The simulation of
ECG signals requires a simulation of an underlying time-series representing the occurrence times of
the QRS complexes. The simulation of realistic HR time-series requires its spectrum to reflect the
characteristic properties of the HRV spectrum (e. g. the presence of Mayer waves or RSA).

2.2 Magnetic resonance imaging (MRI)

Physical basics

Clinical MRI is mainly based on signals generated from water (or more specifically from hydrogen
protons), which is abundant in tissue. In a simplified model, the hydrogen proton (the nucleus of
the hydrogen atom) can be considered as a magnet which is spinning along its axis. This proton or
spin has a magnetic moment ji. Without an external magnetic field, all spins are oriented randomly
in space. To align the spins in a certain direction, magnets with magnetic flux densities By of 0.3 T
to 9.4 T are used in human MRI scanners. Such high magnetic flux densities is usually achieved by
running the magnet in a superconducting state. This is achieved by cooling the coils of the magnetic
close to the absolute zero point using liquid helium®. [Chen 89]

The spins (or their magnetic dipole direction) are aligned in parallel (low energy state) or antiparallel
(high energy state) to the direction of By whereas more spins are aligned in parallel®. The remaining
magnetisation is called the net magnetisation M. This net magnetisation is used to generate an MRI
signal. While the spins are aligned with By, they perform a precession with the so called Larmor

SMost magnets use coils made of niobium-titanium (NbTi) which goes into a superconducting state at temperatures be-
low —263.95°C

6The distribution between both states follows a Boltzmann distribution which depends on the magnetic flux density By and
on the temperature T.

Dissertation Johannes W. Krug 19



2. Medical and technical foundations

frequency

fL =~ Bo (2.10)

where 4/ is the gyromagnetic ratio. For hydrogen, ' = 42.576 MHz/T.

To generate an MRI signal, the aligned spins have to be moved out of their resting state position. This
is achieved by applying an external magnetic field B; which is perpendicular to By and hence, per-
pendicular to the net magnetisation vector M. Since M is precessing with the Larmor frequency fi, B;
needs to rotate as well in order to be permanently perpendicular to the net magnetisation vector M.
This is achieved using dedicated radio frequency coil constructions which generate a circular polarised
magnetic field B; rotating at the Larmor frequency. After switching off the B; field, the net magnetisa-
tion vector M returns to its initial orientation. Figure 2.14 depicts the excitation of the spins and the
measurement of the signal used for generating an MR image.

Encoding of the MR signals is performed by applying additional gradient magnetic fields. Gradient
magnetic fields are applied in x, y and z directions and vary generally linearly along these axes. These
gradient fields are superimposed to the scanner’s static magnetic field Bg. With the gradients applied,
the Larmor frequency of an object or patient depends on the location inside the MR scanner (see
Eqg. 2.10). Spatial encoding using the gradients is generally performed with in the following three
steps: 1) slice selection, 2) phase encoding and 3) frequency encoding. The first gradient (e.g. in
z-direction) is applied at the same time as the B, field so that only spins in a certain slice are excited by
the radio frequency magnetic field. Slice thickness can be controlled by the gradient magnitude and
by the bandwidth of B;. The second gradient (e. g. in y-direction) is applied for a short period of time.
During this time, the spins will have different frequencies at the different spatial positions, which will
also alter the phase relations between different spins. After switching of this gradient, all spins have
the same frequency again but will have different phases along the direction of the gradient. The third
gradient (e. g. in the x-direction) is similar to the second gradient. However, to avoid another phase
encoding, this gradient is switched on during the readout phase of the MR signal. This enables a
frequency encoding but suppresses an additional phase shift”. Since those signals which come from
spins with different phase but with the same frequency cannot be separated, several phase encoding
steps are required to form an MR image. The data collected during the different steps is written into
the so called k-space matrix. By applying an inverse Fourier transform to the k-space, the final MR
image is obtained. [Chen 89]

Not only spatial information can be encoded in the MRI data, but also some functional information.
One important aspect in cardiovascular MRI is the measurement of blood flow. Blood flow measure-
ments utilize the fact that blood is moving whereas the surrounding tissue is static [Siemens AG 04].
An example for the blood flow estimated using MRI is depicted in Fig. 2.15.

7In a practical sequence, the frequency encoding gradient also alters the phase in the frequency encoding direction. To
minimize phase shift in the frequency encoding direction, an additional frequency encoding gradient is switched before but in
the opposite direction (inverse polarity).
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Laboratory Laboratory

4

Rotating Rotating

Signal

Figure 2.14.: Schematic of spin excitation and measurement of an MR signal. The laboratory reference frame utilizes a fixed
coordinate system visualizing the precession of the net magnetisation vector (A,B). The rotating reference frame rotates
with the Larmor frequency f| around the z-axis (C,D). This latter representation simplifies the description of the net
magnetisation vector M. (image modified after [Kwong 07]).

t=134ms t=183ms t=231ms

Figure 2.15.: MRI scan of the heart and surrounding vessels showing the blood flow velocity in the aorta in different phases
of the sytole. (Image source: [Markl 07])

Technical parameters

MRI scanners are usually categorised by their static magnetic field strength, Bg. Most clinical MRI
scanners have magnetic strength of 1T, 1.5T or 3T. Research scanners, which are not used during
clinical routine, can have larger magnetic field strengths of 7T, 9.4T, 10.5T or 11.7T. The SNR
increases with the magnetic field strength, i. e. the SNR at 3 T is approximately twice as high asat 1.5 T.
However, the T1 relaxation time also increases with the static magnetic field strength [McRobbie 06,
pp- 155-156]. As described by Eq. 2.10, the Larmor frequency depends on the magnitude of the static
magnetic field. For generating clinical MR images it is important to have a homogeneous magnetic
field distribution in the center of the scanner. The spatial dimension of the homogeneous magnetic
field describes the actual field of view. State-of-the-art MRI scanners can have a field of view of
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approximately 40 cm x 40 cm x 40 cm.

The gradients, which are required for the (spatial) encoding of the MR signals, have amplitudes in the
range of 10 mT/m to 100 mT/m. The slew rates of the gradients typically cover a range of 25 mT/m/ms
to 160 mT/m/ms.

High RF power is required to excite the spins and move them out of their equilibrium state. RF
amplifiers provide power in the range of approximately 30 kW to 50 kW which is similar to the power
used by FM radio broadcasting stations. Tissue heating can occur due to the absorption of the RF
energy. This means that the applied RF energy needs to be limited and adjusted depending on scanned
part of the body (e.g. head, thorax or extremities), the size and the weight of the patient. The
center frequency of the RF signals corresponds to the Larmor frequency of the spins or protons. The
bandwidth of the RF signals ranges from 5 kHz to 100 kHz.

Safety issues

Several safety issues need to be considered during an MRI scan. Any magnetic objects should be
avoided in the MRI scanner since such objects experience large forces due to the existence of the
static magnetic field. Special attention is required regarding the RF magnetic fields used in the MRI
scanner. The RF signals or energy can couple into conducting structures like cables used for ECG signal
acquisition or in cardiac catheters. Due to the large RF power, heating of the cables can occur under
certain conditions which can cause severe patient injuries [Kugel 03,Mattei 08,Haik 09, Nordbeck 12].
There is also a potential risk of heating up implants or other conducting structures such as tattoos.
Electronic devices which have not been tested for MRI usage (such as patient monitors, pacemakers,
etc.) might not function properly inside the MRI environment or may even harm the patient.

Cardiac MRI

Cardiovascular magnetic resonance (CMR) covers the morphological and functional imaging and diag-
nosis of the heart. Morphological diagnosis includes imaging of the heart valves, wall thickness or size
of the heart. Regarding interventional MRI procedures, MRI allows the detection of scar tissue, which
is important for catheter-based ablations [Lederman 05, Dukkipati 08, Schmidt 09, Koopmann 13].
Functional imaging includes the analysis of heart motion throughout the cardiac cycle, blood flow in
the coronary arteries or the estimation of the cardiac output. With CMR images covering a complete
heart cycle, it is possible to detect wall motion abnormalities as observed during ischemia [Nagel 99].

Acquiring high-quality CMR images of the beating heart remains a technical challenge. Image artefacts
can occur due to complex heart motion, respiratory movements, movements of the blood vessels, flow
patterns and patient movement [Strohm 06]. The problem is that the acquisition time for one or more
MR images is longer than the length of one RR-interval, i.e. longer than one cardiac cycle. During
the cardiac cycle, the heart is moving (contracting, relaxing) in order to eject blood into the arteries
and to fill the atria and ventricles with blood. These movements need to be considered during image
acquisition, i.e. the acquisition of the MRI data has to be synchronised with the cardiac. Otherwise,
the resulting images would suffer from motion blurring and would not be of diagnostic value. This
problem is encountered in Section 3.4.
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2.3 The need for an ECG during MRI

2.3.1 ECG-based gating for cardiac motion compensation

CMR requires a synchronisation between the acquisition of the MR image data (or more precisely the
k-space data used to build the MR images) and the cardiac activity. This synchronisation is called
gating or triggering®. The general principle of gating in CMR is depicted in Fig. 2.16. For most
CMR sequences, the acquisition of k-space data required for an MR image is split over several cardiac
cycles [Nacif 12]. It has to be considered that heart motion is not the same between the different
beats. Heart rate and consequently heart motion naturally varies on a beat-to-beat basis [Innes 93,
Thompson 06]. Gating is used to acquire the k-space data at the same time-point or phase in every
cardiac cycle, e. g. during the ventricular diastole [Fernandez 10]. Instead of acquiring k-space data
in one phase of the cardiac cycle, the data can be acquired from several phases. The result is either
a static image in a certain cardiac phase or a sequence of MR images covering several phases of the
cardiac cycle (cine imaging) [Strohm 06]. Figure 2.17 depicts the a normal MR image (non-gated)
and a gated MR image of the thorax including the heart. While the non-gated image (Fig. 2.17a) is
affected by motion artefacts (heart motion and respiratory motion), the anatomy is clearly visible in
the image where the acquisition was gated using the ECG signal (Fig. 2.17b). This example shows the
importance of a reliable gating in CMR.

The most established way to synchronise the acquisition of the k-space data with cardiac activity is
based on the ECG signal [Strohm 06, Scott 09]. At the same time, gating is the most important appli-
cation for an ECG during MRI. As described in Section 2.1.2 , the ECG signal provides an information
about the cardiac cycle length and the cardiac phase. Usually, the R-peak or QRS complex, which is
the most dominating feature of the ECG, is used to control the acquisition of new k-space data. The
cardiac cycle can be roughly divided in a systolic and diastolic phase. The R-peak marks the beginning
of the ventricular systole whereas the diastolic phase starts at the time where the aortic valve closes
(compare Fig. 2.7, page 11). In CMR, one usually tries to acquire MR data in those phases of the car-
diac cycle, where the heart is in an nearly immobile position. There are two periods of isovolumetric
contraction and relaxation at the beginning and at the end of the systolic phase which can be used.

RR Interval

Q
S
Image Acquisition
|1 |2 |3

Figure 2.16.: The stepwise k-space acquisition of an cardiac MR image is gated (or triggered) by the ECG’s R-peak. To
generate an image at one point of the cardiac cycle (e. g. at the location of I3), k-space data is acquired over several cardiac
cycles (13,13, ...) in the same phase of the cardiac cycle. Once the k-space is filled with the data, the MR image for one
point in the cardiac cycle can be computed.

8Both terms are used interchangeably within the thesis.
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(a) Non-gated MR image of the thorax. (b) Gated MR image of the thorax.

Figure 2.17.: MR images of the thorax covering the heart acquired without (a) and with (b) gating using the ECG signal.
Severe artefacts due to heart and respiratory motion are visible in the non-gated image (a). Using ECG-based gating,
motion artefacts can be suppressed, which enables a better analysis of anatomical structures, e. g. of the ventricle wall
thickness (b). (Image courtesy: Julien Oster, University of Oxford, UK.)

The end-systolic phase has a length of 60 ms to 80 ms [Shechter 05]. In diastole, least motion occurs
during the mid-diastolic phase. The length of the mid-diastolic phase depends on the heart rate: it
has an approximate length of 240 ms at a heart rate of 60 bpm and shortens to approximately 75 ms at
a heart rate of 80 bpm [Strohm 06, p.10]. Assuming that the repetition time of two consecutive MR
data measurements (phase encoding steps) is TR = 4 ms, 50-60 measurements can be made at 60 bpm
but only 18 at 60 bpm within the mid-diastolic phase. Especially in patients with higher heart rates,
the end-systolic phase can be longer than the mid-diastolic phase [Jahnke 06]. Imaging during the
end-systolic phase can be advantageous since it was shown that the thin right ventricle wall is better
depicted than in the standard mid-diastolic acquisitions [Fernandez 10].

Cardiac gating can be achieved by two different strategies [Scott 09, Nacif 12]. In prospective gat-
ing, k-space data acquisition is directly synchronized with the cardiac cycle during the acquisition
process. Therefore, a predefined number of k-space acquisitions is performed in each cardiac cycle
using predefined delays with respect to the ECG’s R-peak. In retrospective gating, MR images and the
ECG signal are acquired simultaneously. The cardiac phase of the acquired MR images is determined
retrospectively based on the ECG signals.

Several CMR sequences such as the black blood imaging sequences require a prospective gating
regime. Black blood sequences play out inversion recovery pulses before or during the R-peak in
order to have an inversion time of the blood while acquiring the MR signal [Slavin 06,0Oster 08,Frauen-
rath 10a]. To suppress the signal of ‘fresh’ blood flowing into the currently imaged plane, a precise
triggering based on an reliable R-peak detection is required [Strohm 06]. RRI prediction was pro-
posed to enable black blood imaging even during the end-systolic phase (instead of the usually used
end-diastolic phase) [Oster 08, Fernandez 10].

Due to the natural heart rate variability, the last 10% of an RRI are usually not sampled during
a prospectively gated sequence. Otherwise, if one would try to acquire the k-space data for the
complete cardiac cycle in a prospectively gated sequence, the gradient magnetic fields could prevent
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the detection of the next QRS complex. The gradient magnetic fields affect the ECG signals in two
different ways: they can induce currents inside the tissue and directly couple into the wire of the
ECG device [Felblinger 99, Abécherli 05, Wu 11]. Both effects lead to a distortion of the ECG signal.
Hence, additional methods are required to filter the gradient artefacts in order to enable a reliable
QRS detection [Odille 07, Park 09, Oster 09b, Oster 09a, Sansone 10].

False R-peak detections or cardiac arrhythmias can affect the quality of CMR images in different ways.
One problem is shown in Fig. 2.17. False R-peak detections and the resulting false assumptions of RRI
length can also lead to artefacts in black blood images. R-peak detection with a high jitter can cause
blurred MR images or a wrong estimation of blood flow in phase-contrast MRI sequences [Thomp-
son 04].

2.3.2 Patient monitoring during MRI

Vital signs monitoring can be achieved by different methods including measurements of the blood
pressure (invasive or non-invasive), pulse oximetry, gas analysis, ECG, auscultation of the heart sounds
or body temperature. The American Society of Anesthesiologists (ASA) states that the patient’s ECG
has to be displayed during anaesthesia [ASA 11]. This requirement is even more important in an
interventional MRI (iMRI) operating theatre. Due to the construction of most MR scanners, the patient
may usually not be observed by the anaesthetists. Hence, the anaesthetists are prevented from visually
assessing the patient and have to rely on the monitored physiological signals. Figure 2.18 depicts
typical scenes in iMRI operating theatres using different MR scanner construction types (closed bore
and open bore). Also for intensive care unit (ICU) patients, a reliable monitoring would be required
while inside the MRI scanner [Kempen 06].

1 P | o - -~ >3
(a) MRI-guided EP procedure using the IMRICOR system at (b) Combined MRI and X-ray suite (XMR) at the
the Heart Centre Leipzig, Germany. (Image modified Evelina London Children’s Hospital / St. Thomas'
according to [Sommer 12].) Hospital, London, UK. (Image courtesy: Johannes

Krug.)

Figure 2.18.: Examples for two different interventional MRI scenarios. In both examples, MRl is used to guide surgical
tools — e. g. catheters or biopsy needles — in minimalinvasive procedures. The combined XMR suite (b) is used for
(paediatric) cardiac interventions. While X-ray angiography is used to manoeuvre the catheter in the blood vessels or the
heart, MRI is used for detailed anatomical or functional imaging.
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During MRI, the ECG is required for patient monitoring under different circumstances, e. g. in cases
such as

* MRI guided interventions using anesthesia [ASA 11],

* MRI guided catheterization of the myocardium and electro physiological (EP) diagnostics and
ablations [Josephson 02, Razavi 04],

* stress or exercise MRI (either induced by drugs or physical exercise) causing
ischemias [Simonson 63, Hill 02],

* intensive care unit (ICU) patients [Balaji 02] and others.

During anaesthesia and surgeries, cardiac arrhythmias occur relatively often. A larger study involving
112721 anaesthetic procedures documented over a 9-year period revealed that cardiac arrhythmias
constitute the most common intra-operative complication faced by the anaesthetist [Cohen 86]. There
is a wide variety of peri-operative arrhythmias [Dash 02]. A wandering pacemaker which can be di-
agnosed by a variable P-wave morphology with changing PR interval often occurs with potent volatile
anaesthetics. Premature atrial beats are quite common under general anaesthesia precipitated by
a myocardial ischemia or intraatrial catheters. Atrioventricular blocks like the first degree heart block
can occur when potent volatile anaesthetics are used - especially in patients on beta blockers. During
these AV blocks, PR intervals exceed a length of 200 ms. Second degree (type I and II) and third degree
heart blocks can also be observed under anaesthesia. Cardiac ischemia during anaesthesia is another
very common complication [Smith 85, Mangano 90, Ludbrook 05].

Cardiac catheterization can lead to arrhythmias, e.g. tachyarrhythmia or to conduction
blocks [Bogaert 04, p. 524]. These arrhythmias can be recognized by studying the patient’s ECG
signal. In EP diagnostics, the usage of an intracardial and a surface ECG is required for a complete
and reliable diagnosis (see Section 2.1.4). The combination of both ECG signals is commonly used
in X-ray EP-catheter labs. Since MRI-guided cardiac interventions become more and more important,
there is an increasing demand for a diagnostic ECG during MRI [Razavi 04,Lederman 05,Dukkipati 08,
Schmidt 09, Koopmann 13, Piorkowski 13]. Despite the high technical challenges of performing an EP
procedure inside an MRI scanner (instead of performing it in an X-ray catheter lab), MRI offers many
advantages. For example, one can distinguish normal tissue from scar tissue in MRI, which is not possi-
ble in X-ray images. This is important for controlling areas, which were treated by an ablation catheter
or for the localisation of infarction substrate [Dukkipati 08, Gutberlet 12, Ranjan 12, Sommer 13].

Heart rate variability (HRV) is another cardiovascular parameter, which can be of interest during an
MRI scan. HRV measures are derived from the RRI time series (see Section 2.1.5). Hence, as long as
the ECG’s QRS complexes can be detected reliably during MRI, HRV analysis is possible. HRV analysis
was recently combined with fMRI measurements in order to combine the information about the au-
tonomous nervous system (HRV) with the activity in the brain (fMRI) [Napadow 08,Kim 11]. Due to
a higher signal-to-noise ratio, 7T MR scanners are preferred for fMRI studies [Beisteiner 11]. Hence,
this requires QRS detection methods that work reliably at high magnetic field strengths. Although
HRV analysis combined with fMRI scans is currently more a research application and not used in
clinical routine, it could become important in the future.
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3.1 Overview

During MRI, an ECG is often required for gating cardiac image sequences or for patient monitoring
(see Section 2.3). However, the quality of an ECG signal can be severely degraded during an MRI
procedure. One can identify three principal reasons for this degradation: 1) the RF pulses, 2) the
switched gradient magnetic fields and 3) the magnetohydrodynamic (MHD) effect which is caused by
the interaction of the blood flow with the static magnetic field.

The influence of the RF pulses can be reduced by a careful design of the ECG hardware. Special
attention has to be paid to the ECG cables and electrodes in order to avoid resonant effects which could
cause a heating of the wire or the electrodes (see Section 2.2) [Kugel 03, Mattei 08, Weiss 11]. Since
the frequencies of the ECG signal and of the RF pulses usually differ by at least 6 orders of magnitude,
the RF signal components can be attenuated using analogue low pass filters [Shetty 88, Tsitlik 93].
However, a demodulation of the RF impulses can occur at the first stage of the amplifier which can
cause a distortion of ECG signal. This problem can be reduced or circumvented by careful hardware
design.

The switched gradient magnetic fields can induce currents in the conductive tissue of the patient or
in the ECG cables [Felblinger 99, Schaefer 00]. In most cases, gradient artefacts can be distinguished
from the ECG signals due to their high slopes and amplitudes. Figure 3.1 depicts an exemplary clean
reference ECG acquired outside the MR scanner and an ECG of the same patient acquired inside a 3T
MR scanner during an EPI imaging sequence. In order to enable a reliable QRS detection during MR
scanning, dedicated filtering methods are required to eliminate the gradient artefacts. Several filtering
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algorithms exist which enable a suppression of the gradient artefacts in most cases. For example,
suppression of the gradient artefacts can be achieved using extended Kalman filters (EKF) [Oster 10],
independent component analysis (ICA) [Oster 09b] and adaptive filters or finite impulse response
filters [Abacherli 05, Park 06, Odille 07, Park 09, Sansone 10, Wu 11]. Within this thesis, gradient
artefacts are not considered since MR imaging is switched off during ECG signal acquisition.

The signals caused by the MHD effect distort the ECG signals and obscure most of their diagnostic
information. Since the static magnetic field By cannot be switched off during the normal operation
of the MR scanner!, the MHD effect is permanently present in the ECG signal. The MHD effect
is responsible for ECG-based gating problems at higher magnetic field strengths (>7T) and for the
limited diagnostic value of the ECG at all field strengths. Hence, this chapter gives a more detailed
exploration of the MHD effect and its consequences.

The theory of the MHD effect, its relation to the cardiac cycle and different MHD simulation models
are described in Section 3.2. In Section 3.3, the MHD effect observed in real ECG measurements is
investigated considering different parameters such as the strength and orientation of the magnetic
field or the variation of the MHD effect between different subjects. Existing solutions for gating and
patient monitoring applications are reviewed and discussed in Sections 3.4 and 3.5. A summary of the
challenges, existing solutions and remaining problems is given in Section 3.6. Finally, the objectives
of this thesis, which arise from the remaining limitations and from the ongoing developments and
trends in MRI and CMR are presented in Section 3.7.
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(a) ECG acquired outside the MR scanner. (b) ECG acquired inside the MR scanner during an EPI
sequence.

Figure 3.1.: Comparison of ECG signals acquired outside (a) and inside a 3T MR scanner (b) during an EPI imaging
sequence. The gradient artefacts cover the information of the underlying ECG.

1 Assuming an MR scanner with a superconducting magnet.
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3.2 The magnetohydrodynamic (MHD) effect

3.2.1 Physical basics

The magnetohydrodynamic (MHD) effect results from the interaction between the pulsatile blood
flow, which is caused by the rhythmic action of the heart and the static magnetic field of the MR scan-
ner, By. Blood plasma, which makes up about 60 % of the total blood volume, contains approximately
10 % solutes including electrolytes such as Na*, Cl~ or HCO3 ions and non-electrolytes (glucose,
urea) [Schmidt 07, p.525]. The ions (electrolytes) are moving inside the vessels where they experi-
ence a force due to the presence of the MR scanner’s static magnetic field. This force is known as
Lorentz force, F, where the force per charge is given as

= (7 x B). (3.1

< |y

It depends on the magnitude and orientation of the blood flow velocity @' of the charged particles ¢
with respect to the By field. This force causes the ions to move perpendicularly to the direction of the
blood flow and perpendicularly to the MR scanner’s static magnetic field. The ions accumulate near
the vessel’s wall leading to a potential difference across the vessel that may be expressed as

1
VO(/ Tx Bo dl (3.2)
0

where [ is the diameter of the vessel. The voltage estimated using Eq. 3.2 is called Hall voltage. This
basic principle is used in electromagnetic flowmeters as depicted in Fig. 3.2. Figure 3.3 schematically
shows how the static magnetic field By affects the moving ions inside the cross section of a blood
vessel.

It has to be mentioned that the above equations are a simplification of the real scenario. The Lorentz
equation and the Hall voltage are estimated for a conductor with a rectangular cross section. The aorta
and other blood vessels have an approximately oval cross-section. Additional parameters such as the
density, conductivity and viscosity of blood, the aortic blood pressure or magneto fluid parameters
such as the (magnetic) Reynolds number or the Hartmann number have to be considered to estimate
the voltages induced across the vessels [Kinouchi 96, Gupta 08]. Maxwell’s equations are used to
describe the interactions between the moving ions and the electromagnetic fields. The flow can be
described using the Navier-Stokes equations. By coupling the flow and electro-dynamical equations,
the MHD effect inside a blood vessel can be estimated more precisely [Gupta 08, Martin 11a]. To
estimate the resulting body surface potentials, additional transfer functions are used [Martin 11a].
For a more complete description of the underlying physics of the MHD effect, of the flow mechanisms
and the coupling with the Maxwell equations, the reader is referred to [Keltner 90, Kinouchi 96,
Misra 07,Das 10].

The consideration of the blood flow profiles is an important and critical aspect for a realistic estima-
tion of the MHD voltages. Viscosity and wall sheer stress should also be considered for describing the
flow close to the vessel walls in analytical calculations. Turbulent flow profiles have to be expected
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Figure 3.2.: Electromagnetic flowmeters utilize the same physical effect which causes the MHD signal inside the MRI
scanner. (Image source: [Webster 92])

Blood vessel Blood vessel

(a) Outside the MR scanner without (b) Inside the MR scanner with By
Bg present present

Figure 3.3.: A simplified schematic of the MHD effect inside a blood vessel. Positive and negative ions are moving with the
velocity v(r) along the blood vessel where 7 is the vessel's radius. Outside the MR scanner, ions are randomly distributed
inside the vessel (a). Inside the MR scanner (under the influence of the static magnetic field), the ions experience the
Lorentz force (b). Due to this force, the ions move to the walls of the vessel. Assuming a linear flow profile, the Lorentz
force is highest in the centre of the vessel and decreases proportionally with the distance to the vessel walls.

especially in close proximity to the myocardium, where the blood is ejected and high velocities occur.
Hence, the assumptions of a laminar and unidirectional flow profile made in most theoretical estima-
tions of the MHD effect are not realistic. Anatomical conditions such as the heart valves, stenoses or
aneurysms can affect the flow profiles of the rapidly ejected blood. MRI can be used to reveal the
complexity of blood flow inside the vascular system. Phase-contrast encoded MRI data can be utilised
to visualise streamlines or estimated blood flow velocities [Markl 03, Markl 07]. Figure 3.4 depicts
a series of streamlines at different times of the ventricular systole. A twist of the blood flow can be
observed. In order to enable a reliable and realistic estimation of the MHD effect during MRI, these
aspects should be considered by simulation studies. Section 3.2.3 explains a model for the simulation
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Figure 3.4.: Estimated stream lines of the blood flow in the aortic arch measured using an MRI phase contrast sequence.
Blood flow is shown for 140ms (left), 180 ms (middle) and 220 ms (right) after the beginning of the cardiac systolic phase.
(Image modified according to [Markl 11])

of the MHD effect using such an MRI-based blood flow measurement coupled with an electric dipole
description to estimate the body surface potentials.

3.2.2 The cardiac cycle, cardiovascular dynamics and the MHD effect

Following the theoretical considerations made in section 3.2.1, the vessel diameter and the blood
flow velocity are the most important physiological parameters the MHD effect depends on. The
highest blood flow velocities occur in the arteries close heart, e.g. in the aorta or the pulmonary
artery [Schmidt 07, pp.626]. The diameter of both arteries is the largest within the human body.
Hence, it is usually assumed that these arteries are responsible for the MHD effect observed in ECG
signals acquired during MRI [Kinouchi 96, Martin 11a]. Figure 3.5 shows the blood flow velocities
measured with MRI in different arteries. The highest blood flow velocities perpendicularly to the
MR scanner’s static magnetic field occur within the aortic arch. This explains why the MHD effect
is mainly induced by the aortic blood flow. The blood flow reaches its maximum during the ejection
phase, i.e. during the ventricular systole, where the blood flows from the ventricles into the aorta
and the pulmonary artery (Fig. 2.7, p. 11). Hence, the MHD effect is expected to mainly affect the
segment between the QRS complex and the end of the T-wave.

The cardiovascular system system is influenced by several external factors, e.g. by physical stress,
drugs or diseases and it is controlled by the central and autonomous nervous system (see Section 2.1).
The external factors together with the actions of the physiological regulation system (e.g. the au-
tonomous nervous system) can affect the properties and dynamics of the blood flow. Exemples of
cardiovascular parameters related to the blood flow properties are depicted in Fig. 3.6. It can be
expected that a variation of the blood flow, e. g. increased velocity, results in a variation of the MHD
effect’s morphology. Hence, a precise description of the MHD effect observed in ECG signals during
MRI is a complex problem due the high number of the physiological, anatomical and physical param-
eters. Moreover, these physiological parameters vary over time. None of these parameters, e. g. the
blood flow velocities in the different vessels or the vessel diameter can be monitored continuously
during MRIZ.

2Although ultrasound (US) order Doppler-US would enable a continuous measurement of these parameters in a certain
vessel, it is usually not available during MRI.
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Figure 3.5.: Blood flow velocities in the aortic arch, the supra-aortic vessels and a bypass conduit (in the lower left part).
Maximum blood flow velocities occur in the aortic arch (not considering the bypass conduit). (Image modified according
to [Gupta 12].)

Several physiological parameters, which are related to the MHD effect can be measured. These pa-
rameters include:

* blood pressure, e. g. measured by an arm cuff or by an intravascular catheter,

* pulse estimation, e. g, using finger plethysmography or

* blood flow measurement in different locations, e.g. by using doppler ultrasound or velocity
encoded MRI (not continuously).

During arrhythmic cardiac events, each of these parameters is expected to change resulting in a varia-
tion of the MHD effect. An example showing the effect of an irregular depolarisation of the ventricles
is depicted in Fig. 3.7. The pattern of the arterial blood pressure (ABP) differs between a normal con-
traction and a premature ventricular contraction (PVC). Changes in the ABP during a PVC are caused
by the missing atrial contraction and the missing ventricular diastolic phase, which normally leads to
a filling of the ventricles prior to the ejection phase.

3.2.3 Simulation studies

Simulations overview

As it was generally described in Section 3.2.1, the MHD signal is mainly caused by the blood flow
perpendicularly to the MR scanner’s static magnetic field By. The previous section named several
cardiovascular and physical parameters which make it harder to estimate the MHD effect on the
surface of the human body inside the MR scanner. Several simulation studies were performed in order
to reveal the influence of different physiological and anatomical parameters, and to improve denoising
algorithms using the information obtained from simulations. This section summarizes some important
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Figure 3.6.: Different parameters which have an influence on the blood flow dynamics and on the resulting MHD effect.
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Figure 3.7.: ECG and ABP during normal sinus rhythm and a premature ventricular contraction (PVC) occurring at
around 1.5s. The ABP pattern following the PVC differs from the ABP patterns occurring during the normal beats,

i.e. a clear ABP peak is not visible after the PVC (record: PhysioNet mghdb/mgh133 [Goldberger 00]). Hence, a variation
of the MHD effect during PVCs or arrhythmias can be expected due to the changed ABP patterns.

simulation studies and their results.

Early theoretical calculations of the MHD effect were made by Gold et al. [Gold 62]. Later, the MHD
effect in human blood vessels was studied using a rigid vessel model with non-conducting vessel
walls [Keltner 90]. Kinouchi et al. considered a vessel model with conducting walls [Kinouchi 96].
Nijm et al. simulated the MHD effect using a simplified cylindrical vessel model with a diameter of 2 cm
and a length of 3cm [Nijm 07b]. A parabolic blood flow profile was assumed inside the tube whereas
the evolution over time was modelled using an exponentially decaying sine-function. Maxwell and
Navier-Stokes equations were used to estimate the induced voltages. The partial differential equations
were solved using the finite element method implemented in Comsol Multiphysics. A similar model
was later used by Bhatt et al. [Bhatt 09c].

Gupta et al. used dynamic magnetofluidic simulations based on a discretisation of the aortic arch and
by realistic blood flow profiles obtained from MRI measurements [Gupta 08]. Similarities between the
ECG measurement in a 1.5 T scanner and the simulated signals were shown in terms of morphology
and signal amplitudes. The simulations were evaluated quantitatively by measuring the amplitude
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difference of the T-wave between the measured ECG and the simulated signal. A maximum error of
0.37mV was observed in ECG lead aVR. Although the error of the simulated amplitudes were low,
e.g. 0.048mV in lead II, the simulation model could not reproduce the overall morphology of the
MHD effect.

Abi-Abdallah et al. also solved the Maxwell and the Navier-Stokes equations for MHD simulation [Abi-
Abdallah 09b]. An unidirectional, axi-symmetric flow without vortices was assumed in a circular, rigid
vessel. A three-element Windkessel lumped model was used to simulate the pressure gradient inside
the vessel. The three-element lumped model was used to simulate the resistance of the aorta and the
large arteries, the compliance of the aorta and the total peripheral resistance of the smaller arteries,
the arterioles and the capillaries. The electric dipole moment was calculated for the simulated flow
profile in the presence of a static magnetic field [Abi-Abdallah 09a]. Once the electric dipole moments
were known, the body surface potentials could be estimated.

Martin et al. developed a three components finite element model for the simulation of the MHD ef-
fect [Martin 11a, Martin 11b, Martin 12]. It includes the simulation of the MHD effect in the aorta,
bidomain equations of the heart® and electrical diffusion within the body. Using transfer functions,
body-surface potentials were estimated from the ECG and MHD models. Figure 3.8 shows simulation
results based on this model. As expected, the MHD effect increases with the magnetic field strength.
Compared to real measurements shown in Fig. 3.9 and in later in Figs. 3.12-3.16, the simulations can-
not accurately approximate the more complex patterns of the experimentally measured MHD effect.

The simulations of Kyriakou et al.  investigated patient specific simulations of the MHD
effect [Kyriakou 12]. This study aimed at quantifying the cardiac output based on the ECG measure-
ments. Anatomical and flow information were obtained using 3 T MRI measurements. The anatomical
information was used for the generation of a computer model based on the Virtual Family [Christ 10].
4D-flow information of the aorta and of the superior and inferior vena cava (SVC and IVC) as well as
other smaller vessels (e. g. the left carotid and left subclavian arteries) were included in the model.
Based and these anatomical and functional pieces of information, the MHD effect was simulated. Elec-
tromagnetic (EM) simulations were performed using a dedicated low-frequency solver [Kainz 10]. For
the estimation of the body surface potentials, more than 200 tissue types were used to describe the
torso. Figure 3.9 compares the simulated and measured MHD effect. Although the fairly complex
model including several larger blood vessel (aorta, SVC and IVC), the simulated MHD signal did not
cover all those peaks observed in a real measurement. The authors give several shortcoming explain-
ing why the model could not predict the real MHD signal: the limited number vessels considered in
the model and the inaccuracy of the vessel geometry, the negligence of intra-cardiac blood flow, the
inaccuracy of the vessel model geometry and the HRV dynamics.

3The bidomain model describes the potential difference across the membrane in two separate domains: the intracellular
and the extracellular space [Sundnes 06]. Both domains are separated by the cell membrane which acts as an electrical
insulator.
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(a) Body-surface potential maps for 0T (top row), 1T (middle row) and 3T (bottom row).
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(b) Resulting simulated ECG traces I, Il and Il with MHD effect at different magnetic field
strengths.

Figure 3.8.: Results of the three component model simulating different ECG traces with additional MHD effect. (Images
modified according to [Martin 11a, Martin 12].)
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Figure 3.9.: MHD effect based on simulations of the aorta and vena cava (left) and measured MHD effect (right). (Image
modified according to [Kyriakou 12].)

MHD modelling based on 4D blood flow measurements from MRI

Oster et al. recently combined a realistic anatomical model with the information of an aortic blood
flow profile obtained from MRI measurements [Oster 12, Oster 15]. This model shall be explained
in further details, since it is used in the course of this thesis. The anatomical model including the
torso and the heart combined with a forward model were taken from the ECGSim package* [van

4http://www.ecgsim.org/
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Oosterom 04]. ECGSim allows to simulate the electrical activity of the ventricles and the resulting
body surface potentials based on a human torso model. A model of the aortic arch was adopted from
the simulations of Fujioka et al. [Fujioka 00]. The resulting model geometry is depicted in Fig. 3.10.
4D blood flow profiles were estimated using a phase contrast MRI sequence [Markl 03]. The blood
flow profiles were estimated in four cross sections of the aortic arch, where one slice was placed in
the ascending aorta, one in the descending aorta and two within the aortic arch. These flow profiles
at different locations were used to describe the blood flow within the model of the aortic arch.

The voltages caused by the blood flow within the static magnetic field were estimated using charge
densities inside the aortic arch and corresponding electrical dipole moments. The charge density can
be derived using the following (Maxwell) equations

V.- E= P _GivE (Gauss’s law) (3.3)
€

VxB=puj=rotB (Ampere’s law) 3.4)

j=0(E+7xB) (Ohm’slaw). (3.5)

By rearranging eq. 3.3 after o, eq. 3.4 after j and eq. 3.5 after £ and substitution of the rearranged
egs. 3.4 and 3.5 into 3.3 one obtains

p= eV <VU>;B —Fx é) — eV (6 x é) (3.6)

since V-V x B = divrot B = 0. ¢ is the permittivity of the blood flow (in Farad/m) and ¢ is the blood
flow velocity vector. Based on the definition of the charge density p, the electric dipole moment of the

z axis (m)
z axis (m)

-0.25 _ A ey A
-0.1 0A0m2

X axu@; (m)

Figure 3.10.: Torso model taken from the ECGSim package in the coronal (left) and sagittal (right) view. The torso model
was extended with a model of the aortic arch. (Image modified according to [Oster 15].)
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charges can be estimated by integrating the charge density over the volume of one aortic arch section

p= / 7 p(r7)d°F. (3.7)
\4

The resulting potential ¢(7) at a certain point of the surface of the body (specified by the vector 7) can
be calculated from the electric dipole moment 7’

o(7) = — 2 (3.8)

dmeg 37

The charge density was estimated for every section of the aortic arch for the different time steps of
one cardiac cycle. Using the geometry of the realistic torso model, the potential on the surface of the
torso was estimated from the sum of the dipole moments originating from the different aortic arch
sections.

The estimated MHD potentials are in good agreement with the real MHD effect in most of the ECG
leads. However, the model could not completely predict the whole complexity of a real MHD signal.
This can be partly explained by the underlying blood flow signals which were used to simulated the
MHD signal. Since the measurement of the blood flow profile for one cardiac cycle in one anatomical
cross section takes several minutes, the resulting flow profile is an average estimate of the blood flow.
Hence, the blood flow dynamics and beat-to-beat variations of the blood flow patterns are averaged or
low-pass filtered. Larger deviations were observed in leads V5 and V6 and it was assumed that these
deviations were caused by the linear propagation through a homogeneous torso model. It was also
shown by Kyriakou et al. that smaller changes of the electrode positions have a large influence on the
error of the simulated signals [Kyriakou 12].

To make the simulations of the MHD signal based on the averaged blood flow profile more realistic,
the authors included additional variations of the MHD effect by considering the RRI length and the
related cardiac stroke volume. Since the stroke volume decreases with a decreasing RRI lengths,
the estimated MHD effect should also decrease due to the reduced amount of blood eject by the
ventricles. The cardiac output (CO) which describes the volume of blood eject by the ventricles per
minute is directly related to the heart rate [Mark 04]

11. .
R L S 1 Sy, 69
008 + HR(Sil) 008 + m

The stroke volume (SV) — which describes the ejected blood volume per heart beat or contraction — is
defined by dividing the CO by the HR

0.69

SV = o
0.08 - HR(min™1) + 3

1/beat. (3.10)

Based on this definition, a correction factor agy was used to modulate the amplitude of the MHD
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signal [Oster 15]

_SV(HR) 780

= = 3.11
Sv(60)  8-HR+ 300 ( )

Qagy

where SV(60) is the stroke volume for an average heart rate of 60 bpm. The MHD effect was modified
for each new interval RRI based on the instantaneous heart rate which was estimated from the RRI
length.

3.3 The MHD effect observed in ECG signals acquired during MRI

3.3.1 Influence of the orientation and magnitude of the magnetic field

As described in Section 3.2, the two most important parameters of a magnetic field for the observed
MHD effect are the orientation of the static magnetic field By with respect to the direction of (blood)
flow and the magnitude of the static magnetic field. The absolute orientation and magnitude values
are predetermined by the MR scanner. Nowadays, two main geometries of MR scanners are used in
clinical environments, and they are depicted in Figs. 3.11a and 3.11b. The corresponding orientation
of the magnetic field vector with respect to the patient’s anatomy is depicted in Figs. 3.11c and 3.11d.
In most of the studies described in Section 3.2 it was assumed that the MHD signal mainly originates
from the aortic arch. This can be explained by the high blood flow velocities and its perpendicular
orientation with respect to By (for the closed bore MR scanner with a horizontally aligned magnetic
field vector). Figure 3.12a depicts several traces of ECG signals acquired from one subject at different
magnetic field strengths ranging from 0T to 7T (closed bore MR scanners with horizontal magnetic
field alignment, compare Figs. 3.11a and 3.11c). As expected from the MHD theory and simulations
(see Section 3.2), the magnitude of the MHD effect increases with the magnitude of the static magnetic
field By. For the open bore MR scanner with a vertical magnetic field vector, a more severe MHD effect
can be expected since most parts of the aorta — the aorta ascendens, arcus aortae and aorta descendens —
as well as many other blood vessels which have a perpendicular vector component with respect to the
magnetic field vector. Figure 3.12b depicts ECG signals acquired in a 1 T MR scanner with a vertical
magnetic field (compare Figs. 3.11b and 3.11d) and in a 3T MR scanner with a horizontal magnetic
field (compare Figs. 3.11a and 3.11c). As it was assumed, the MHD effect in a vertical magnetic field is
higher due to its perpendicular orientation to most of the major blood vessels inside the human body.
Considering these construction aspects, the detection of the R-peaks can be even more complicated
inside a 1T scanner (vertical magnetic field) than in a 3T scanner (horizontal magnetic field) due
to the different orientation of the static magnetic field. However, it has to be mentioned that most
open-bore MRI scanners with vertical magnetic field alignment have a magnetic field strengths of 1T,
which limits the negative impacts of the MHD effect in such scanner types.

As already described above, most of the blood vessels located in the thorax contribute to the MHD
effect. Intra-cardiac blood flow, especially during the filling and ejection phase, should also have an
impact on the resulting MHD signals. Hence, the ST-segment, the T-wave and the P-wave are affected
by the MHD effect. Additionally, the proximity of the ECG electrodes with respect to the blood flow
influences the observed MHD signals. For example, in electroencephalographic (EEG) measurements
where the electrodes are placed on the skull, the observed MHD signals are mainly caused by the
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intracerebral blood flow and not by the aortic flow.

More examples revealing the influence of the orientation and magnitude of the static magnetic field
are depicted in Figs. 3.13-3.16. These examples show the 12-lead ECG measurements made at 3T
and 7T in the head first (Hf) and feet first (Ff) position, i.e. the orientation of the static magnetic
field was flipped by 180° due to the different positions of the subject. It can also be seen from these
examples that the voltages caused by the MHD effect at 7T exceed the ECG signals in most of the
leads in both subject positions.

From a signal processing perspective, the time-frequency energy distributions (TFED) of the ECG
signals acquired outside and inside the MR scanner can be of a certain interest. In order to show the
influence of the MHD effect, the TFED of different ECGs were estimated using the smoothed pseudo
Wigner Ville distribution (SPWVD) [Boashash 88, Boashash 03, Kiencke 08]. Figure 3.17 depicts the
different ECG signals and their corresponding SPWVD. This example, which is based on an ECG
signal acquired at 7T, shows that the frequency components of the MHD effect and of the ECG signal
overlap. Hence, the MHD effect cannot be simply suppressed with basic digital filtering techniques.
The overlapping frequency range could also affect certain QRS detection methods, which rely on the
spectral properties of the R-peak or QRS complex [Koehler 02].

(a) 3 T closed bore MR scanner (b) 1 T open bore MR scanner (during
an interventional procesure)

Upper body Upper body

= [==1

R— pe—
. Left lung . Left lung
Right lung Right lung
) == ===

Lower body Lower body

(c) Horizontal By field (from feet to head) of the  (d) Vertical By field (pointing from posterior to
closed bore scanner (a) anterior) of the open bore scanner (b)

Figure 3.11.: Closed (a) and open bore (b) MR scanner construction types and the corresponding alignment of the magnetic
fields for (c,d). (Image sources: (a): Siemens, (b): Axel Boese, OvGU Magdeburg, (c,d): distributed under the CC-BY 2.0
license, Wikimedia, modified)
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Voltage in [mV]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time in [s] Time in [s]

(a) ECG signals acquired at 0T, 1.5T, 3T and 7T (b) ECG signals acquired at 1T (vertical field) and 3T
(horizontal field).

Figure 3.12.: Comparison of ECG signals (lead V2) acquired at different magnetic field strengths and field orientations.
An increasing magnetic field strength (from 1.5T to 7T) increases the MHD effect observed in the acquired ECG

signals (a). The magnitude of the MHD effect observed in a vertically oriented 1 T magnetic field is of similar magnitude
when compared to the MHD effect measured in a 3T MR scanner with a horizontally aligned magnetic field (b). The
QRS complexes are located at t = 0.15s.

3.3.2 The MHD effect in different subjects and ECG leads

There are considerable variations of the MHD effect observed in different subjects. Examples of ECG
signals of two different subjects are depicted in Fig. 3.18. All signals were acquired at 7 T. Although
similarities can be observed in the same lead of the two subjects, the detailed morphology of the ECG
traces are different, e. g. the location, shape and magnitude of the peaks are different in the different
records. It can also be observed that the MHD effect is less severe in lead V4 when compared to
lead II. Regarding ECG lead II, a robust manual identification of the R-peak is not possible in the
shown examples. In ECG lead V4, the MHD effect is less pronounced so that the R-peak (aligned at
150 ms in Fig. 3.18) can be identified by its typical morphology. However, when considering a single
ECG lead only, a reliable manual identification of the R-peak does not seem to be possible.

3.3.3 Impact of the MHD effect on the VCG

The vectorcardiogram (VCG, see Section 2.1.3) is a method, which is commonly used in MRI for
gating purposes. Since the VCG is derived from the ECG using the inverse Dower matrix given in
Egs. 2.5 and 2.6, p. 13, it can be expected that the MHD effect also affects the VCG signals. Examples
for a VCG in different views are given in Fig. 3.19 and the corresponding x, y and z signals of these
spatial representations are depicted in Fig. 3.20. Figures 3.19a to 3.19c depict the VCGs outside the
MR scanner. A vector pointing at the spatial position of the R-peak of the ECG acquired outside the
MR scanner is defined as reference vector r. Figures 3.19d-3.19f depict the spatial representation
of the VCG from the 3T ECG measurements. In these VCGs, the QRS loop is clearly separated from
the distortions, which were caused by the MHD effect. The distortions are mainly concentrated in
the centre of the VCG space. The angle and amplitude of the R-peak vector inside the MR scanner
deviates by 3.6° and 0.4 mV from the reference R-peak vector r.

Figures 3.19g-3.19i show the spatial VCG from the recordings which were made inside the 7T
MR scanner. It was shown that two essential effects influence the VCG during MRI and degrade
its usability for gating purposes at 7 T [Krug 13b]. The first effect concerns the spatial expansion of the
MHD effect. Compared to the 3 T measurements depicted in Figs. 3.19d-3.19f, the MHD effect covers
a much larger area/volume in the 7T VCGs. This can be explained by the increased amplitudes and
complexity of the MHD effect as shown in Fig.3.20. The second effect is the altered orientation of the
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Figure 3.13.: ECGs recorded outside the MR scanner (black) and inside the 3T MR scanner in the feet first (Ff) position
(grey). The shape or slope of R-peak is preserved in some of the leads, especially in the precordial leads. However,
additional signal components with high slopes are caused by the MHD effect. The QRS complexes are aligned at t = 0.15s.

R-peak vector with respect to the reference vector r. Angle and amplitude varied by 68.7° and 1.7 mV,
respectively. As explained in Sections 3.3.1 and 3.3.2, the MHD effect mainly affects the segment
between two QRS-complexes, i. e. the ST-segment, the T-wave and the P-wave. The changing R-peak
amplitude can be explained by the analogue high-pass filter of the ECG recorder. Where the ECG
signal has a zero mean, the MHD effect exhibits an non-zero DC component which is added to the
ECG signal. This additional DC component is removed by the high-pass filter of the ECG recorder. As
a result, the baseline of the filtered signal experiences a shift. This effect is depicted in Figure 3.21.
The baseline shift varies between the different ECG leads depending on the magnitudes of the MHD
effect. Hence, the ECG’s amplitudes are altered between the ECG recorded outside which is usually
taken as the reference signal r and the ECG recorded inside the MR scanner. The altered alignment of

Dissertation Johannes W. Krug 41



3. Problem formulation, impact of the MHD effect on the ECG and state-of-the-art

0.5

|
N

o
o 4

o4

Voltage in [mV]
s -
o - (%]
Voltage in [mV]
L o 4 0n
Voltage in [mV]
b N o -
o
2
o -
(2]

0.2 04 06 0.8 0.2 04 06 0.8 0 0.2 04 . 0.8
Time in [s] Time in [s] Time in [s]
(a) Lead | (b) Lead Il (c) Lead IlI

=}

3

o
]

|
n

Voltage in [mV]
LS
- [$,] o
Voltage in [mV]
S o
n o (2] -
%
Voltage in [mV]
L °
I -
~
o4

o
®

T T T T
0 0.2 0.8 0 0.2 0.8

o

0.2 . 0.
Time in [s]

(d) Lead aVR (e) Lead aVL (f) Lead aVF

0.4 0.6 0.4 0.6
Time in [s] Time in [s]

0.5

(I) 012 0!4 0?6 I . 0.
Time in [s] Time in [s]
(g) Lead V1 (h) Lead V2 (i) Lead V3

o
©

Voltage in [mV]
S
o -
Voltage in [mV]
L o - N
] 1 ]
Voltage in [mV]
L o - N
o4
e
o -
i
o

o
©
o
o
©

0.2 0.

0.4 0.6
Time in [s]

Voltage in [mV]
Cb °
- (&2 o (%] -
Voltage in [mV]
o - n
o4
o
2
o
o
Voltage in [mV]
IN o -

o
e

|
N

0.4 0.6 0.8 0.2 K . 0.2 0.4 0.6
Time in [s] Time in [s] Time in [s]

(j) Lead V4 (k) Lead V5 (1) Lead V6

o
©

Figure 3.14.: ECGs recorded outside the MR scanner (black) and inside the 3T MR scanner in the feet first (Hf) position
(grey). The shape or slope of R-peak is preserved in some of the leads, especially in the precordial leads. However,
additional signal components with high slopes are caused by the MHD effect. The QRS complexes are aligned at t =~ 0.15s.

the R-peak vectors is considered again in Section 5.2 in order to discuss the problems of VCG-based
gating methods at 7 T.
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Figure 3.15.: ECGs recorded outside the MR scanner (black) and inside the 7T MR scanner in the feet first (Ff) position
(grey). The shape or slope of R-peak is preserved in some of the leads, especially in the precordial leads. However,
additional signal components with high slopes are caused by the MHD effect. The QRS complexes are aligned at ¢t =~ 0.15s.

3.3.4 Consequences for ECG-based gating and diagnostics

The ECG measurements shown in the previous sections highlighted the problems caused by the MHD
effect. QRS detection becomes more challenging with increasing magnetic field strength due to the
higher MHD effect. A reliable R-peak detection is essential for gating CMR sequences and for mon-
itoring the patient’s heart rate and rhythm. In CMR, misclassified R-peaks can lead to an incorrect
filling of the k-space causing artefacts in the reconstructed images [Ferreira 13].

At typical clinical magnetic field strengths (< 3T), R-peak detection is reliable and the influence of
the MHD effect can be neglected in most of the cases for gating purposes. The main problems at
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Figure 3.16.: ECGs recorded outside the MR scanner (black) and inside the 7T MR scanner in the head first (Hf) position
(grey). The shape or slope of R-peak is preserved in some of the leads, especially in the precordial leads. However,
additional signal components with high slopes are caused by the MHD effect. The QRS complexes are aligned at ¢ =~ 0.15s.

these field strengths arise from the gradient magnetic fields [Felblinger 99, Abécherli 05, Oster 09a].
The diagnostic information of the ECG contained in the P-wave, the ST-segment and the T-wave is
hidden due to the superimposed MHD signals. This diagnostic information is often required for patient
monitoring during anaesthesia or for the functional analysis of the myocardium in the EP lab (see
Sections 2.1.4 and 2.3.2). Especially the EP procedures are limited since the the P-wave and the
T-wave cannot be observed during MRI [Vergara 11]. Hence, the MHD effect is one reason why
certain interventional procedures, which required a proper cardiovascular monitoring, cannot simply
be transferred into an MRI environment.

The following two sections gives an overview over different methods, which enhance the quality of
the ECG signal, to enable a reliable gating for CMR and an improved patient monitoring during MRI.
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Figure 3.17.: ECG signals acquired outside (a) and inside (c) a 7T MR scanner and their corresponding time frequency
energy distributions (TFED) (b,d). For the ECG acquired outside the MR scanner, most of the energy in the time-frequency
plane is concentrated around the position of the R-peak whereas a frequency range of approximately 5Hz to 50 Hz is
covered. The TFED of the 7T ECG contains higher energies in a wider range of frequencies and is spread along the time
axis. The TFED were estimated using the smoothed pseudo Wigner Ville distribution (SPWVD). The positions of the

QRS complexes are marked by red dots or arrows.
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Figure 3.18.: Comparison of ECG signals acquired from two different subjects at a magnetic field strength of 7T.
Depending on the subject and ECG lead, the MHD effect can exceed the magnitude of the R-peak. The general shape and
temporal evolution of the MHD effect is different between the different subjects. (The R-peak is aligned at ¢ &~ 0.155s.)
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Figure 3.19.: VCGs in different views recorded outside and inside the 3T and 7T MR scanners. Black dots mark the
positions of the R-peaks. Black lines in (d)-(f) and (g)-(i) represent the reference vector r taken from the ECGs (a)-(c)
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recorded outside the MR scanner. Red lines represent the R-peak vector from the ECG recorded inside the MR scanner. (All
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Figure 3.20.: VCGs acquired (a)-(c) outside, (d)-(f) in a 3T and (g)-(i) in a 7T MR scanner. The R-peak is aligned at
t ~ 150 ms.
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Figure 3.21.: Baseline shift caused by the internal high pass filter of the ECG recorder. The MHD effect introduces an
additional DC component which is suppressed by the HP filter. Hence, the amplitude of the R-peak is altered. This results
in an alteration of the R-peak vector’'s amplitude and angle in the VCG domain.
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3.4 Gating methods for motion compensation in CMR

3.4.1 Existing ECG-based gating methods

VCG-based gating

A widely used method for gating in CMR is based on the VCG [Fischer 99,Chia 00,Fischer 01,Nacif 12].
The VCG-based approach assumes that the ECG (especially the QRS complex), the gradients and the
MHD effect are spatially separable within the VCG space. The initial proposal for the VCG-based
gating method [Fischer 99] was using the Frank lead system to obtain a three dimensional VCG
signal [Frank 56]. Later, an orthogonal lead scheme similar to the one depicted in Fig. 3.22(a) was
used to obtain a 2D VCG. This 2D VCG is a simplified version of the VCG described in Section 2.1.3.
The proposed method named ‘target distance approach’ is mainly based on the measurement of the
distance between a reference vector r and the vector of the actual VCG measured inside the MR, v(¢).
The vector r is described by a reference R-peak from an ECG recorded outside the MR scanner with r =
(rz, Ty, 7). The vector v(t) describes the spatial coordinates of the VCG inside the MR scanner at time ¢
with v(t) = (v.(t),vy(t),v.(t)). R-peak detection is realised by measuring the angle and distance
between the two vectors. A more detailed description of this method is given in Appendix A.

VCG-based gating methods are well established in typical clinical MR scanners with magnetic field
strengths lower than 3T. However, in ultra-high field (UHF) MRI scanners with magnetic field
strengths of 7T or 9.4 T used in clinical research applications, these methods can be prone to errors due
to the increased influence of the MHD effect [Frauenrath 09,Frauenrath 10b,Brandts 10,Lamb 12, Gre-
gory 14a]. The analyses made in Section 3.3.3 intended to explain those observations made in clinical
scenarios®.

3D-QRS method

Tse et al. recently proposed a method for QRS detection up to 3T using the ‘3D-QRS’ method
[Tse 11a,Tse 12, Tse 13, Gregory 14a]. The precordial leads of the 12-lead ECG were used to generate
a 3D template of the QRS-complex. Such a template is depicted in Fig. 3.23. ECGs were acquired
using a commercially available 12-lead ECG device, which was modified in order to make it 1.5 T MR
conditional [Tse 10a, Tse 14]. The method was also tested with 7T records®. R-peak detection was
performed by cross correlating the ECG trace acquired inside the MR scanner with the predefined 3D
QRS template. It showed promising results for the lower magnetic field regime (< 3T). However,
the method was tested with a few subjects only and the results clearly showed the limitations of this
method for ECGs acquired at 7T. For the 7T records, an average sensitivity Se = 96.2 % and positive
predictive value +P = 96.1 % were achieved.

>The results of this study were published by Krug et al. [Krug 13b]
6The 7T records used in the study of Gregory et al. [Gregory 14a] were provided by Johannes Krug.
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(a) ECG electrode configuration (b) Principle of the VCG-based gating algorithm visualised using
for recording two perpendicular a 3D-VCG [Fischer 99].

leads [Chia 00].

Figure 3.22.: ECG electrode positions for acquiring two perpendicular leads (a) and the VCG-based gating principle (b).
The gating principle is shown using a 3D-representation of the VCG. The reference vector 7 = r was defined from an ECG
acquired outside the MR scanner. The reference vector points at the position of an R-peak. Basically, the distance cf(t)
between the (static) reference vector 7 and the (moving) VCG vector ¥(t) = v(t) obtained from the ECG acquired inside the
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MR scanner is measured. A minimum distance vector d(t) is assumed to correspond to the position of an R-peak.
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Figure 3.23.: 3D-template of the QRS complex used for R-peak detection. The template was derived from the six precordial
leads V1-V6 (corresponds to electodes 1-6 in the figure). R-peak detection was performed by crosscorrelating the template
with the signal of the precordial leads. (Image source: [Gregory 14b])

Wavelets

Oster et al. utilized the Wavelet transform and a local regularity characterization to detect the QRS
complex in ECG signals contaminated by the MHD effect and additional gradient
artefacts [Oster 09a]. After applying the wavelet transform using a ‘Mexican Hat’ wavelet, the scalo-
gram was analysed for singularities. The R-peaks are considered as the most important singularities
of the ECG signal. Gradient artefacts constitute singularities as well but with different regularity as es-
timated in the scalogram. The singularities were identified from the scalogram by measuring the local
regularity, which can be measured using the Lipschitz exponent. Based on the detected singularities,
R-peaks and gradient artefacts could be detected and classified.
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A specific VCG-based R-peak detector for congenital heart diseases (CHD)

The MHD effect is not the only effect that can lead to false or missed R-peak detections. Morphological
variations of the QRS complex can also lead to such misclassifications. Such variations can occur
in patients suffering from congenital heart disease (CHD). CHDs such as Ebstein’s anomaly of the
tricuspid valve or the Tetralogy of Fallot cause variations of the ECG signal [Kastor 75, Gatzoulis 97].
Patients suffering from the Ebstein anomaly partially show altered QRS patterns [Kastor 75]. Due to
these altered QRS patterns, gating based on the ECG can cause incorrect results, e.g. during MRI-
based flow quantifications, or it can make cardiac gating impossible [Fratz 08]. To cope with gating
problems in CHD patients, a matched filter, a template matching algorithm and a modified version
of the VCG-based method were used for R-peak detection [Knesewitsch 13]. No further details were
given about the implementation and combination of these techniques. The method was also partly
described in [Frank 11,Frank 13]. No further details were provided about how the templates and the
matched filter were designed. Although this method achieved a high R-peak detection quality for ECG
signals recorded in a 1.5 T MR scanner in terms of specificity (99.76 %) and sensitivity (100 %), results
for the mean delay and jitter of the detected R-peaks were not reported quantitatively. Besides, the
proposed method was not tested in MR scanners with higher magnetic field strengths.

Higher order central moments

Higher order central moments constitute another method for QRS detection during MRI. Methods
based on the central moments utilise the steep upslope and downslope of the QRS complex. Our
previous works showed that such a method enables a reliable QRS detection [Schmidt 14]. The
method was evaluated using 3 T ECGs and PhysioNet’s INCART” arrhythmia database [Goldberger 00].
For QRS detection purposes, the 4™ order central moment® was utilised which is defined as

pi=E[(X ~E(X)"] =+ 3 (a(i) — 2)’ (3.12)

=1

where E(X) is the expected value of X, i € N and n the number of samples. After bandpass filtering
the ECG signals (5" order Butterworth filter, passband ranging from 2Hz to 30 Hz), the 4™ order
central moments were computed in windows of 20 ms length [Schmidt 14]. The central moment
exhibited high values during during the upslopes and downslopes of the QRS complex. An adaptive
threshold was utilised for the QRS detection based on the central moments peaks. Figure 3.24 depicts
the 4th order central moments obtained from ECGs acquired outside and inside a 3T MR scanner.

7

8In contrast, the moment of order n is defined as m,, = I [(X)"] and standardise moment of order n as #n/o™ where yir,
is the n-th central moment and o the standard deviation.
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Figure 3.24.: QRS detection based on the computation of the 4t order central moments for ECG signals (lead V4) acquired
outside (a) and inside (b) a 3T MRI scanner. The central moment was computed in sliding windows of 20 ms length.
During the upslopes and downslopes of the QRS complex, the central moment exhibits high values which were used for

a threshold-based QRS detection.

3.4.2 Alternative gating methods

Navigator-based techniques

Navigator-based techniques can be used to measure the motion of the patient’s heart muscle or of the
diaphragm during normal respiration. The advantage of navigator-based techniques is that they do
not require additional hardware. The general principle of this technique is explained and depicted in
Fig. 3.25. A pencil beam (navigator) is excited and the resulting profile along this beam is measured.
The navigator is placed along a direction of high signal contrast, e.g. along the border of a heart
chamber (cardiac motion) or along the border of the lung and the liver (respiratory motion). The
position of the border along the navigator is tracked, and as this border moving with respiration (or
heart motion) it gives an alternative respiration (or heart motion) signal.

Phonocardiogram (PCG)

The phonocardiogram (PCG) is a representation of the heart sounds, which are caused by the isovol-
umetric contraction of the ventricles (heart sound S1) and by the closure of the aortic and pulmonary
valves (heart sound S2) [Abbas 09]. The PCG was fist used by Henneberg et al. for patient monitoring
during MRI [Henneberg 92]. It was then further developed by Frauenrath et al. for triggering CMR im-
age sequences [Frauenrath 08,Frauenrath 09,Frauenrath 10b,Frauenrath 10c]. The PCG is measured
using a purpose-built, MRI-compatible stethoscope whereas the first heart sound (S1) is used to trig-
ger the MR scanner. This method was later used in a commercial device names EasyACT (MRI.TOOLS
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Figure 3.25.: Navigator-based estimation of the respiratory and cardiac motion. (a): Explanation of the functional principle
using the motion of the diaphragm. A pencil beam is aligned through the diaphragm along the z-direction covering the
border of the liver and the lung. The magnetisation along the z-axis is estimated by the Fourier transform of the pencil
beam'’s gradient echo signal. The resulting signal distribution along the z-axis is the so-called navigator profile. The contrast
in this profile is caused by the different signal intensities of liver and lung tissue. The total time required for applying the
navigator pulse, for the acquisition of the gradient echo and the evaluation of the signals is approximately 20 ms. (b):
Estimated cardiac and respiratory navigator signals.

GmbH, Berlin, Germany).

Together with the ECG- or VCG-based gating methods, the PCG technique is one of the most reliable
methods. This technique has been evaluated with a larger patient cohort in [Nassenstein 12b]. It
was shown that this method is robust against acoustic distortions induced by pathological or artificial
valves. Compared to the ECG, it is convenient to apply the PCG since a shaving of male patients is not
required. The PCG-based gating method is compatible with the MRI environment since no metallic
parts or wires have to be inserted into the MR scanner or attached to the patient. Since it is not
affected by the MHD effect it can be used even at very high magnetic field strengths.

However, the PCG only worked for retrospectively gated cine imaging. This results from the delay
between the R-peak and of the first heart sound S;. There is a physiological delay between the QRS-
complex and the first heart sound of 30 ms [Rangayyan 87]. The heart sound signal is then further
delayed by the time it takes to travel along a wave guide until it reaches the electronic circuits placed
outside the MR scanner, filter delays and the latency of the system generating a proper trigger sig-
nal [Frauenrath 08]. Hence, in a prospectively triggered cine sequence, the early systole would not
be covered. The missed beginning of the systole could lead to a bias when assessing left ventricu-
lar (IV) function [Nassenstein 12b]. For retrospective image acquisition, the ECG- and PCG-based
method gave comparable results for the assessment of the left ventricle. Another study revealed that
PCG-based gating has some limitations in velocity-encoded phase contrast imaging [Nassenstein 12a].
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Photoplethysmogram (PPG)

The PPG is a technique to assess the heart rate and can be obtained by a pulse oximeter. Usually,
a sensor is applied at the finger tip or the earlobe. This sensor is composed of a light-emitting diode
(LED) and a photodiode. The LED is used to illuminate the skin. The photodiode measures the light
intensity transmitted through or reflected by the skin (depending on sensor construction). Due to the
blood volume variation caused by the pulse pressure wave travelling through the vessels to the distal
parts of the body (e. g. the finger tips), the intensity of the transmitted or reflected light varies. This
information is used to estimate the heart rate. The PPG is robust against the distortions of the MHD
effect and gradients (assuming a proper hardware design). Hence, it is a robust method to obtain the
heart rate during MRI.

However, there is a high delay of around 300 ms between the ECG’s R-peak and the peak of the PPG
signal [Allen 02]. Relevant parts of the cardiac systole would be missed when the PPG is used for
gating in the MR scanner. The PPG-based measurement principle has another disadvantage which is
related to the pulse transit time (PTT). The PTT is the time it takes the pulse pressure wave to travel
from the heart to the periphery of the body. However, the PTT is not a constant time. It is affected
by a variety of different factors including the compliance of the arteries, the blood pressure or the
heart rate [Lane 83, Drinnan 01]. Hence, an a priori relation between the occurrence of the R-peak
and the measured pulse pressure wave cannot be given. Gating methods that are based on measuring
the pulse pressure wave would suffer from changes in the PTT. Hence, an exact offset between the
occurrence time of the R-peak and the pulse pressure wave cannot be given. It was shown previously
that PPG signals suffer from a high jitter [Frauenrath 10b].

These different physiological factors limit the utilisation of the PPG signal for gating purposes. In
clinical practice, the PPG is only used if a proper ECG signal is not available which makes its previously
mentioned limitations acceptable.

Ultrasound

Ultrasound (US) constitutes another method to measure cardiac motion and to achieve motion com-
pensation. Giinther et al. and Feinberg et al. utilised US to gather information about the motion and
position of the diaphragm [Giinther 04, Feinberg 10]. Based on the knowledge of cardiac motion, the
MRI scan planes were updated in real-time.

The US-based approach by Kording et al. utilised the Doppler effect to generate a trigger signal [Ko-
rding 14]. For that, the Doppler signal from transmitral flow (the blood flow from the left atrium
to the left ventricle) was acquired. The E-wave in the Doppler signal which is present during the
early diastole was used as a trigger signal. Retrospectively gated CMR images were acquired using
Doppler US, ECG and pulse oximetry as trigger signals. The image quality of US and ECG gated CMR
were of comparable quality. The mean jitter difference between the Doppler US (¢ = 42ms) and the
ECG (0 = 48 ms) was not significant. It was shown that the US-pulse wave signals can be used as an
alternative to the ECG.

Gating methods based on US require additional hardware which can be used inside the MR scanner.
This hardware is usually not commercially available and hence, custom modified products are used
mostly for research purposes. It is not clear if the method based on Doppler-US functions properly with
heart failure patients where the different wave are possibly not clearly determinable [Kording 14].
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Patients with a reduced compliance may also negatively affect the quality of the Doppler US signal.

Measurement of oesophagus motion by means of an optical “stethoscope”

Brau et al. proposed a fibre-optic measurement system for the detection of oesophageal wall motions
caused by the contractions of the heart [Brau 02]. Two attached optical fibres (one for transmitting
and one for receiving the light) were inserted into the oesophagus. During the movements of the
oesophageal wall, the amount of reflected light changed. This signal was utilised to derive information
about cardiac motion. The system was evaluated in rats and mice and it was shown that it provided
a robust trigger signal (no quantitative results were given). However, the system was not tested with
human subjects. The obvious disadvantage of this method when applied to human subjects is the
required insertion of an oesophageal catheter or endoscope.

Methods for a remote PPG using cameras

Non-contact measurements of cardiac activity could constitute another interesting possibility to achieve
gating in CMR. Research groups from the MIT, Cambridge, USA [Poh 10,Poh 11], from the University
of Oxford, Oxford, UK [Tarassenko 14, Villarroel 14] and from the Dresden University of Technology,
Dresden, Germany [Lempe 13a, Lempe 13b, Zaunseder 14] published methods for the camera-based
acquisition of a remote PPG (rPPG). Although the rPPG method has not been used for gating in CMR,
it shall be briefly introduced since the physiological principle is similar to the contact-based PPG mea-
surements. The rPPG method uses a camera to measure changes of skin color which result from
blood volume changes in sub-surface blood vessels [Blazek 00]. An example for a rPPG measure-
ment showing color encoded blood volume changes is depicted in Fig. 3.26. In order to measure
the color variations at a dedicated position (e. g. at the forehead), a facial segmentation method was
proposed [Diaz Morales 12]. With further improvements and an increasing robustness of the rPPG
method it might be suitable for gating applications within the controlled MRI environment (constant
lightning, less patient movement). However, the same constraints apply to this method as for the
contact-based PPG method. Since the PTT is not constant and underlies the same physiological prin-
ciples, this is expected to have a negative effect on the quality of CMR images.

Figure 3.26.: Example for a remote PPG measurement showing pulse amplitude maps (blue: low signal value, red: high
signal value). [Lempe 13b]

Dissertation Johannes W. Krug 55



3. Problem formulation, impact of the MHD effect on the ECG and state-of-the-art

Camera-based ballistocardiogram acquisition

Ballistocardiograms (BCG) would be a further alternative for cardiac gating during MRI. BCGs mea-
sure the repetitive mechanical body movements which are caused by the ejection of blood into the
major blood vessels [Weissler 73]. Camera systems with high spatial resolutions utilising interfer-
ence patterns are one way to to measure microscopic head movements caused by ballistocardo-
graphic forces [Armstrong 02]. Such techniques are used to compensate head movements during
high-resolution MRI scans of the brain [Stucht 12]. The relation between an optically acquired BCG
signal and the ECG was investigated [Krug 14]. Head movements were measured using an MR-
compatible camera system (MT 384ib, Metria Innovation, USA). Figure 3.27 depicts ECG signals with
concurrently acquired displacement BCG signals and the derived velocity BCG. The delay of the dis-
placement BCG exceeded 200 ms for all subjects measured in the study. The maximum displacement
of the head due to the cardiac activity were in the range of 20 um to 50 um [Krug 14]. Hence, sub mil-
limetre movements of the head would cause artefacts in the BCG signal making peak detection more
complicated or even impossible. This fact means that a high patient compliance is required to en-
able a reliable heart beat detection. Additionally, it is not yet fully investigated how certain cardiac
arrhythmias affect the BCG signal and how this would influence gating in CMR.

3.4.3 Discussion and remaining problems

Nowadays, the ECG signal is the most common signal used for gating in CMR. The R-peaks or
QRS complexes are the most dominant features of the ECG, which mark the beginning of the ven-
tricular systole. Utilising the morphology of the ECG signal, several types of cardiac arrhythmias can
be detected and distinguished. An ECG signal is acquired in most of the MR scanners where CMR
imaging is performed or where the heart rate of the patient is required for monitoring purposes. This
is either done by hardware provided by the manufacturer of the MR scanner or by external, MR safe
hardware. Most of the devices and algorithms used for ECG acquisition and QRS detection are tested
and approved for MR scanners with magnetic field strengths of up to 3 T.

With an increasing magnetic field strength, the detection of the R-peaks becomes more and more
challenging due to the more severe MHD effect. CMR at 7T and above is usually referred to as ultra
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Figure 3.27.: Exemplary measurements of ECG lead Il synchronised with the displacement (a) and the velocity (b) BCG
signals. The ECG is contaminated by MHD signals which are caused by the flow of blood perpendicular to the static
magnetic field.
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high field CMR (UHF-CMR). Recent studies showed that ECG-based gating in UHF-CMR is prone to
errors due to the increased MHD effect [Brandts 10, Frauenrath 10b, Lamb 12, Suttie 12, Krug 13b].
The impact of MHD-related gating problems at UHF-CMR was recently addressed during the 2013’s
conference of the ’Society for Cardiovascular Magnetic Resonance’ (SCMR)® within the special session:
"Solving the Cardiac Gating/Triggering Conundrum at Higher Fields’ [Carpenter 13]. This shows the
high interest within the CMR research community to improve the quality of QRS detection for gating
purposes, especially for research applications performed at magnetic field strengths of 7T and above.
The presented solutions were based on the ECG signal [Krug 13a, Tse 13], the phonocardiogram and
self-gating techniques.

Other non ECG-based gating approaches, which are not affected by the MHD effect were proposed
to overcome the problems of the ECG. However, these methods have other drawbacks which can
influence the quality of the acquired MR data. The ECG is well studied and allows the detection of
arrhythmias, which is required to obtain high-quality CMR images. Since the ECG’s R-peak occurs
before the ventricular systole and hence before the contraction of the myocardium, only the ECG
enables the usage of certain CMR sequences. The PCG, PPG, rPPG and BCG signals have high delays
with respect to the ECG’s R-peak, which limits their applicability for certain CMR sequences. Another
practical aspect is that physicians often desire an ECG signal to monitor a patients heart rate and to
see a trace of the ECG (although the ECG is distorted by the MHD effect). Hence, the ECG signal is
already used in most cases.

3.5 ECG-based patient monitoring during MRI scans

3.5.1 Previous works on ECG-based diagnostics

Adaptive filters

Tse et al. utilized a 12-lead Cardiolab-IT recording system (GE Healthcare, UK) for the acquisition of
ECG signals during MRI [Tse 10a, Tse 11b, Tse 14]. The recording system was modified to be used
during MRI [Dukkipati 08]. ECG signal were acquired at 1.5 T in head first and feet first positions.
An adaptive least-mean-square (LMS) filter was trained using the ECG records acquired inside and
outside the MR scanner. A schematic of the complete filtering procedure is depicted in Fig. 3.28.
Before filtering, it was necessary to classify the beats either as normal or as premature ventricular
contractions (PVC). Separate adaptive filters were then applied to the normal and PVC beats in order
to attenuate the MHD signal components. No details were provided about how the different beats
were classified and how the MHD effect could influence the automatic classification procedure. It
was reported that the ST-segment was preserved after the MHD effect was filtered. However, no
quantitative evaluation was provided. The MHD effect was utilized as a signal for estimating the
cardiac output (CO). This was achieved by integrating the extracted MHD signal from the S-wave
until the end of the cardiac systole. Differences were observed in the CO signals during normal and
PVC beats. Results for the CO were only compared qualitatively and were not underpinned by any
reference measurements. Although it is generally assumed that the aortic arch contributes most to
the MHD effect, other blood vessels also contribute to this signal. Hence, the differences observed
between a normal sinus rhythm and a PVC give no clear indication of how much and in which blood

9Meeting abstracts are available at:

Dissertation Johannes W. Krug 57


http://www.jcmr-online.com/supplements/15/S1

3. Problem formulation, impact of the MHD effect on the ECG and state-of-the-art

vessel the flow changed.

Independent component analysis

Bhatt et al. superimposed simulated MHD signals to real 12-lead ECG signals [Bhatt 09a]. MHD
signals were simulated using the model described in [Bhatt 09c]. The ECG and arterial blood pres-
sure (ABP) signals were taken from the PhysioNet MGH/MF Waveform Database'® [Goldberger 00].
The simulated MHD signal was added to the 12-lead ECG using a linear mixing matrix. No fur-
ther details were published about the definition of the weighting factors. The ECG signals and the
linearly added MHD signal were separated using independent component analysis (ICA) [Hyvéri-
nen 99a, Hyvérinen 99b]. The ABP signal was used as a reference signal to identify the IC which
represented the simulated MHD effect. This IC was eliminated and the remaining ICs were used to
construct an MHD-filtered ECG signal. The results are promising showing a good separation of the
MHD effect and the underlying ECG signals. Important parts of the T-wave, i. e. its end and amplitude,
could be restored. Errors occurred in the ST-segment and in the amplitude of the QRS complex. A lim-
itation of this study is the way the MHD signal was simulated and how it was added to the ECG. The
MHD signal was simulated for a single lead and a linear mixing matrix was used to superimpose this
signal to the 12-lead ECG. Beat-to-beat variations of the MHD signal, e. g. caused by the different RRI
length, were not considered. It can be assumed that the linear mixing model was mainly responsible
for the good results obtained by the study. This assumption requires further investigation in order to
reveal if ICA is capable of separating more realistic mixtures of ECG and MHD signals.

Time frequency analysis

In another study of Bhatt et al., the simulated MHD effect was mixed into a single artificial ECG
trace [Bhatt 09b]. The ECG signals were synthesized using an Gaussian model based ECG genera-
tor [McSharry 03b, McSharry 03a]. As with the ICA-based experiments, the aim was to separate ECG
and MHD components to obtain an ECG signal for diagnostic purposes. The method utilised a single
ECG lead contaminated by the MHD effect. A spectrogram or time frequency distribution of this single
lead was obtained using a short-time Fourier transform [Kiencke 08]. Singular value decomposition
(SVD) was applied to the STFT matrix (a 2-dimensional matrix) in order to decorrelate the different
signal components. The power spectral density was obtained for each component. Those compo-
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Figure 3.28.: Removal of the MHD effect using adaptive filters [Tse 14]. Preprocessing includes the classification of normal
and PVC beats. Separate filters were then applied to the different beat types. (Image modified according to [Tse 14].)
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3.5 ECG-based patient monitoring during MRI scans

nents with high energy between 1Hz and 4 Hz were assumed to correspond to the MHD effect and
were eliminated, i. e. the singular values were set to zero. Filtered ECG signals were reconstructed by
performing an inverse STFT. The results show an attenuation of the MHD but due to the remaining er-
rors within the ECG’s ST-segment, the method is not suitable for providing an ECG trace for diagnostic
purposes.

Extended Kalman filters

Oster et al. proposed a model-based approach utilizing an extended Kalman filter (EKF) [Oster 13].
This method is also described in [Clifford 13]. The ECG signal was modelled using a synthetic ECG
generator based on the sum of seven Gaussians [McSharry 03b, McSharry 03a]. For modelling the
MHD effect, blood flow was measured using a 4D phase contrast MRI sequence (see Section 3.2.3).
Muscle artefact and baseline wander noise were added to the simulated ECG signals. Using a 3D
model of the aortic arch and the human torso, the body surface potentials caused by the MHD effect
were estimated [Oster 12]. The ECG was modelled using an artificial vector model [Clifford 10],
which was based on the synthetic ECG models described above. Two different types of pathologi-
cal ventricular repolarisations were modelled by varying the parameters of the Gaussian functions
representing the ECG: the inversion of the T-wave and a prolonged QT-interval. Using the EKF, the
simulated pathological changes were detected in the filtered signals. The simulations did not include
a variation of the MHD effect during the simulated pathological episodes.

Commercial devices and hardware developments

Several companies provide MR-compatible patient monitors. Depending on the device, different phys-
iological and technical parameters can be measured such as the ECG, pulse and oxygen saturation,
(non-)invasive blood pressure, capnography, anaesthesia gases or body temperature. The sensor data
is transmitted wireless in most devices using different standards (e.g. Bluetooth® or Zigbhee®). To
mention the most popular devices: MIPM TeslaM3, Invivo Precess, Schiller MAGLIFE Serenity or GE
Healthcare Datex-Ohmeda 14 MRI Monitor. Exemplary devices are depicted in Fig. 3.29. MR-compatible
anaesthesia machines provide the support of anaesthesia gases and mechanical ventilation devices
(e.g. the from GE Datex Ohmeda Aestiva 5 MRI or the Philips MRI 508 anaesthesia system). Although
these devices provide an ECG monitor which can be also used for gating the MR scanner (depend-
ing on the manufacturer/model), none of the devices can provide an ECG signal which enables an
analysis of the ST-segment or the T-wave for diagnostic purposes. Considering the transmission of the
ECG signals, electrical wire are not preferred due to the different magnetic fields. Hence, fibre optical
connections were used in the early days to transmit the ECG safely and without additional distortions
outside the MR scanner cabin [Felblinger 94, Felblinger 95]. Nowadays, most commercial devices use
wireless transmission techniques.
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Figure 3.29.: Exemplary MR-safe patient monitors from different manufacturers.

3.5.2 Discussion and remaining problems

The existing approaches can be roughly divided into two main groups: 1) those approaches which
developed methods and algorithms using real ECG signals acquired inside an MR scanner and 2) those
approaches that model the ECG or MHD signal or both. The advantage of the former is that the real
signals cover the whole complexity of the MHD signal. However, the ground-truth of the ECG and
MHD signals is unknown and it has to be assumed that the ECG does not change while the subject
is moved into the MR scanner (which is an acceptable assumption for healthy subjects). So far, no
detailed studies were published about how different denoising techniques affect the filtered, real ECG
signals and if such a filtered signal can be used for diagnostic purposes.

The advantage of the simulated approaches is that both signals are known a priori. Hence, the ob-
tained filter results, e. g. the removal of the MHD effect and the remaining ECG signal, can be eval-
uated quantitatively. Most simulations consider the aortic arch as the main contributor of the MHD
effect. Depending on which model is used, the simulated MHD waveforms come close to their real-
istic counterparts but cannot synthesize the whole complexity of the real MHD signals. This can be
explained by the fact that in real measurements, several other blood vessels contribute to the MHD
effect as well. Additionally, the MHD effect highly depends on the subject’s anatomy. However, models
of the MHD effect can be used to better understand the influence on the ECG and to develop filtering
methods, which can then be applied to real ECG measurements. Different signal processing methods
were used to obtain a diagnostic ECG during MRI.

Adaptive filters were applied to ECG signals with normal and premature ventricular beats. Although
it was stated that the adaptive filters preserved the amplitude of the ST-segment, no quantitative
studies were made using these methods. Additionally, the proposed method used different filters for
normal and PVC beats which required an initial identification of the beat type which again depends
on a specific subject. ICA was used to separate simulated mixtures of MHD and ECG signals. The
disadvantage of the described procedures is the linear mixing model which was used add the MHD
effect to the ECG signals. This assumption is not valid since the real ECG signals measured by the
different electrodes cannot be assumed to be linear combination of each other. Both, the ECG and
the MHD signal have their origin in different, spatially separated locations. More extensive studies
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were made using an EKF. An EKF was used to filter simulated mixtures of ECG and MHD signals with
additionally simulated pathologies of the ventricular repolarisation. The results were promising and
yielded denoised ECG signals, which allowed a correct detection of the simulated T-wave inversions
and the QT prolongations. In the future, the underlying models could be extended by also modulating
the MHD effect during pathological episodes. Using the results obtained from the simulated signals,
the EKF should be applied to real ECG signals acquired at different magnetic field strengths.

Currently, there is no study available which applied the filtering algorithms to simulated and real
ECG records in order to provide an extensive quantitative and qualitative evaluation. However, such
an evaluation would be required to discover those methods which could be used for a real clinical
application in the future. Since the simulated records can be used to evaluate different algorithms
quantitatively, a combined study using simulated and real records would be preferred.

ECG lead configurations

As shown in Section 3.5.1, 12-lead ECGs were already used during MRI for improved patient mon-
itoring purposes. The importance of the 12-lead ECG for cardiac diagnostic was also shown in Sec-
tion 2.1.4. Typical MR-conditional patient monitors as shown in Section 3.5.1 usually use dedicated
electrode configurations. Figure 3.30 compares the 12-lead configuration, which is often used for di-
agnostic purposes (see Section 2.1.4) to a standard electrode configuration used for gating purposes.
With these dedicated and reduced electrode configurations, manufacturers try to minimise the influ-
ence of the different magnetic fields in order the optimise the QRS detection for gating and heart rate
estimation. However, these non-standard configurations cannot be used for a detailed ECG analysis
due to reduced number of leads and the different electrode positions altering the morphology and
amplitude of the ECG signal. Hence, to enable an ECG-based gating and patient monitoring during
MRI, a standard ECG electrode scheme should be preferred.

N L

(a) 12-lead ECG configuration (b) 2-lead/3-lead system

Figure 3.30.: Different ECG electrode configurations for monitoring (a) and gating (b) purposes. Due to the different
locations of the electrodes used during MRI (b), different ECG morphologies and amplitudes are acquired when compared to
a standard 12-lead ECG electrode scheme (a) (see Sections 2.1.2 and 2.1.4). Hence, such electrode configurations have a
limited value for diagnostic purposes.

Dissertation Johannes W. Krug 61



3. Problem formulation, impact of the MHD effect on the ECG and state-of-the-art

3.6 Summary of previous works

Inside the MRI bore, the MHD effect causes distortions of the ECG signal. Experimental measurements
showed that these distortions mainly affect the P-wave, the ST-segment and the T-wave. QRS detection
within the MR scanner can be hampered due to the signal properties of the the MHD effect. For
magnetic field strengths of up to 3T, the usage of the ECG for gating in CMR is reliable and the
MHD effect plays a subordinate role for the detection of the R-peaks. However, previous studies
showed that ECG-based gating is less reliable at higher magnetic field strengths of 7T and above.
This can be explained by the increased MHD effect, which is more than twice as high when compared
to 3T measurements (see Section 3.3.1). Hence, those techniques developed for QRS detection at
lower magnetic field strengths cannot be directly used at higher magnetic field strengths in all cases.
There are no publications dedicated to the acquisition and processing of ECG signals for a reliable
QRS detection at magnetic field strengths of 7 T.

The MHD effect also limits the diagnostic value of the ECG signal during MRI at all magnetic field
strengths. Most commercial devices utilizing the ECG during MRI focus on its application for gating
purposes and heart rate estimation (see Section 3.5.1). None of the commercial devices currently
available on the market provides a diagnostic ECG trace, which could be used for ST-segment or
T-wave analysis. Except for heart rate estimation, only limited information can be obtained from an
ECG signal recorded during MRI. Only few research groups addressed the problem of obtaining a
diagnostic ECG during MRI, either by using simulated or real ECG signals. The studies described in
Section 3.5.1 based on real measurements give no detailed description of the methods or the results,
i.e. detailed quantitative or qualitative evaluation of the important sections of the ECG are missing.
The proposed methods based on simulated signals provided a helpful reference for the application
to real ECG signals. One promising method implemented an EKF utilizing a synthetic model of the
ECG signal. ECG signals with simulated MHD effect were used for the analysis. This method could be
used for gating and monitoring purposes. However, due to the underlying model, an extension of the
Bayesian filter method is required to be used in real-time.

All simulation models were not able to predict the full dynamics and complexity of the MHD signals.
This can be explained by the complicated origin of the MHD effect. Practically it is very difficult to
simultaneously assess the blood flow dynamics in the larger blood vessels with a high spatial and
temporal resolution. The specific patient geometry plays an important role as well, i. e. the geometry
of the torso and the location of the vessels and the myocardium. The simulation of all effects and
factors might not be feasible in a clinical scenario since this would require a detailed knowledge of
the patient’s anatomy and of the functional information, i.e. a blood flow quantification. Another
aspect is the complex interaction of both effects, i. e. of the ECG and the MHD. A changing ECG signal,
e. g. during a pathological event such as an ischemia, could be related to changes in the cardiac output
and blood flow. However, the simulation models provide a very helpful tool for the development and
evaluation of different filtering algorithms since only simulated signals allow a precise quantitative
analysis.
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3.7 Objectives of this thesis

Based on the investigations made in this chapter, this thesis aims to improve the quality of ECG signals
during MRI exams. More precisely, the following two aims are pursued:

1. Reliable R-peak detection for gating cardiac MRI sequences at 7 T.
2. Improved ECG-based patient monitoring during MRI up to 3 T.

Different simulated and real ECG records are required to improve existing or develop new methods,
which can achieve these aims. For diagnostic purposes, a conventional 12-lead ECG is preferred over
other lead configurations due to the reasons given in Sections 2.1.2 and 3.5.2. 12-lead ECG hardware
shall be used for the acquisition of the ECG signals from several subjects at different magnetic field
strengths. To simulate the MHD effect, the model of Oster et al. described in Section 3.2.3 is used. The
synthetic model which is used for the generation of the ECG is described in Section 4.2.2. Figure 3.31
outlines the different strategies, which are followed to achieve the two main aims.

Gating

The first aim arises from the fact that CMR at 7T (and above) attracts more and more attention and
interest from the CMR research community. Since no dedicated QRS detection algorithms were de-
veloped for such high field strengths, problems were reported from different research groups. Real
12-lead ECG records acquired in a 7T MRI scanner were used for the development and evaluation
of the different QRS detection algorithms. At the beginning, the existing VCG-based method were
improved based on the analyses made in Section 3.3.3. Following this, an approach based on ICA
was pursued to separate ECG and MHD components in order to obtain one independent component,
which is dominated by the R-peak or QRS complex. Results obtained by the newly developed method
were compared to other QRS detection methods (those described in Section 3.4.1 and standard QRS
detection algorithms referenced in Section 5.4). Although the implementation of the developed algo-
rithms on dedicated MRI hardware is not an aspect of this thesis, the developed method should be
applicable for an online usage by fulfilling the following requirements:

* Robust QRS detection in ECG records with low SNR.

* Applicable to ECG records with different MHD patterns.

* No user interaction, i. e. fully automated procedure.

* Online processing of the data using low computational resources.
* Small delays and jitter for the QRS detection.

Patient monitoring

Different requirements apply for the ECG-based patient monitoring during MRI. In this case, filtering
should not only enhance the QRS complex but also preserve the ST-segment and the T-wave of the
ECG signal. These segments are important for several diagnostic applications. Simulated and real ECG
signals were used for the development and evaluation of the algorithms. Wiener filters were applied
to both signal types since promising results based on adaptive filters were shown previously. ICA was
used to identify all independent components, which contain (relevant) information about the ECG
signal. Previous works using ICA made assumptions which do not apply in a realistic scenario. Hence,
ICA was applied to more realistic simulations and to real ECG signals as well in order to study the
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Figure 3.31.: Overview of the thesis objectives. Real and simulated ECG signals are used to develop methods for QRS
detection at 7T and for monitoring purposes at 3 T.

practical applicability of this method. Finally, an existing EKF framework was used since its previous
application to ECG signals corrupted by the MHD effect showed promising results [Oster 15]. Based
on previous simulation works, the simulation models of the ECG and MHD signals were extended to
include more variations of both signals during pathological episodes. The different algorithms were
evaluated quantitatively and qualitatively using simulated and real ECG records, respectively.
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4.1 Acquisition of ECG signals during MRI

4.1.1 Experimental setup

As described in Chapter 3, an ECG acquired during MRI is distorted by the gradients and by the MHD
effect. Since this work is focused on the suppression of the MHD effect for diagnostic and gating
purposes, the effect of the gradients was neglected. Hence, all physiological signals used in this work
were acquired in different MR scanners but in the absence of the switched gradient magnetic fields.
This means that the acquisition of the signals was performed while the scanner was not in use.

A wide variety of hardware is available for acquiring ECG signals. They can include patient monitors
as used during anaesthesia, 12-lead ECG devices used during cardiac stress tests, biosignal amplifiers
or portable Holter-ECG devices used for long-term monitoring. Besides, specific devices exist, which
can be used in the MR scanner during imaging, either for patient monitoring or for obtaining a limited
diagnostic information.

Two major requirements had to be fulfilled by the ECG hardware to be used in this work:

1. 12-lead ECG for diagnostic purposes and
2. access to the raw ECG data.

The first requirement could be fulfilled by biosignal amplifiers, which usually provide a large number
of input channels or by a conventional 12-lead ECG device. The advantage of a 12-lead ECG is that
it also provides more information about the spatial distribution of the ECG and MHD signals than an
ECG device with less channels. The second requirement limited the number of usable devices since
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most manufacturers of clinical ECG hardware do not give access to the raw ECG signals. Finally,
a conventional 12-lead Holter ECG device (CM3000-12, Getemed, Germany)!' with the following
technical specifications was utilised:

* Number of channels / ECG leads: 12

* Sampling rate: 1024 Hz

* Resolution: 12 Bit

* Input voltage range: +£6 mV

* Analogue bandwidth: 0.05Hz to 100 Hz

Additional software enabled a conversion of the proprietary signal format into a readable text for-
mat, which could then be used for further processing. This device was slightly modified since it was
not safe for the usage in close proximity to the MR scanner. Mechanical forces were caused by the
magnetic parts used inside the device. The battery and ferromagnetic screws were identified as the
main problems. In order to operate the ECG outside the range of the static magnetic field (outside the
5 Gs line?), the lead cables running from the Holter ECG device to the ECG electrodes were extended
with flat ribbon cables. For the MR scanner with the highest field strength utilised in this work — the
7T MR scanner — the 5Gs line had a distance of ~ 9m from the MR scanner’s center (this scanner
did not have an active shielding of the magnetic field). Figure 4.1 depicts the Holter ECG device with
the extended lead cable and the electrode clips. Although such long wired connections are generally
prone to coupling effects (especially from the 50 Hz or 60 Hz power grid), no coupling was expected
inside the MR scanner room since it is can be considered as a shielded environment.

The Holter ECG as well as the extended lead cables were not MR compatible. This means that there
was a potential safety risk causing patient injuries or damages of the electronic components of the ECG
recorder (see Section 2.2). As a consequence, the ECG signals were acquired without imaging, i. e. no
gradients or RF signals were present during ECG acquisition. Nevertheless, the static magnetic field
of the MR scanner was always present meaning that the acquired ECG signals were always affected
by the MHD effect.

The ECG signals used within this thesis were acquired in two different MR scanners without imaging:

* 3T Siemens Magnetom Skyra
* 7T Siemens Magnetom

To investigate the relation between the patient’s position and the By field, ECGs were measured in
different positions:

1. feet first (Ff) and in
2. head first (Hf) position.

As described in Sections 3.2.1 and 3.3.1, a change between those two positions reverses the orientation
of the static magnetic field vector By, which should approximately invert the MHD effect. The subject’s
sternum was positioned in the centre of the MR scanner’s bore during the measurements in order to
have a homogeneous static magnetic field close to the myocardium and the adjacent blood vessels.
The ECG signal was acquired for 2min to 3 min outside and 4 min to 5min inside the MR scanner

1The CM3000-12 was kindly provided by Getemed.
2The area outside the 5Gs line is generally considered as safe for the general public. This includes a safe operation of
devices such as cardiac pacemakers or other electronic devices (5 Gs=0.5 mT) [MHRA 07].
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4.1 Acquisition of ECG signals during MRI

Figure 4.1.: Holter ECG (CM3000-12, Getemed, Germany) with extended cables for the usage inside a 3T MR scanner
room. Electrodes were placed in a Mason-Likar 12-lead ECG configuration (see Section 2.1.2).

in each position (Ff, Hf). The signals acquired outside the MR scanner were used to investigate and
compare the different signal properties and were also used as reference signals in some of filtering
methods.

4.1.2 Definition of ECG datasets used for the different investigations

Annotation of the QRS complexes

A manual annotation of the QRS complexes was performed in order to assess the quality of the de-
veloped algorithms. This manual annotation was set as the gold standard. The signals were inde-
pendently annotated by two ECG experts: one physician (annotator A) who is regularly working with
ECG signals in clinical routine and one medical student (annotator B). Due to the high distortion of
the ECG traces caused by the MHD effect, the manual annotation of the QRS complexes was challeng-
ing in most cases for the 7T records. Different ECG leads were provided to the annotators in order
to understand the different signal components (ECG and MHD) and to enable a more reliable anno-
tation of the R-peaks. Figure 4.2 shows how different ECG leads were displayed during the manual
annotation procedure. Several leads of the clean ECG acquired outside the MR scanner and the ECGs
contaminated by the MHD effect were plotted at the same time. With the help of the QRS morphology,
which is partly preserved in the contaminated ECGs and the variations of the MHD effect, a manual
annotation was possible. Additionaly, a heart rate time-series (tachogram) was displayed to immedi-
ately identify misclassified or missed R-peaks (assuming that no arrhythmias were present). However,
each record had its specific properties so the annotators had to get used to the different morphologies
of the MHD effect. In general, the precordial ECG leads provided the best signal quality, i. e. the QRS
complex was more pronounced in these leads. Lead V4 was least affected by the MHD effect in most
of the records. Depending on the exact positioning of the ECG electrodes and the subject’s anatomy,
the best lead for the annotation varied from V2-V4.

For the 7T ECG records, both annotators initially agreed in 5293 cases. There was a disagreement
in 164 cases. By a subsequent simple tachogram analysis it was found that a total of 51 QRS complexes
were completely missed by the annotators. These missed QRS complexes were corrected and included
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in the annotation vectors. The remaining 113 cases of disagreement were caused by a falsely anno-
tation of MHD peaks. These falsely placed annotations were jointly corrected by both annotators.
Finally, a total of 5457 QRS complexes were annotated and used as the gold standard for the evalua-
tion of the different algorithms presented in Chapter 5.

Compared to the annotations of the 7T ECG, the annotations of the 3 T records was a straightforward
task since QRS detection is generally reliable at 3 T (without the gradient magnetic fields). Hence, for
these records, one set of annotations was provided by an ECG expert and another set of annotations
was obtained using a standard Pan-Tompkins-based QRS detection algorithm [Clifford 02]. Both
annotations vectors were checked and corrected according to the above descriptions.

To have each annotation directly on the R-peak, i. e. on the point of maximum or minimum amplitude
(depending on the polarity of the R-peak), the annotation’s position was automatically corrected.
This optimisation was performed in ECG lead V4 in all records since this lead was least affected by
the MHD signal in most records (the R-peak has a positive amplitude in this lead). Using a predefined
search window of 30 ms positioned around each of the manual annotations, the location with the
maximum value within the search window was identified and the previous annotation location was
overwritten. This process should ensure a consistent evaluation of R-peak detection delay times as
utilised in chapter 5. After this procedure, the a trace of the ECG together with the annotations was
manually rechecked to ensure that the annotations were placed at the peak position of QRS complexes
and not on an adjacent peak.

ECG records used for QRS detection at 7T

One of the aims of this thesis was to improve the QRS detection for cardiac gating at 7T. For this
purpose, a total of 18 different ECG records were acquired inside the 7T MR scanner. These records
were divided into a training and a test dataset, where the training dataset consisted of ten records and
the training dataset of eight ECG records. The training dataset, which was acquired from five healthy
subjects® (four male, one female) aged between 24 and 31 years, was used for the development
of the QRS detection algorithms. Eight test records (four Ff, four Hf) were acquired inside the MR
scanner from four male subjects aged between 26 and 30 years and were used to compose the training
dataset*. One subject was included in the training and in the test dataset. Table 4.1 summarises the
names and properties of the different datasets and records. The separation into the two datasets
(training and test) was also used to evaluate the existing QRS detection methods.

Table 4.1.: Definition of a training and as test dataset using the ECG records acquired at 7T. Ten records were used for the
training and eight records used for the test dataset. The two datasets were used to train and validate different methods for
QRS detection at 7T.

Feet first (Ff) Head first (Hf) # R-peaks Length

Training dataset D; (Ff) - D5(Ff) D; (Hf) - D5(Hf) 2853 47 min
Test dataset D¢ (Ff) - Dg(Ff) Dg(Hf) - Dg(Hf) 2604 40 min

3 Acquisition of the training records: 25 July 25 2012
4Acquisition of the test records: 5 August 2013

68 Dissertation Johannes W. Krug



4.2 Simulation of ECG and MHD signals

V2 V2 V2
—V3 —V3 —V3
4 —V4 4 —V4 —V4
5_
> 2+ > 24 >
E E E
c £ c
o 0= o 0+ o 07
(@] (@] (@]
g S e
S -2+ S -2+ S
_5_
_4_ _4_
_6 1 1 _6 1 1 _10 1 1
0 - 05 1 0 - 05 1 0 05 1
Time in [s] Time in [s] Time in [s]
(a) ECG traces at OT. (b) ECG traces at 3T. (c) ECG traces at 7T.

Figure 4.2.: Manual annotation of the contaminated ECG traces (3T and 7T) based on a visual analysis of multiple leads
(V2, V3, V4), the influence of the MHD effect in these traces and the remaining morphology of the QRS complex (a) in the
contaminated leads (b),(c). Several ECG leads were utilised because the MHD effect complicated the identification of the
QRS complex, especially inside the 7T MR scanner. (Additional DC components were added to leads V2 and V4 for better
visibility of the different leads.)

ECG records used for ECG-based diagnostics at 3 T

The other goal of this thesis was to improve the diagnostic meaningfulness of ECG signals acquired
during an MRI scan. Most of the clinical interventions described in Section 2.3.2, which require
a diagnostic ECG during MRI, are preformed at lower magnetic field strengths. Hence, additional
ECG signals were acquired at 3T from three male subjects aged between 26 and 29 years. These
3T ECGs were used for a qualitative evaluation of different filtering approaches utilised in Chapter 6.

4.2 Simulation of ECG and MHD signals

4.2.1 Overview

For diagnostic ECG purposes, a quantitative evaluation was required for the identification of a de-
noising approach, which would enable a proper suppression of the MHD signal. However, this is not
possible using real ECG signals since the ground-truth of the ECG measured inside the MRI scanner is
not known. Hence, the real ECG signals described in Section 4.1 could only be used for a qualitative
evaluation. To circumvent this problem, ECG and MHD signals were simulated.

A synthetic signal generation model, which is based on Gaussian waves, will be described in Sec-
tion 4.2.2. This model is used to simulate ECG and MHD signals. Simulations of the MHD signal
based on real 7T ECG measurement can be found in Section 4.2.3. A template of the real MHD signal
is computed and modelled by a sum of Gaussians using the model described in Section 4.2.2. The
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simulated MHD signals are mixed with real ECG signal acquired outside the MRI scanner. A com-
pletely simulated approach is described in Section 4.2.4. The ECG is simulated using the Gaussian
model whereas the MHD signal is simulated utilising real, MRI-based blood flow measurement and
a realistic torso model (compare Section 3.2.3). The flexibility of the completely synthetic approach
is utilised to simulate pathological ECG signals and the corresponding MHD signals. Section 4.2.5
describes the simulation of the pathological ECGs, which included prolonged QT-intervals, inverted
T-waves and depressed/elevated ST-segments.

4.2.2 Gaussian wave-based model for the synthetic (ECG) signal generation

McSharry et al. introduced a model for the generation of synthetic (ECG) signals based on a sum
of several Gaussian functions [McSharry 03b]. The general idea of this model was to represent the
different fiducials of an ECG signal such as the P,Q,R,S and T-waves by a Gaussian function in an
(z,y, z) coordinate system. Figure 4.3 depicts the formation of a simulated or synthetic ECG signal
using seven Gaussian functions. Sameni et al. proposed a modification of the original model by using
polar coordinates instead of Cartesian coordinates [Sameni 06, Sameni 08]. Using polar coordinates,
the state equations of the dynamic ECG model can be written as

r=r(l-r)

“4.1)

: aw A2
Z=— Z bTAei exp <_263>

i€{P,Q,R,S,T} °

where r is the radial state variable and # the angular state variable with Ag; = (6 — ;) (mod 2).
The parameters « and b define the magnitude and width of the Gaussian function and ¢ describes its
angular position on the unit circle. The first equation in 4.1 is redundant since the second and third
equation are independent of r. Hence, it can be excluded from the model. The simplified, generic
model is then described by

0 =w

. oW AG? (4.2)
Z= —Zb—'zAﬂiexp (— 2b£> .

)

It was shown that a set of seven Gaussians is sufficient for the representation of the (P~, P*,Q, R,
S, T+, T~) fiducials of an ECG signal [Sayadi 10]. The two Gaussians used for the P-wave and for
T-wave can account for biphasic or other more complex patterns of these waves which can occur in
normal and pathological ECGs (see Section 2.1.4). The Open-Source ECG Toolbox (OSET) was used
to generate a synthetic ECG based on the model given in Eq. 4.2 [Sameni 06].

The Gaussian wave-based model can be used to (i) generate synthetic ECG signals based on prede-
fined parameters or (ii) one can fit the model to a given ECG signal and estimate the corresponding
parameters. Both approaches were used for different purposes within this thesis and are described in
Sections 4.2.3-4.2.5.
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Figure 4.3.: Simulating ECG signals using the Gaussian wave-based model. The P-wave (a), the QRS complex (b) and the
T-wave (c) are simulated using two or three Gaussian functions each. The sum of all Gaussian functions forms the final,
simulated ECG (d). Using two or more Gaussians for the P-wave or the T-wave allows to simulate the biphasic morphologies
of these waves (see Section 2.1.4).

The selection of the Gaussian parameters for a given template of one ECG cycle was performed using
an automated approach described in [Sameni 07,Sameni 08,Behar 14b]. In this approach, the centres
of seven Gaussians were placed randomly around the fiducials of the PQRST locations. The optimal
parameters of each Gaussian wave were estimated using a non-linear least square approach (Isqcurve-
fit( function of Matlab [MATLAB 10]) which minimised the RMS error between the template of the
ECG cycle and the cycle given by the Gaussian functions.

4.2.3 MHD simulations based on real ECG measurements

In this approach, real ECG signals acquired outside and inside the MRI scanner were used to simulate
MHD signals. PQRST templates were generated from the ECGs acquired outside (Tgcgour) and inside
(Tkcg,in) the 7T MR scanner according to the description in [Andreotti 14]. A template of the MHD
signal was obtained by subtraction of the two ECG templates: Tyup = TEcg,in — TEcG,out- The Gaussian
parameters of the MHD template (Tyup) were computed as described in Section 4.2.2. Once the
Gaussian parameters of the MHD template were estimated for each lead, the MHD signals covering
several cardiac cycles were simulated using equation 4.2. The required phase signal was derived from
the original RRI time-series of the real ECG signal acquired outside the MR scanner. To obtain more
realistic variations of the MHD signal, its amplitude was modified on a beat-to-beat basis depending on
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the RRI length as described in Section 3.2.3. Figure 4.4a depicts a real ECG acquired outside the MR
scanner. The corresponding MHD signal which was simulated using the (real) template Tyyp is shown
in Fig. 4.4b whereas Fig. 4.4c shows the superposition both signals. In conclusion, these simulated
signals are composed of a real ECG signal (acquired outside the MR scanner) and of a simulated MHD
signal based on templates obtained from ECG measurements in a 7T MR scanner.

Ten different 12-lead ECG records acquired inside the MR scanner from five subjects (each subject
measured in Hf and Ff position) and the corresponding ECGs acquired outside the scanner (see the
descriptions of the 7T training dataset in Section 4.1.2) were used to generate the simulated records.
Finally, the simulated records were used for the computation of the initialisation parameters required
for the extended Kalman filter, which is described in Section 6.4.

Voltage in [mV]
Voltage in [mV]

T T T T
25 26 27 28 29 30 25 26 27 28 29 30

Time in [s] Time in [s]
(a) Real ECG acquired outside the MR scanner. (b) Simulated MHD signal based on real measurement.

Voltage in [mV]

i i . i i
25 26 27 28 29 30
Time in [s]

(c) Superposition of the real ECG and the simulated
MHD signals.

Figure 4.4.: Simulation of an ECG signal superimposed by the MHD effect based on real measurements. ECG signals were
acquired outside (a) and inside the MRI scanner. Templates were computed from each of these signals. By subtracting both
templates, a template of the MHD effect was obtained. Using the MHD template, an MHD time-series was computed (b).
This MHD time-series was superimposed to the real ECG signal (c).
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4.2.4 ECG and MHD simulations using the Gaussian model and blood flow mea-
surements

Instead of using templates from real ECG records as described in Section 4.2.3, a completely syn-
thetic 12-lead ECG signal was generated using the Gaussian model. Firstly, the FECGSYN toolbox®
was used to model a realistic VCG cycle using a set of pre-defined parameters for the Gaussian func-
tions which described the waveform of the three VCG leads [Behar 14a]. As for the template-based
method, an RRI time-series was required to generate the phase signal for the Gaussian model. Since
a completely synthetic solution was preferred, an additional model for the heart rate variability (HRV)
was used to generate this RRI time-series. This was achieved using the HRV model introduced by Mc-
Sharry et al. [McSharry 03b, Clifford 06]°:7. The power spectrum of the RRI time-series was modelled
by two Gaussian functions. One Gaussian describes the parasympathetic (0.3 Hz) and one the sym-
pathetic (0.1 Hz) activity of the autonomous nervous system (see Section 2.1.5). The average heart
rate was set to 60 bpm with a standard deviation of 5bpm. This resulting time-series had a bimodal
power spectrum, which described the contributions of autonomous nervous system (sympathetic and
parasympathetic) and also covered the influence of the respiratory sinus arrhythmia and the Mayer
waves.

The simulated signals obtained from the synthetic model did not contain additional noise. Several
noise types can occur in ECG signals. According to [Friesen 90], baseline wander, muscle artefacts
and electrode movements are the most common ECG noises types with high amplitudes, which cannot
be removed by simple bandpass filtering. It was shown that many QRS detectors are prone to errors
when ECG signals are contaminated by muscle artefact (MA) noise [Friesen 90]. Hence, MA noise was
added to the clean, synthetic ECG signals. The MIT-BIH Noise Stress Test Database (NSTDB)® provides
samples of real muscle artefact noise [Goldberger 00]. These samples were used in combination
with the FECGSYN toolbox to simulate MA noise over the complete length of the simulated VCG
signal [Behar 14a]. The noise power was adjusted to obtain two different VCG signals: one with
a SNR=3dB and one with a SNR=9 dB. These noise levels did not include the additional contribution
of the MHD effect. The simulated VCG signals contaminated by MA noise were converted into 12-lead
ECG signals using the Dower transform (see Eq. 2.9, p. 14). Examples for the simulated ECG signals
with different noise levels are depicted in Fig. 4.5. It can be seen that additional MA noise hampered
the analysis of the ECG waveform, e. g. the manual identification of the end of the T-wave.

The MHD effect was simulated utilising the model introduced by Oster et al. [Oster 15] (see Sec-
tion 3.2.3). Based on this model, 12-lead MHD signals were simulated for the RRI time-series de-
scribed in Section 4.2.4. The MHD model was used to generate the signal for one cardiac cycle.
Depending on the RRI length (or heart rate) and certain simulated pathologies (i. e. the inversion of
the T-waves or depression of the ST-segments), the MHD signal was modified accordingly to achieve
more realistic variations. A detailed description of the adjustments of the MHD signal for the different
pathologies is given in the following section.

0w N O »
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Figure 4.5.: Synthetic ECG signals (lead Il) based on the Gaussian model with different MA noise levels.

4.2.5 Simulation of pathological episodes - variation of ECG and MHD signals

Motivation

One aim of this thesis was the ECG-based detection of pathological episodes during MRI. However, all
real ECG records described in Section 4.1.2 were acquired from healthy subjects and no pathological
patterns were observed in these ECG traces. Additionally, a quantitative analysis was not possible
using real ECGs since the ground-truth (an undistorted trace of the ECG) was not known. An exact
quantitative analysis can only be achieved using simulated ECG and MHD signals. Hence, the different
pathological episodes were simulated using the models described above. Examples and background
information concerning different pathologies were given in Section 2.1.4. Generally, the QT-interval
can be prolonged due to a delayed T-wave. The ECG’s ST-segment, which is important for the diagnosis
of an ischemia, can be elevated, depressed or flattened . The T-wave’s morphology can also change:
it can be inverted, biphasic, flattened or have an increased amplitude. In order to cope with these
variations, the following pathologies were simulated:

1. prolongation of the QT-interval,
2. inversion of the T-wave and
3. elevation/depression of the ST-segment.

The cardiac pathologies were simulated by simple modifications of the synthetic ECG signal gener-
ator (Eq. 4.2, p. 70). A different record was generated for each pathological type using different
Gaussian models (see Section 4.2.4). Hence, a simulated ECG either contained the inverted T-waves,
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a prolonged QT-intervals or elevated/depressed ST-segments.

Simulated prolongation of the QT-interval

A prolongation of the QT-interval was achieved by increasing the 6; variables representing the T-wave
in Eq. 4.2, p. 70 by 0.3rad ~ 17.2°. At an average heart rate of 60bpm (as it was used for the
simulations), this corresponds to a prolongation of ~ 50 ms. If the QT-interval is prolonged by more
than 30 ms, the patient should to be carefully analysed (see Section 2.1.4). The initial normal (non-
pathological) QT-interval had a length of ~ 350 ms. In order to obtain a smooth transition between
the normal and pathological segments of the ECG (in this case between the normal and the prolonged
QT-intervals), the 6; was slowly increased using a hyperbolic tangent function over a 10s window.
Examples for one cycle of the simulated ECG with normal and prolonged QT-interval are depicted in
Fig. 4.6a. The transition from the normal to the pathological phase is shown in Fig. 4.6b.

Simulated T-wave inversion

The inversion of the T-wave was achieved by manipulating (inverting) the parameter «; of the Gaus-
sian functions representing the T-wave. In order to obtain a smooth transition between the normal
and pathological segments of the ECG (in this case between a normal and an inverted T-wave), the
«; parameters were modified over a length of 10s using a hyperbolic tangent function ranging from -
1 to 1, ie. the initial T-wave amplitude of the normal (non-pathological) segment was completely
inverted. Figure 4.7a shows one cycle of the simulated ECGs with normal and inverted T-wave. The
transition of the amplitude between the normal and pathological segment is depicted Fig. 4.7b.

Simulated elevation/depression of the ST-segment

An additional Gaussian wave was included in the simulation model. This Gaussian was placed be-
tween the Gaussians representing the R-peak and the T-wave. By manipulating the amplitude «; of
this additional Gaussian, an elevation or depression of the ST-segment was possible. For the ST depres-
sion, the additional Gaussian was adjusted such that the resulting ECG signal had an ST depression
of ~ 0.1mV (e.g. in lead I). The amplitude of the ST-segment was increased by ~ 0.2mV (e.g. in
lead aVF) for ECGs with simulated the ST elevation. Examples of an ECG with normal and depressed
ST-segment are depicted in Fig. 4.8a and the transition between these two morphologies is shown in
Fig. 4.8b. The corresponding example with ST elevation is depicted in Fig. 4.9.
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Hemodynamic variations during the T-wave inversion and ST depression/elevation

Pathological episodes observed in the ECG signal are accompanied by hemodynamic variations. Stroke
volume (SV) was reported to decrease during stress induced ischemia or myocardial infarct [Dy-
markowski 03, p.52]. During stress echocardiography induced by dobutamine it was shown that
there is a generally decreased SV during cardiac stress (increased HR), but there exists an even more
decreased SV during stress induced ischemia [Poldermans 99]. Simultaneous acquisition of the ECG
and hemodynamic parameters revealed the delay between the onset of certain changes. For an is-
chemia it was shown that a change in the left ventricular volume occurred several seconds before
a change of the ST-segment [Davies 88, Table 3].

Both parameters — the decreased SV and the delay between the changes in SV and changes in the ECG’s
ST-segment or T-wave — were considered to enable a more realistic simulation of the pathologies.
Hence, 20s before the beginning of a T-wave inversion or ST depression/elevation, the magnitude
of the simulated MHD effect was decreased from 100% to 70%. Similar to the modification of the
ECG described above, a smooth transition was realised by modifying the amplitude of the MHD using
a hyperbolic tangent over a length of 10s. Figure 4.10 depicts a simulated MHD signal before the
onset of an ST depression.

Figures 4.11a and 4.11b show simulated ECG traces of a non-pathological segment and of a segment
with ST depression. The same ECGs but with additional MA noise resulting in an SNR=3dB are
depicted in Figs. 4.11c and 4.11d. The simulated MHD signals corresponding to the two segments
are depicted in Figs. 4.11e and 4.11f. In addition to its the pathological changes, the MHD signal
was also modified (by manipulating the stroke volume) depending on the RRI lengths according to
the descriptions in Section 3.2.3, pp. 35. The final mixture of ECG and MHD signals and MA noise is
depicted in Figs. 4.11g and 4.11h.
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Figure 4.10.: Simulated MHD signal before the onset of an ST depression. The amplitude of the MHD signal decreases
from =~ 0.23mV to ~ 0.12mV in the time between 60s and 70s.
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Summary of simulated records used for the quantitative evaluation

For the quantitative evaluation of different denoising techniques described in Chapter 6, four simu-
lated records were used:

1. Pathological ECG with prolonged QT-interval + simulated MHD effect + MA noise.

2. Pathological ECG with inverted T-wave + simulated MHD effect + MA noise.

3. Pathological ECG with depressed/elevated ST-segment + simulated MHD effect + MA noise.
4. Normal (healthy) ECG + simulated MHD effect + MA noise.

The ECGs were simulated using four different Gaussian models in order to obtain ECG signals with
different morphologies. Each simulated record had a length of 140s. No modifications were made in
the first 60 s of a record. For the records with a simulated inversion of the T-wave or depression of the
ST-segment, the amplitude of the MHD signal was modified after 60s according to the descriptions
made above. 80s after the beginning of a record, the simulated pathologies of the ECG (i. e. QT pro-
longation, T-wave inversion or depression/elevation of the ST-segment) were included. As described
above, there was a transitional phase with a duration of 10 s where the ECG changed from normal to
pathological. Hence, 90 s after the beginning of the record, the final pathological phase was reached.
This phase was simulated until the end of the record. For the healthy ECG, no pathological variation
of the parameters was performed.

4.3 Performance metrics and evaluation

4.3.1 Performance metrics for the QRS detection at 7T

QRS detection performance

In order to evaluate the results of the different R-peak detection methods, a gold standard measure-
ment was required. Here, the manual annotation of the R-peaks described in Section 4.1.2 served
as the gold standard. The total number of false positives (F'P) in each record was determined by
searching for a manually annotated R-peak within a given window placed around an automatically
detected peak. According to the ANSI/AAMI/ISO standard EC57 [ANSI 98], this search window had
a width of 300 ms and was centred around the annotated or detected peaks. If no manually annotated
R-peak lied within this search window, the detected peak was defined as F'P. The total number of
false negatives (F'N) was determined by searching within the window width around a manually an-
notated R-peak. If there was no peak identified by the QRS detection algorithm within this window,
this peak was defined as FN. The remaining detected peaks, i.e. those peaks which lied within the
search windows placed around the manually annotated peaks were defined as true positives (7' P).
A practical example for the definition of these values is depicted in Fig. 4.12.

The measured quantities can be used to define the sensitivity Se

TP

Se= TP T FN

(4.3)
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and the positive predictive value +P

TP

- —
Y =Tpirp

4.4

These two metrics were utilised to assess the performance of different QRS detection algorithms.

Trigger delay and jitter of the QRS detection

The temporal precision of the QRS detection algorithms was evaluated based on the propagation
delay and the jitter. The mean trigger propagation delay 1, was defined as the absolute difference
between the position of the manually annotated R-peak and the R-peak detected by the QRS detection
algorithm and was averaged over each record

S Ry () — tRpur ()]
ppa = S er )Rl (4.5)

where N is the total number of annotated R-peaks and tr,, ,(; and tg,,,(;) are the points in time of
the reference annotation and the detected R-peak position. For gating applications, 1,4 should be less
than 20 ms because the systole’s mechanical contraction begins 30 ms to 70 ms after the R-peak [Lent-
ner 90, Chia 00].

The standard deviation of the trigger propagation delays was denoted as jitter opq. It was estimated
using

VN (pd (i) — ppa)?
N

(4.6)

Upd =

where pd(i) is the propagation delay of the i-th annotation pair. A large jitter could cause a blurring of
the cardiac MR image, lead to ghost artefacts in the phase encoding direction or to a false estimation
of the blood flow rate in phase contrast MRI. Currently existing literature does not provide limit values
for the maximum jitter, which can be accepted for the acquisition of CMR images. However, for the
estimation of physiological parameters such as the blood flow rate within a vessel, the jitter should be
less than 15 ms [Thompson 04, Nijm 07a].

Computation of an optimal threshold for QRS detection based on Se¢ and +P measurements

Some of the methods described in Chapter 5 required a threshold for the R-peak or QRS detection.
Where required, a brute force search was utilised to find the optimal threshold. The average value
of Se and + P served as an optimisation criterion. For each record i of the training dataset (i € N|1 <
1 < 10), the mean value

N Sei. Pl j
w(i,5)se+pP = 6(22 7 +F ;Z 7) (4.7)
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was computed for a given threshold j. By maximising the expression

10

L Zu(z’,j) — max, (4.8)
i=1

N(])Se,+P = 10 A

the optimal threshold j was identified.

4.3.2 Performance metrics for the diagnostic quality of simulated ECG records

The simulated ECG records enable a quantitative analysis of the denoising results since the ground-
truth (a clean reference ECG signal without the MHD effect) is known. There are several metrics which
can be utilised to measure to quality of a (filtered) signal. The signal-to-noise (SNR) ratio is a very
popular measurement, which is often used in the signal processing community with applications in
communications or image processing. However, this metric has no clinical meaning, i. e. it is not used
diagnose an ECG signal. The SNR can be used for optimisation purposes, e. g. for finding an optimal
number of filter coefficients. For diagnostic purposes, other metrics exist, which are often used in
clinical practice. These metrics include the measurement of the T-wave polarity, QT-interval length
or the amplitude of the ST-segment. In the following, the computation of these parameters is briefly
summarised. These parameters were computed for the simulated signals described in Sections 4.2.4
and 4.2.5 and were used for the evaluation and comparison of the different filter methods.

SNR

The SNR was computed as

Zé\il (E-CGsim,out(i))2
Zilil (ECGsim,out(i) - ECGsim,ﬁlt (Z))Z

SNR = 4.9

where ECGgim,out is the simulated reference ECG, ECGyin g1 is the filtered ECG and N is the number
of data points. A high SNR means that the residual between the filtered and the reference signal is
small. Concerning the clinical application of the filtered signals, a high SNR does not necessarily mean
that the filtered signal is of high clinical relevance. Within this thesis, the SNR was used as a metric
for optimising the parameters (e. g. the number of filter coefficients or the number of independent
components) of the different filter approaches.

Separate analysis of the different ECG sections (normal, transitional, pathological)

The ECGs with simulated pathologies were separated into different sections (see the descriptions of
the records in Section 4.2.5). The analysis of the different parameters was performed separately for
each segment, i. e. for the normal (healthy) section at the beginning, the translational section in the
middle and the pathological section at the end of the records. The following section lengths were used
for the evaluation:

* Normal segment: 30" s to 60" s
* Transitional segment: 60™s to 110" s
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* Pathological segment: 110" s to 140" s

For the healthy ECG without a simulated pathology, the analysis was performed over the complete
record, i. e. from the 30" s to the 140" s.

QT prolongation and T-wave morphology

The length of the QT-interval was estimated utilising the ECGPUWAVE? algorithm written by Pablo
Laguna et al., which was included in the WFDB Toolbox for Matlab and Octave by Ikaro Silva [La-
guna 97, Goldberger 00, Silva 14]. For each simulated record, the QT-interval lengths were measured
in the filtered ECG and the corresponding reference ECG. The mean absolute error, its standard devia-
tion and the p; and pys percentiles were computed separately for the normal, the transitional and the
pathological sections of each record. QT measurements were only performed if the same QT-intervals
were found in the reference and the filtered ECG signal (QT-interval pairs). For each section (see
above) of one lead of the ECG, at least half of the available QT-intervals should be detected by ECG-
PUWAVE. If this was not the case, no results were given for this section and there were no average
results computed for this lead (i. e. the average results of all segments of one lead were only computed
if a result was computed for each of the three segments).

The morphological type of the T-waves was also classified by the ECGPUWAVE algorithm (see above).
The ECGPUWAVE algorithm distinguishes between six different types of T-waves: 1) normal, 2) in-
verted, 3) positive monophasic, 4) negative monophasic, 5) biphasic negative/positive and 6) bipha-
sic positive/negative. T-wave analysis was performed for the reference ECGs (simulated ECG signal
without MHD effect and MA noise) and for the filtered ECG signal. As for the evaluation of the QT
measurements, only those pairs of T-waves which were detected in the reference and the filtered
ECG were used for the analysis. This step was necessary to avoid a negative impact of the detection
quality of ECGPUWAVE on the results. The example depicted in Fig. 4.13 showed that ECGPUWAVE
misses some of T-waves although they are clearly visible in the filtered output signal. Similar problems
with ECGPUWAVE were reported in a recent study made by Natarajan et al. [Natarajan 14]. Another
problem which occurred with ECGPUWAVE was a varying detection of normal/inverted and bispha-
sic waves (either positive/negative or negative/positive). This can be seen from Fig. 4.13b where
a mostly negative T-wave is classified as negative or as biphasic positive/negative. Since the main
purpose of this thesis was to detect larger variations during the inversion of the T-wave, only two
classes of T-waves were considered for the evaluation:

* The normal (positive) T-wave class was composed of: normal (positive), positive monophasic and
positive/negative biphasic T-waves.

* The inverted (negative) T-wave class was composed of: inverted (negative), negative monophasic
and negative/positive biphasic T-waves .

Se and +P values were computed for each segment (normal, transitional, pathological) of an ECG
record considering the different T-wave types. These values were computed based on the T-wave
morphologies found in the reference signal. If there was only one type of T-wave morphology per
segment (e.g. only normal T-waves), a +P of 100 % was expected since it was not possible to detect
any false positives (F'P) in this case (because only pairs of T-waves detected in both signal were used
for the analysis). As for the evaluation of the QT-intervals, the T-wave detection performance was only

9
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computed for those sections of a lead where at least half of the available QT-intervals were detected.

ST elevation/depression

For the measurement of the ST-segment amplitude, the ECG’s J-point (see Fig. 2.6, p. 10) needed to
be located [Clifford 06]. Therefore, one ECG lead showing a good representation of the S-peak and
of the J-point was manually selected. This was necessary since the J-point was not clearly identifiable
in some of the leads. The S-peaks were automatically detected based on the locations of the R-peaks;
the J-points were then defined at a fixed distance with respect to the S-peaks. The computed J-point
locations were used for all other ECG leads. ST-segment amplitudes are usually estimated at the
J+80ms location (i.e. the location 80 ms after the J-point) [Clifford 06]. To reduce the influence
of noise on the measurement of the ST amplitude, a window (length=20 ms) was placed around the
J+80 ms location and the median of the sample values within this window was taken as the amplitude
of the ST-segment. In contrast to the evaluation of the QT-intervals and the T-waves which required
an additional detection of the Q-peak and T-wave using ECGPUWAVE, the ST-segments were located
with respect to the R-peak annotations. This means that the ST-segments were evaluated for each
annotated R-peak. The evaluation of the QT-intervals and of the T-waves, however, was only possible
if ECGPUWAVE was able to detect the required fiducials.

4.3.3 Performance metrics for the diagnostic quality of real ECG records

Compared to the simulated signals, the quality assessment of the real ECG signals was more difficult
since the ground-truth (the ECG without MHD effect) is unknown. In order to evaluate the filter
results for the real ECG records, it was assumed that the underlying average morphology of the ECG
signals remained stable within one record, i. e. there are no pathological variations of the ECG signal
outside and inside the MRI scanner. This is a valid assumption since the ECG signals were acquired
from healthy subjects and no pathological variations were observed in the ECG traces acquired outside
the MRI scanner. Moreover, the lengths of the recordings was sufficiently short to assume that the ECG
was relatively stationary. Hence, a qualitative analysis was possible by comparing traces of the ECG
signal acquired outside the MR scanner and of the filtered ECG signals. Due to the natural variations
of the different parts of an ECG signal, e. g. due to respiration, different heart rates or signal artefacts
(e. g. from electrode movements or muscle contractions), a quantitative analysis was nevertheless not
performed for the real ECG records.
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Figure 4.11.: Variations of the ECG and MHD signals (lead I) during a simulated depression of the ST-segment. Simulated
ECG signals (a,b), MHD signals (c,d), sum of ECG and MHD signal (e,f) and with additional MA noise (g,h) in the normal
and pathological segments, respectively.
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Figure 4.12.: Example for the classification of detected peaks. The grey dots mark TP since they are inside the serach
windows around the QRS complex. The black dot is outside of the search window, hence it is a FP. The second

QRS complex which was not detected is a FN.
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Figure 4.13.: T-wave detection problem occurring for certain morphologies in the and ECG (lead Il) with simulated T-wave
inversion (SNR=9dB) when using ECGPUWAVE. In the reference signal (a), all negative T-waves were detected. In the
noise filtered signal (b), one T-wave was missed by the ECGPUWAVE algorithm.

86

Dissertation Johannes W. Krug



QRS detection for ECG-based cardiac gating
at 7T MRI

5.1 Chapter overview

Gating in CMR is one of ECG’s main applications during MRI. Several dedicated methods were de-
veloped in the past to enable an R-peak detection in an MRI environment (see Section 3.4). Despite
the existing variety of algorithms, 7T CMR applications still lack signal processing techniques, which
enable a reliable QRS detection. The amplitude of the MHD effect, which increases with the magnetic
field strength of the MR scanner, can exceed the amplitude of the ECG signal and especially of the
R-peak. Signal properties (e. g. the frequency range) of the ECG and MHD signal can also overlap,
which can hamper the QRS detection (see Section 3.3). The VCG-based method which is widely used
for R-peak detection during MRI was reported to be prone to errors at 7T (see Section 3.4).

In order to overcome some of the limitations, an improvement of the existing VCG-based QRS de-
tection is described in Section 5.2.1. In this approach, the reference vector used in the normal VCG-
based method is modified in order to compensate the distortions caused by the MHD effect (see
Section 3.4.1). The modified reference vector is defined from the ECG/VCG signal acquired inside the
MR scanner. A further modification of this vector-based approach is then presented in Section 5.2.2.
This method named 6D-sECG extends the three dimensions of the original VCG to six dimensions by
using the six precordial ECG leads V1-V6 instead of the three VCG leads. This additional modification
shall utilise the superior quality of the precordial ECG leads, which was shown shown in Section 3.3.

All the vector-based QRS detection methods require an initial R-peak detection to define the refer-
ence vector(s). To circumvent this additional pre-processing step, a new method for the detection
of QRS complexes at high magnetic field strengths is proposed and described in Section 5.3. This
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method is based on an independent component analysis (ICA) algorithm. The ICA-based method is
used to separate ECG and MHD components in order to suppress the MHD effect and to improve the
QRS detection. A set of basis functions or independent components (ICs) S are estimated by the ICA
algorithm. Each of these components is dominated by different signal components, e. g. by the ECG
signal, the MHD effect or noise. One of the challenges occurring during the application of ICA is the
selection of an IC (Sy) which corresponds to the ECG signal, i.e. an IC which is dominated by the
QRS complex or R-peak. For the feasible and reliable practical clinical application of this method, an
automated identification of 5, out of S, is required. Two different methods are investigated for the
automated identification.

To highlight the advances of the modified and newly developed QRS detection techniques presented
in Sections 5.2.2 and 5.3, both techniques are compared to other methods described in Section 5.4.
These methods include QRS detection using the raw 12-lead ECG signal, the raw VCG signal, the ICA
of the VCG signal and the ‘3D-QRS’ method (see Section 3.3).

5.2 Vector-based QRS detection

5.2.1 Improved VCG-based gating using a modified reference vector

As described in Section 4.1, all ECG signals used in this work were recorded using a 12-lead ECG
device. VCG signals used for gating purposes were synthesised from the ECG signals using the inverse
Dower transform (Eq. 2.9, p. 14).

The algorithm for VCG-based cardiac gating proposed in [Fischer 99] was implemented according to
the descriptions in Appendix A. At first, the reference vector r = (r,,r,,7,) was calculated from the
ECG recorded outside the MR scanner. This was shown in Figs. 3.19a-3.19c, p. 47. The vector r points
at the turning point of the large VCG loop which represents the QRS complex in a spatially manner.
As explained in Appendix A, the distance and angle between the vector r and the vector v(¢) from the
ECG recorded inside the MR scanner were compared using minimum distance algorithm.

The VCG-based gating procedure proposed in [Fischer 99] obtains the reference vector r from the
ECG signal recorded outside the MR scanner. As reported in current literature (see Section 3.4.1), this
method is not fully suitable for gating applications in MR scanners with field strengths of > 7T. Two
explanations for the error proneness of the VCG-based method were given in Section 3.3.4. To cope
with this problem, a modified approach of the VCG-based gating method is introduced in this section.

The proposed method slightly modifies the original VCG-based method by utilising a different refer-
ence vector defined as rj,. Instead of obtaining the reference vector outside the MR scanner it was
obtained from an ECG signal recorded inside the 7T MR scanner. This procedure can be subdivided
in the following steps:

Recording a short trace of the ECG (few seconds) inside the MR scanner.

Manual annotation of one or more QRS complexes in the recorded ECG signal.
Calculation of the VCG using the inverse Dower transform (see Section 2.1.3).
Estimation of the reference vector rj, from the VCG using the manual annotations.
Application of the QRS detection algorithm (see Section 3.4.1 and Appendix A).

SAREER
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The manual annotation (step 2) makes the whole procedure unemployable in a practical clinical
scenario. In the first instance, however, the aim is to investigate if it is possible to improve the VCG-
based gating method at 7T. If this is the case, one could consider a combination of the VCG-based
method with an additional, initial QRS detection method.

5.2.2 Higher dimensional vector space method (‘6D-sECG’)

Motivation

In addition to the method described in Section 5.3, a new approach using the spatial information of
the ECG signal in a 6-dimensional (6D) vector space will be presented here. It was demonstrated in
Section 5.2 that the 3-dimensional (3D) VCG is severely affected by the MHD effect at 7T, which can
hamper the detection of the QRS complexes. The MHD effect mainly causes complex spatial patterns
and an alteration of the R-peak vector in the VCG domain. In Section 3.3.2, the higher quality of the
precordial leads was demonstrated. Compared to the (augmented) limb leads, the MHD effect is less
pronounced in the precordial leads.

A regular VCG, which usually consists of leads «, y and z, can be obtained by a linear combinations of
the 12 leads of an ECG using the inverse Dower transform as described in Section 2.1.3. As depicted
in Fig. 5.1, the QRS complex is less pronounced in some of the VCG leads (e.g. in leads y and
z) when compared to the precordial ECG leads. Instead of using the VCG leads obtained from the
12-lead ECG, the method introduced in this section uses the original information of the precordial
leads without combing them. A 6D vector space was derived based on the six precordial leads V1-V6.
The aim was to develop another robust method for QRS detection at 7 T.
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Figure 5.1.: (a)-(c) VCG leads x,y,z and (d)-(e) ECG leads V4 and V5. Except for VCG lead x, the different VCG leads show
several peaks of high frequency and amplitude next to the R-peak. In contrast, the original ECG leads V4 and V5 show
a better separation of the R-peak and the MHD signal. Grey dots mark the positions of the R-peaks.
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Description of the method

A VCG vgp(t) of six dimensions was defined as a vector consisting of the six precordial ECG leads
V16

ECGw1
ECGv2
ECGys
ECGy4
ECGys
ECGys

Vep(t) = (5.1

Normal VCGs obtained from the 12-lead ECG using the inverse Dower transform are shown in Figs 5.2a
and 5.2b. The position of the R-peaks is obscured by the MHD effect. Figures 5.2c and 5.2d show
the spatial representation of the precordial leads V3 and V4. Using the precordial leads instead of the
VCG leads, the spatial locations of the R-peaks are better separated from the contaminations caused
by the MHD effect.

However, for certain combinations of the precordial leads in some of the training records, the R-peaks
were not located on one of the extreme outer positions of the VCG domain. Examples are depicted
in Figs. 5.3a and 5.3b. Although the R-peaks were located in an off-centre position, the remaining
overlapping distortions due to the MHD effect could lead to false R-peak detections. Taking the first
derivative is one method to enhance the more rapidly changing components of a signal [Pan 85,
Clifford 02]. This step could diminish the influence of the MHD effect on the QRS loop. Hence, a
more precise detection of the R-peaks was expected. Examples for such 6D-VCGs obtained from the
differential ECG signals are shown in Figs. 5.3c and 5.3d. For the implementation of the proposed
method, the first derivative of the precordial ECG leads was used for the spatial 6D representation of
the ECG.

As for the normal VCG-based gating method discussed in Section 5.2, a reference vector was required
for detecting the R-peaks. Defining the reference vector r from the VCG recorded outside the MRI is
not preferred since the MHD effect can affect the orientation and magnitude of the R-peak vector in
its spatial representation (see Section 3.3.3). Hence, the reference vector was defined from the ECG
signal recorded inside the MR scanner.

The main steps of the proposed method are: 1) record the ECG inside the (7 T) MR scanner, 2) take
the first derivative and locate the R-peaks (manually), 3) define a 6D reference vector rep(t) using
these R-peaks, 4) QRS detection using the algorithm described in Sections 3.4.1 and Appendix A.

These steps are summarised in Fig. 5.4. As described in Appendix A, the following redefined equations
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(b) 3D-VCG, sagittal view

Lead V5
Lead V6

-6 -4 -2
Lead V4

(c) 6D-sECG from precordial leads, V4-V5

-2 0
Lead V5
(d) 6D-sECG from precordial leads, V5-V6

Figure 5.2.: Spatial differences between the (a)-(b): normal 3D-VCG obtained using the inverse Dower transform of the
12-lead ECG and (c)-(d) the 6D-VCG obtained from the precordial leads of the same ECG. Selected 2D representations of

the six axes are shown. For the 6D-VCG, the R-peaks are located at the outer corners of the spatial representation. Hence,
the R-peaks and the MHD signals are better separated than in the normal 3D-VCG.

were used for QRS detection

_ Ten(t)
Ay(t) = |rZE e
At
As(t) = 0L with d(t) = max(|vep(t) — rep(t)],0.01) (5.2)
As(t) = Aal)

O-Vep(t) )’
arccos (%)

Dissertation Johannes W. Krug 91



5. QRS detection for ECG-based cardiac gating at 7 T MRI

Lead V4
Lead V4
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Lead V3 Lead V3

(a) Record D (Ff), Normal (b) Record D5 (Hf), Normal

Lead V4~

(c) Record D (Ff), Differential (d) Record D5 (Hf), Differential

Figure 5.3.: Comparison of the 6D-sECG representations from two different records. (a),(c): representation based on the
normal ECG signal. (b),(d): representation based on the 1% derivative of the ECG signal.
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Figure 5.4.: Principle of the proposed 6D-sECG gating method. A reference vector was defined using the manual
annotations and the precordial leads V1-V6. This reference vector was compared to the current 6D-sECG. Based on the
distance and angle between both vectors, the positions of the R-peaks were identified using local, relative thresholds.
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5.3 ICA-based QRS detection

5.3.1 Independent component analysis (ICA)

Overview

Independent Component Analysis (ICA) is a method used for the the separation of signal mixtures
assuming statistical independence of the source signals. These methods try to recover unknown source
signals from mixtures where the mixing coefficients are unknown. Hence, these methods are called
‘blind’. In the past 20 years, ICA has received wide attention in several fields such as image or speech
processing, communications or biosignal processing, e. g. for EEG, MEG and ECG processing [He 06,
Castells 05].

In this work, ICA is applied to ECG signals, which were recorded inside MR scanners. The aim is
to separate the ECG and MHD signal components in order to obtain an estimate of the original ECG
source for different purposes. ICA was previously applied to ECG signals mixed with simulated MHD
signals whereas it was shown that ICA is able to separate the MHD effect from the ECG signal (see
Section 3.5.1). In this chapter, ICA is applied to real ECG signals acquired in a 7T MR scanner. As
in the previous Section 5.2, the focus is put on a robust detection of the QRS complex. One of the
source signals or independent components estimated by ICA shall be used to achieve this aim. In the
following, the theory of ICA and one algorithm used within this work are briefly introduced.

Underlying source mixing model

It is assumed that the observed signals x;, (in the context of this work the measured ECG signals) are a
mixture of stochastic processes where k describes the k-th sampled measurement value. The observa-
tion vector X3, = (xk’l, T2y s xk’N)T .k =0, ...., K which contains the different observations (i. e. the
different ECG leads 1...N) at time instant k& has to be decomposed into the underlying source signals
or independent components (ICs). The observations are generated from a mixture of different sources
summarised in the corresponding source signal vector s, = (5k717 Sk2y e sk,M)T ,k=0,...,K. The
mixing can be generally described by any linear or non-linear function f

X, = f(Sk) + ng (5.3)

where ny, represents the additional sensor noise, which is usually assumed to have zero mean [Roberts 01].
Only the linear case will be considered in this work

X = Asp + ng 5.4

where A = [a;];4 = 1,...,N;j = 1,..., M is the constant mixing matrix, which relates the different
sources s;, to the observations x;. Since most classical ICA models are noiseless [Roberts 01], Eq. 5.4
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reduces to

X = AS;C. (55)

Initially, the source signals s; are unknown. ICA tries to recover the sources through a linear transform
of the observed signals x;. This decomposition or demixing is defined as

/S\k = WXk (56)

where ), are the estimated sourcethoses signals and W = [wj;];j = 1,..., M;i = 1,..., N is the demix-
ing matrix. The demixing matrix W is usually assumed to be orthogonal such that W'W = I where
I is the N x N identity matrix. The determined matrix W should minimise the information of the
estimated source signals Sy,.

Besides the independence of the different sources s;, most ICA algorithms! require at least as many
sensors or measurement signals x; as sources s, i.e, N > M.

The drawback of ICA is that the sources cannot be estimated uniquely, that is the sources can only be
estimated with following indeterminacies:

* Scaling and sign of the sources/ICs: both, the mixing matrix A and the source signals s, are
unknown. Hence, each source can have a scaling factor «, which can be compensated by a
corresponding scale factor within the matrix A

1
L= Z <%a¢j> (sij0uij). (5.7)

i

* Order of the sources/ICs: The order of the estimated sources S, is not known. A permutation
matrix P and its inverse can be included in the mixing model so that the order of resulting
observations x; remains the same

X, = AP_lPsk (5.8)

whereas AP~ ! modifies the mixing matrix A. Ps; are the sources s, but with a different source
order.

The unknown order of the estimated sources or ICs will be considered in Section 5.3.3. An auto-
matic identification of one IC, which is dominated by the ventricular activity, is required for the QRS
detection at 7T CMR.

IThere are also ICA algorithms developed for underdetermined systems [Taleb 99, Li 06]

94 Dissertation Johannes W. Krug



5.3 ICA-based QRS detection

ICA preprocessing

Two main preprocessing steps are performed before the different sources are estimated by ICA. In a
first step, the measured data is centred, i. e. the mean vector m = E{x;} is subtracted from x;. Hence,
the estimated sources s;, have a zero mean as well which can be shown by computing the expectations
on both sides of Eq. 5.5. To include the mean in the estimated sources sy, it can be calculated as
A 'm.

The second step is a linear transform, aiming at representing the data x; on a new basis, where the
components X;, are uncorrelated and have unit variance [Hyvérinen 00]. This step is called whitening
or sphering. Hence, the covariance matrix of X; has to equal the identity matrix

E{xx} =1 (5.9)

Eigen-value decomposition (EVD) can be used to achieve whitening of the data. The covariance matrix
of x;, can be written as

E{xyx;T} = EDE” (5.10)

where E is the orthogonal matrix of eigenvectors? of E{x;x;”} and D is the diagonal matrix of its
eigenvalues, D = diag(dy, ..., dy). The following step performs the whitening of the input data x;,

%, = ED"?ETx, (5.11)

with D™ = diag(d; /*, ..., dn /*). It can be shown that E{%;X.} = I. By the whitening step, the
matrix A was transformed into

%, = ED~/”ET As;, = As;,. (5.12)

With the steps described above, the obtained demixing matrix A now is orthogonal, which can be
shown by

BE{xx} = AB{s;s,T}A" =AA" =1 (5.13)

where E{s;s;,”} = I by initial assumption. The advantage of an orthogonal demixing matrix A is the
reduced number of parameters which need to be estimated. Instead of n?, only n(n—1)/2 parameters
need to be estimated [Hyvéarinen 01]. Additionally, the dimension of the signals can be reduced during
the whitening procedure by removing the components which have low eigenvalues. This is the case
in overdetermined systems where there are more measurement signals x; than underlying sources sy.

2E{x3x; T} can be estimated from the measured samples x1, ..., Xy,
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Source estimation by means of non-Gaussianity maximisation using the FastICA algorithm

Several mathematical approaches and corresponding algorithms exist for the estimation of the un-
known sources S;. Comprehensive overviews of the different methods can be found in [Hyvéri-
nen 01, Roberts 01, Stone 04, Comon 10]. In this work, the FastICA algorithm was used to estimate
the different source signals [Hyvarinen 99a, Hyvéarinen 01, Roberts 01].

In general, non-Gaussianity is an important metric in the estimation of ICA. Non-Gaussianity can be
used to measure the independence of different sources. The central limit theorem states that the dis-
tribution of the sum of independent random variables tends towards a Gaussian distribution [Hyvari-
nen 01, Vaseghi 09], [Stone 04, pp.56]. The demixing vector w can be optimised such that non-
Gaussianity of the sources estimated by wx;, is maximised.

Negentropy is one measure of non-Gaussianity. It is based on the information theoretic quantity of
differential entropy, which in the following is simply called entropy. Entropy can be interpreted as the
amount of information of an observed variable. The entropy increases with the randomness of the
variable, i. e. the more unstructured or unpredictable a variable, the higher its entropy. A generalised
definition of the (differential) entropy H of a random vector x with density p(x) is defined as

H(x) = —/p(x) log p(x)dx. (5.14)

For a random variable with a given variance, the maximum entropy is achieved for a Gaussian distri-
bution. Instead of directly estimating the entropy, one often uses the negentropy which is a normalised
version of the entropy. The negentropy J is defined as

J(x) = H(Xgauss) — H(X) (5.15)

where Xgauss is @ random variable with Gaussian distribution and where Xgauss and x have the same
covariance matrices. Negentropy is either positive or can be zero if and only if x has a Gaussian
distribution. Concerning statistical properties, negentropy is in some sense the optimal estimator of
non-Gaussianity [Hyvarinen 01]. However, the computation of negentropy as given in Eq. 5.15 is prob-
lematic since it would required an estimate of the pdf. Therefore, approximations of the negentropy
exist which are described in [Hyvérinen 01, pp.182]. The FastICA algorithm provides a fixed-point
iteration scheme for estimating a maximum of the non-Gaussianity based on an approximation of
negentropy [Hyvarinen 99a].

5.3.2 Separation of ECG and MHD signals components

For the given application, the measurement vector x; in Eq. 5.6 contained the ECG signals distorted
by the MHD effect. The estimated basis functions s, were analysed in order to find a component in Sy,
which was dominated by the ECG signal. This component is referred to as sy,;. The extraction of Sy
from the contaminated ECG signals and the subsequent QRS detection were applied in a two-stage
process. This procedure is summarised in Fig. 5.5.

In the first stage, ICA was applied to a 30 s reference segment X, of the 12-lead ECG signal, which was
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(a) First stage: this preprocessing step included the estimation of (b) Second stage: online estimation of Sgcg
the demixing matrix W and the identification of the IC Sgcg which followed by the QRS detection.
was then used for the QRS detection.

Figure 5.5.: General functional principle of the ICA-based QRS detection. Using a 30s long ECG signal, the demixing
matrix W and the source signal Sicg, which is dominated by the QRS complex, are estimated (a). The demixing matrix W
obtained in the first stage is now applied the the latest ECG sample. This procedure is followed by applying an QRS
detector to Spce (b).

recorded inside the MR scanner. The resulting demixing matrix W was used to transform the reference
ECG X, into a vector S, containing the estimated source components of Xg,. This is described by
Eq. 5.6. The estimated signals contained in S, were dominated by different (physiological) signal
sources, e.g. by the ECG signal itself, by the MHD effect, by respiratory motion or by measurement
noise. In the practical application of ICA to the given problem, the crucial task was the estimation of
one IC 5,., which was dominated by the R-peak or QRS complex. This pivotal step is described in
Section 5.3.3.

After sy was identified, the demixing matrix W was reduced to a demixing vector w since only Sy
was required for the QRS detection. The remaining ICs were not required. Hence, it was sufficient
to only estimate §;.. This could be achieved by setting all unused rows in the demixing matrix W to
zero

wll w12 PR wll 0 O PR 0
W21 W22 - W w21 W22 - W2

w=| - W= - (5.16)
Wp1 Wz -+ Wy 0 o - 0

where [ is the number of ECG leads and n the number of estimated ICs. This sets all the components
in’s;,, which are not used for QRS detection to zero:

gk = WX;. (5.17)

Additional computational cost could be saved by only estimating one IC instead of setting the unused
ICs to zero. This was achieved by deleting all unused rows in W so that only one instead of n com-
ponents were estimated. In fact, the demixing matrix W was reduced to a demixing vector w. The
IC 5y which was utilised for QRS detection was then estimated by vector multiplication

x1

~ T

Spcx = WXg = (w1 wy - wl) “2- (5.18)
z
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where k is time instant of the current sampling value. Once the demixing vector w was estimated, the
calculation of Sy, at time step k required [ multiplications and / — 1 summations. Hence, the value for
the current time instant k& can be calculated immediately after the arrival of the new measurement x;
including the sampling values off all 12 ECG leads.

The estimated demixing vector w remained unchanged, i.e. it was only estimated once for each
volunteer. Hence, the first processing stage can be summarised as follows:

Record the 12-lead ECG for 30s inside the MR scanner — Xp-

Application of ICA t0 X, leads to a demixing matrix W and a set of estimated ICs S;,.

Identify one IC s, out of S, which is dominated by the R-peak or QRS complex.

Reduce the demixing matrix W to a vector w, which is then used to estimate 5, from the 12-lead
ECG signals.

W=

In the second stage, the demixing vector w, which was estimated in the first stage was applied to the
most recent ECG samples x;, recorded at time instant k. This resulted in an estimation of the IC Sy, at
the same time instant. Following Eq. 5.18, the estimation of 5, was defined as a linear combination
of the ECG-leads stored in x;,.

The demixing process was followed by the application of a QRS / R-peak detection
algorithm® [Clifford 02] to 5,. Since this QRS detector is based on the slope of the ECG signal,
the slope of the IC used for QRS detection was compared quantitatively with respect to the slope (first
derivative) of the clean ECG signal which was recorded outside the MR scanner.

5.3.3 Identification of the cardiac signal component for QRS detection

Problem overview

One crucial step with the application of ICA to the given problem is the identification of a basis function
or IC 5., which is suitable for gating in CMR. This IC should represent the ventricular activity, i. e. it
should contain the R-peak or QRS complex. It is not possible to determine the order of the estimated
independent components Sy a priori (see Section 5.3.1). One obvious solution is the visual inspection
and manual selection of one IC, which represents the cardiac activity. However, when considering a
future practical implementation of the proposed method, sy, should be identified by an automatic
approach without any user interaction. In addition to this practical demand, a manual selection of S
can be prone to errors due to the similar periodic properties of the MHD effect. If the morphological
features of the MHD effect and the ECG signal are not considered, one may erroneously choose an IC
dominated by the MHD effect. To avoid such errors and the additional effort required for a manual
selection of sy, two different approaches based on

1. a measurement of the IC’s kurtosis and on
2. a template matching

were investigated for the automated identification of Sy.

Shttp://alum.mit.edu/www/gari/code/ecgtools/
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Definition of 5.

For the envisaged gating application, the IC identified as §;.; should provide the optimal QRS detection
results in terms of Se and +P. This optimal IC is referred to as s,,. The criterion for the definition
of 5, was the QRS detection quality. Hence, the QRS detection algorithm was applied to all the
estimated ICs S;. The IC, which returned the best QRS detection results, was defined as 3,,, (Whereas
the manual annotations were taken as the reference). The identification algorithm (either the kurtosis-
or template-based) should identify this IC as 5, in all ECG records.

Identification of 5., based on kurtosis measurement

ECG signals exhibit a non-Gaussian distribution. Several metrics such as entropy (see Section 5.3.1)
or the kurtosis exist to measure the non-Gaussianity of a signal. For a normal distribution, the kurtosis
is 302. When superimposing two signals with non-Gaussian distributions, the resulting signal tends
to be more Gaussian which can be explained by the central limit theorem (see Section 5.3.1). Hence,
it was assumed that the ECG acquired inside the MR scanner, which is a mixture of the ECG and
MHD signal, has a lower kurtosis than the ECG signals itself. Additionally, it was assumed that the
MHD signal has a much lower kurtosis due to its less peaky signals properties when compared to
the ECG signal. The ECG acquired outside MR scanner has a peaky waveform and hence, it can
be expected to have a high kurtosis. Figure 5.6 depicts exemplary histograms with corresponding
kurtosis values of ECG signals acquired outside and inside the MR scanner. In these examples, the
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Figure 5.6.: Histograms of ECGs (lead Il) acquired outside (a) and inside (b) the MR scanner and the corresponding ECG
traces (c),(d). The histograms were estimated from segments of 100s length. Grey dots mark to locations of the R-peaks.
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superimposed MHD effect decreased the kurtosis of the signal. Table 5.1 summarises the calculated
kurtosis values. The mean and standard deviation values were estimated over all 12 leads of a record.
The MHD signals were estimated by a template subtraction procedure. A fixed PQRST-template of
the ECG acquired outside was subtracted beat-to-beat from the ECG acquired inside the MR scanner
resulting in a series of MHD signal estimates. The kurtosis was averaged over all extracted MHD signal
segments. The kurtosis of the ECGs acquired inside the MR scanner and of the estimated MHD signals
is of comparable order in all ECG records. Considering the kurtosis of the ECGs acquired outside the
MR scanner, it is subject to larger intersubject variations.

In order to identify the independent component of interest, i.e. 5;, the kurtosis was calculated for
all estimated components S,. It was assumed that the IC with the highest kurtosis is dominated by the
ECG signal or QRS complexes, respectively. This IC was then labelled as Sy.

Kurtosis can also be used as a metric for outlier detection [DeCarlo 97]. Hence, outliers in the ECG
records or artefacts in the ICs S;, can affect the identification of $;. A single outlier in one or more ICs
could falsify the identification of 5, which would decrease the QRS detection quality. To cope with
such problems, the estimated ICs s;, were divided into smaller segments of 5s length assuming that
outliers only existed temporarily. For each IC, the kurtosis was estimated in all segments. The median
of the kurtosis of all segments of one IC was considered. Finally, the IC with the highest assigned
kurtosis value was identified as ;... It has to be kept in mind that kurtosis depends on the heart rate,
i. e. with an increasing heart rate, kurtosis decreases (since there are less ‘outliers’ which broadens the
histogram). However, since sy, was identified based on the maximum value and the MHD signal was
expected to decrease kurtosis, the impact of the heart rate was not considered here.

Identification of 5., based on template matching

Two ECG records were required for the template matching approach: 1) one (clean) ECG, which was
acquired outside the MR scanner and was free from MHD-contaminations and 2) one (contaminated)
ECG which was recorded inside the MR scanner. The first ECG x,,; was recorded on the table of the
MR scanner but before the subject was moved into the scanner. It should have a length of at least 20s
to cover enough QRS complexes for the template. This ECG can be acquired while the subject is
prepared for the MR scan. Hence, this step should not prolong the overall procedure during the
practical application. The second ECG trace x; was recorded directly after the subject was moved into
the MR scanner. ICA was then applied to the measured signal x;, resulting in the demixing matrix W.
Several ICs were obtained by applying the demixing matrix to the ECG measurement: s;, = Wxy.

Table 5.1.: Kurtosis (mean and standard deviation of the 12 ECG leads) of the training records D1 — D5 for the ECGs
acquired outside and inside the MR scanner (in Ff and Hf position).

Record Outside Inside, Ff Inside, Hf MHD, Ff MHD, Hf

Dy 2314+94 424+09 44+16 42£1.0 48=+1.6
Doy 184+43 34+£06 39+08 3.7+£08 3.5+09
D3 195+64 41+£08 44+£10 3.6+08 45+1.1
Dy 13548 42+£09 54+14 37+10 39+1.6
D5 92+60 32+06 35+04 34+0.7 3.6+05

100 Dissertation Johannes W. Krug



5.3 ICA-based QRS detection

For the identification of S, a proper template u,,, of the QRS complex was required. Depending on
the number of estimated sources in S, an appropriate number of QRS templates was required. By
defining several QRS templates which are specific for each estimated IC S, one of the main problems
of ICA could be overcome. These problems are the unknown source order and the arbitrary scaling
of the sources S,. The demixing process also alters the shape of the QRS-complexes in S, when
compared to the QRS complexes of the original ECG traces in X; or X,,; due to linear mixing of
different channels.

The templates of the QRS complexes were defined by applying the demixing matrix W (estimated
from the contaminated ECG signal x;,) to the clean ECG signal x,,,, recorded outside the MR scanner

/S\k,out = ka,out- (5.19)

For each of the linear combinations s,,,, a template u,, of the QRS complex was generated using the
following procedure. First, a QRS detection algorithm [Clifford 02] was applied to one lead of the
clean ECG signal x,,, in order localise the QRS complexes. The QRS template for each linear lead
combination in §,,, was then estimated from segments of 80 ms length centred around the detected
QRS positions and averaged over ten consecutive QRS complexes. An exemplary template taken
from s, corresponding to the IC which was finally identified as 5., (later used for QRS detection)
is depicted in Fig. 5.7a.

For the identification of 5,, the cross-correlation functions (Sj * u,,.) between each QRS template
in u,,, and the corresponding IC in s, were calculated. An exemplary IC is depicted in Fig. 5.7b.
To avoid the influence of outliers, the same segmentation procedure was applied as described above
in the kurtosis-based method. Based on the median value of the cross-correlation functions in the
different segments of an IC, one IC in s;, was identified as 5.,;. Figure 5.8 summarises the whole
template matching procedure.
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Figure 5.7.: Template from the clean ECG acquired outside the MR scanner (a) obtained using Siou = WxXour. The
template was used to locates the QRS complexes in Sgce (b).
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Figure 5.8.: Template matching algorithm for the identification of Sgcg. The demixing matrix obtained from the
MHD-contaminated ECG record was applied to the clean ECG acquired outside the MR-scanner. A template of the QRS
complex uyqs was generated from each IC obtained from applying W to the clean ECG. These templates were compared to
the corresponding ICs S5, obtained by the application of W to the contaminated ECG leads.

Additional criteria for the identification of 5,

After one IC was identified as S, additional parameters were evaluated to ensure that the identified
IC was suited for QRS detection. Therefore, the length of the RR intervals (RRI) of the QRS complexes
detected in 5., was analysed. The length range of these intervals is determined by the cardiac physi-
ology. It was set to

200 ms < RRI < 1500 ms.

The lower bound was chosen to consider cardiac arrhythmias such as premature ventricular contrac-
tions (PVC) which can cause a minimal RRI length of ~ 200 ms [Pan 85, Werner 05, Hick 06]. The
maximum RRI length was set to 1500 ms which corresponds to a heart rate of 40 bpm. Certain patient
groups, e. g. athletes, can have lower resting heart rate though. The upper bound could be adjusted
automatically by using the RRI time-series of the undistorted ECG signal, which was acquired outside
the MR scanner.

5.3.4 Configuration and additional quality criteria

Number of ECG leads and of the principal components (PC)

The configurations presented in this section were used to investigate the influence of different ECG
leads on the results obtained by ICA. Therefore, ICA was applied to selected leads only, e. g. to combi-
nations of the limb leads or of the limb leads and some precordial leads.

In the first step, ICA was applied to the limb leads I and II and the precordial leads V1-V6. The other
four leads (III, aVR, aVL and aVF) were not included because they form linear combinations of limb
leads I and II (see Section 2.1.2). Hence, the remaining 4 leads contained no additional information.
The usage of 8 leads for the estimation of s}, is referred to as lead configuration LC1.
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In the second step, ICA was applied to the same signals, but with a reduced number of ECG leads.
These signals consisted of combinations of the limb leads I and II and of different numbers of pre-
cordial leads. Furthermore, the influence of decreasing the dimensionality of the original signals was
investigated. The dimensionality of the original signals was reduced by means of PCA [Clifford 05].
Only a limited number of PCs was kept before ICA was applied to the ECG records. The different ECG
lead and PC combinations are referred to as configurations LC2a-LC2h. Results for the LC2 configura-
tions are given for the best combinations of different leads and PCs. In order to highlight the influence
of a single precordial lead on the QRS detection, combinations of lead I and II and of one additional
precordial lead were computed (LC2e-LC2g). Finally, ICA was applied to lead I and II without any
additional precordial lead (L.C2h) because in most MRI scanners there are only 2 leads available.

Long term stability and robustness of the proposed ICA-based QRS detection method

In order to enable its practical applicability, the proposed method should be able to run in real-
time, i.e. Sy can be estimated without a negligible delay. It was expected that the estimation of
the demixing matrix W and the identification of the IC §,; consumes most of the processing time.
As it was depicted in Fig. 5.5a, p. 97, these two problems were solved in the preprocessing phase.
This procedure assumed a subject specific demixing matrix W, which was time invariant with respect
to the MHD effect. To validate this assumption, the long term stability of the demixing matrix was
investigated.

The training records D; and the test records Dy, which were acquired from the same volunteer but
were separated by one year, were used for this experiment. An additional ECG record of the same
volunteer, which was acquired at a 3T MR scanner, was used to show the robustness of the demixing
matrix. In addition to the temporal separation, the position of the ECG electrodes applied according
to Fig. 3.30a, p. 61 did not perfectly match.

Two demixing matrices Wp_ gy and Wy, ) were estimated from the 7 T records D5 (Ff) and D5 (Hf).
Another two demixing matrices W3t and W3 g were estimated from the 3 T records Dy (Ff3 1)
and D, (Hf; ). The four matrices were used to demix the subsets Dg(Ff) and Do (Hf) of record Dy in
the following way:

Wp. @5 - Do (F) — Sice(Wp, n), Do (FD)

(

Wp. @ - Do (HE) = Sicer(Wp, i, Do (HS)) (5.20)
(
(

W3 r@p - Do (Ff) — Secer (W3, Do (F))
W3t - Do (HE) = Sucox (W3 r@p, Do (HE)).

The application of the four demixing matrices to the subsets of Dg should reveal their long term
stability. The latter two demixing matrices (W5 and Wsrqp) should reveal the robustness of
the demixing matrices since these two matrices were estimated from the 3 T record. Using the four
demixing matrices, four ICs 5, were identified. Again, these ICs were used for the QRS detection,
whose results are given in terms of Se and + P for both datasets.
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Figure 5.9.: Template matching algorithm for the identification of Szcg. The demixing matrix obtained from the
MHD-contaminated ECG record was applied to the clean ECG recorded outside the MR-scanner. A template of the QRS
complex uyqs was generated from each IC obtained from applying W to the clean ECG. These templates were compared to
the corresponding ICs S, obtained by the application of W to the contaminated ECG-leads.

Upslope preservation of the QRS complex in 5y,

The algorithm used for QRS detection takes the first derivative of the ECG signal to enhance the QRS
complex [Pan 85, Clifford 02]. To ensure a reliable QRS detection inside the MR scanner, the slope of
the QRS complex needed to be preserved in the identified IC ;.. This was investigated quantitatively
by comparing the upslope differences of the QRS complex in S, and in the corresponding IC §, o rcc-
The estimation of 5, xc iS described in Section 5.3.3. After testing both distributions (upslopes in Sy
and in S, ,.c) for normality using a Lilliefors test [Lilliefors 67], a two-sample t-test (o« = 0.05) was
conducted to assess if the mean slopes of Sy, and S, ..z Showed significant differences. The mean
and standard variations were estimated for each record D; — Dy. In addition, the slopes of Sy, Siourcs
and of the raw ECG signal acquired inside the MR scanner were compared qualitatively.

5.4 Other QRS detection methods for comparison

Other methods for QRS detection in the contaminated ECG or VCG signals were also investigated. All
methods were performed on all the 12 available leads. When required, the VCG v(¢) was obtained
using the inverse Dower transform (see Section 2.1.3). An overview of the four additional QRS
detection methods M1-M4, which were implemented for comparison with the proposed ICA-based
method and the method based on the 6D-vector space are given below. Methods M1-M3 used the
QRS detector from [Clifford 02]. The QRS detection performance of methods M1-M5 was evaluated
test dataset. This was done to have a better comparability with the results obtained from the vector-
based and ICA-based methods. No training was performed for method M1-M5.
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M1: QRS detection in the least contaminated ECG lead

The QRS detection algorithm was successively applied to each of the 12 ECG leads of all records.
The raw 12-lead ECG signals were used without further preprocessing. For all records, Se and +P
values were estimated for each lead. Using these results, the lead giving the best QRS detection results
averaged over all records was finally chosen. The results were only reported on the lead providing the
best results for all recordings from the the training set. Hence, the final results are given for the same
lead.

M2: QRS detection in a single VCG lead

QRS detection was separately performed in all three VCG leads v(¢) = (v,(t), v,(t), v, (¢)) in all records.
The aim was to investigate if the linear combination of the ECG leads using the inverse Dower trans-
form (Eq.fefeq:VCGDowerMatrixInverse, p. 13) improved the QRS detection quality. As in method
M1, the VCG lead with the best QRS detection results was chosen, i. e. the same lead (either x,y or z)
was used for comparing the QRS detection results in all records.

M3: ICA of the VCG for QRS detection

For a further analysis of the usability of the three lead VCG signal instead of the twelve lead ECG
signal, ICA was applied to the three VCG leads v, (t),vy(t),v.(t) of each record. Using the procedure
described in Section 5.3.3, 5. was estimated from the different ICs and was used for QRS detection.
Since the VCG is commonly used for gating in CMR as explained in Section 5.2, the aim was to
investigate if the clinically available three leads of the VCG would be sufficient for the estimation
R-peak detection.

M4: ‘3D-QRS’ method

Tse et al. proposed a method based on 12-lead ECG signals, which exploits the superior quality of the
precordial ECG leads (see Section 3.4.1) [Tse 11a, Tse 12, Tse 13]. This method can be regarded as a
template matching procedure. A template of the QRS complex was generated from a clean ECG signal
recorded outside the MR scanner. This template was built using the six precordial leads V1-V6 covering
the complete QRS complex. An exemplary template is given in Fig. 5.10a. A cross-correlation between
this template and the contaminated ECG trace was performed. By assuming that the QRS template
from the clean ECG and the QRS complex in the contaminated ECG have similar morphologies, a high
correlation value was assumed to correspond to the position of the QRS complex.

Mb5: Higher order central moments

It was shown that higher order central moments can be used for QRS detection by utilising the steep
slopes of the QRS complex (see the descriptions in Section 3.4.1 and in [Schmidt 14]). Here, the
central moment based method was applied to the 7 T ECG records. The 7T ECG signals were bandpass
filtered (5th order Butterworth filter, passband ranging from 2 Hz to 30 Hz) before the 4th order central
moments were estimated in windows of 20 ms length (following the descriptions in [Schmidt 14]).
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Figure 5.10.: 3D template of the QRS complex (a) as used in gating method M4. A cross-correlation between the template
and the contaminated ECG trace (b) was performed to locate the QRS complexes.

5.5 Results

5.5.1 Overview

Table 5.2 summarises the results obtained by the different methods analysed and developed in this
chapter. From the vector-based methods, the standard VCG-based QRS detector achieved the lowest
QRS detection quality in terms of Se and +P. The results of the normal VCG-based method were
slightly improved by the modified reference vector proposed in Section 5.2.1. This method was then
further improved using the precordial leads V1-V6 within the proposed 6D-sECG method (see Sec-
tion 5.2.2) instead of the VCG’s %, y and z-leads. Due to the superior quality of the precordial leads,
the QRS detection quality was drastically improved.

The best overall performance was achieved by the ICA-based QRS detection method proposed in
Section 5.3. The IC 5, was automatically identified in all records using the template matching pro-
cedure. Although the slope of the QRS complex was changed in §;; compared to §,,cq, @ successful
QRS detection using the identified IC was possible.

Methods M1 to M4 used for comparison did not reach the quality of the 6D-sECG or of the ICA-based
method. For the QRS-detection based on a single ECG lead (method M1), the best average results were
obtained when the precordial lead V4 was used. Comparable detection results were achieved using
methods M2 and M3. Where the results obtained by the 3D-QRS method (M4) were comparable with
the results of methods M1 to M3 for the training dataset, the detection performance dropped within
the test dataset.

For a deeper understanding of the different methods, the following sections provide more detailed
explanations of the results.
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Table 5.2.: Overview of the QRS detection performances achieved by the different methods and algorithms (ppq: mean
detection delay; opq: jitter).

Training dataset Test dataset

Methods Se +P Lpd Opd Se +P Hpd Opd

[%] [%] [ms] [ms] [%] [%] [ms] [ms]
VCG (normal) 783 544 71 44 721 57.5 89 3.8
VCG (modified reference) 79.3 823 5.0 59 756 772 6.1 54
6D-sECG 99.3 99.1 24 20 988 988 2.7 20
ICALC1 99.5 994 35 65 992 99.1 58 5.0
M1 (ECG V4) 86.8 884 02 23 87.1 894 23.8 19.1
M2 (Single VCG Lead) 89.2 96.7 41 47 889 91.2 34 23
M3 (ICA of VCG) 88.7 863 69 92 843 875 52 10.7
M4 (3D QRS) 87.6 87.3 48.1 7.0 648 73.7 51.2 12.1

M5 (Central moments) 100 689 6.2 7.1 100 60.3 7.8 8.8

5.5.2 Vector-based QRS detection

5.5.2.1 State-of-the-art and modified vector-based QRS detection method

Influence of the MHD effect

Both, the 3T and the 7T measurements showed variations of the direction and amplitude of the
R-peak vector as it was shown in Fig. 3.19, p. 47. The R-peak of the 3T measurement showed a
deviation of 3.6° with respect to the reference R-peak vector. The absolute difference of the norm
of the two vectors was 0.4mV. For the 7T VCG measurements, an average deviation angle of 68.7°
and a difference of the norm of 1.7 mV were observed [Krug 13b]. These variations already described
in Sec. 3.3.3 were considered the main reason for the error proneness of VCG-based gating at 7T.
Figure 5.11 compares the peaks occurring in exemplary 3 T and 7 T records as obtained by the standard
VCG-based gating method.

QRS detection results

Figure 5.11 depicts exemplary results from the normal VCG-based gating method applied to 3T and
7T ECGs [Fischer 99]. The red trace is the signal obtained from the VCG-based algorithm. In the
3T ECG record depicted in Fig. 5.11a, the peak locations in the red trace coincide with the locations
of the QRS complexes. For the 7T ECG depicted in Fig. 5.11b, the red trace shows several other peaks
which do not necessarily coincide with the QRS locations. The examples depicted in Fig. 5.12 show
the influence of the modified reference vector at 7T. Using the modified reference vector, the peaks
in the signal obtained by the VCG-based method coincide with the positions of QRS complexes.

Tables 5.3 and 5.4 summarise the QRS detection results for the training and test datasets using the
normal reference vector r and the modified reference vector ry,. Using the modified reference vec-
tor ry,, the +P values were increased by 27.9% for the training dataset and by 19.7 % for the test
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dataset. The mean delays 4 and jitter values opq were within an acceptable range for gating appli-
cations, which should be less than 20 ms and 15 ms respectively (see Section 4.3.1). For the standard
VCG-based method, the average results were ji,q = 8.9ms and o,q = 3.8 ms for the test dataset. Using
the modified reference vector, average results of /1,4 = 6.1 ms and 0,4 = 5.4 ms were achieved within
the test dataset.

5.5.2.2 Higher dimensional vector space

Figure 5.13 depicts exemplary signals obtained by the different VCG- and 6D-sECG-based methods.
In terms of its application for cardiac gating, the best QRS detection quality was achieved using the
proposed 6D-sECG method with the differential signal. The results of the other methods shown in
Fig. 5.13 were not sufficient a high quality QRS detection. Either, the peak amplitudes show high
variations as in Figs. 5.13a (normal VCG) and 5.13c (normal 6D-sECG) or additional (false positive)
peaks with high amplitudes as in Fig. 5.13b (differential VCG).

The proposed (differential) 6D-sECG method resulted in a high QRS detection quality. A complete
summary of the QRS detection results in the training and test datasets is given in tables 5.5 and 5.6,
respectively. With Se = 99.2% and +P = 99.1 % within the training set and Se = 98.8% and
+P = 98.8 % within the test set, the superiority of the 6D-sECG compared to the normal VCG-based
method was demonstrated. Very low delays 1i,q of 2.7 ms and jitters opq of 2.0 ms were achieved for
the test dataset.
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Figure 5.11.: Signals obtained from the VCG-based technique used for QRS detection (red) at 3T (a) and 7T (b) together
with the ECG signals of lead | (black) and the manual annotations (grey dots). For the 3T record (a), the peaks obtained
by the VCG-based method agree with the manual annotations. In contrast, several additional peak can be observed in the
7T record (b).
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(a) Normal reference vector. (b) Modified reference vector.

Figure 5.12.: Signals obtained from the VCG-based technique used for QRS detection (red) at 7T using the normal (a) and
the modified (b) reference vector with VCG lead z (black) and the manual annotations (grey dots). For the normal reference
vector, several peak can be observed. These peaks are not located at the positions of the QRS complexes. Using the
modified reference vector (b), the peaks are coincide with the locations of the QRS complexes.
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Table 5.3.: VCG-based QRS detection results for the training dataset acquired at 7 T. (Normal Ref: reference vector defined
outside the MR scanner; Modified Ref: reference vector defined inside the MR scanner). (TP = true positives, FP = false
positives, FN = false negatives, Se = sensitivity, +P = positive predictive value, HF = head first, Ff = feet first,

ppd = mean delay, opq = jitter)

Training dataset Normal Ref Modified Ref
Dataset R-peaks Se[%] +P [%] Sel[%] +P [%]
D, (FD) 165 72.1 36.6 72.1 52.2
D, (Hf) 226 100.0 86.9 100.0 98.7
D, (Ff) 285 67.0 61.4 84.9 95.7
D, (Hf) 198 78.8 26.4 70.7 95.2
D3 (Ff) 243 95.1 96.7 92.2 70.2
D3 (Hf) 254 86.2 100.0 96.5 96.5
D4 (FD) 361 97.8 38.2 96.7 71.4
D4 (Hf) 400 83.8 20.9 56.5 65.5
D5 (Ff) 326 89.6 19.4 40.2 86.2
D5 (Hf) 395 12.4 57.6 82.8 91.3
Total 2853
Mean 78.3 54.4 79.3 82.3

Table 5.4.: VCG-based QRS detection results for the test dataset acquired at 7 T. (Normal Ref: reference vector from
outside the MR scanner; Modified Ref: reference vector defined inside the MR scanner). (TP = true positives, FP = false
positives, FN = false negatives, Se = sensitivity, +P = positive predictive value, HF = head first, Ff = feet first,

ppd = mean delay, opq = jitter)

Test dataset Normal Ref Modified Ref
Dataset R-peaks Se[%] +P [%] Se[%] +P [%]
D¢ (Ff) 401 77.8 65.1 85.5 77.3
D¢ (Hf) 416 71.9 56.0 77.2 77.5
D~ (Ff) 202 78.2 69.6 76.2 79.0
D~ (Hf) 163 42.3 62.2 63.8 60.8
Dg (Ff) 310 84.8 45.7 89.7 81.3
Dg(Hf) 421 77.9 58.0 82.4 70.0
Dy (Ff) 331 92.1 42.7 49.2 85.8
Dg (Hf) 360 51.7 61.0 80.8 86.1
Total 2604
Mean 72.1 57.5 75.6 77.2
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Figure 5.13.: Signals used for QRS detection obtained by the state-of-the-art VCG-based method (a,b) and by the newly
proposed 6D-sECG method (c,d). For each of the two methods, the results obtained by the normal and by the differential
signals are shown. The differential signal of the 6D-sECG method (d) shows the best signal quality in terms of its usage for
QRS detection. Manually annotated R-peak locations are marked by grey dots.
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Table 5.5.: QRS detection results in the training dataset using the 6D-sECG method. (TP = true positives, FP = false

positives, FN = false negatives, Se = sensitivity, +P = positive predictive value, Hf = head first, Ff = feet first,
tpg = mean delay, opq = jitter)

Record # of R-peaks TP FP FN Se [%] PPV [%] ppq [ms] opq [ms]
D (Ff) 165 165 6 0 100.0 96.5 0.3 3.7
D, (Hf) 226 226 2 0 100.0 99.1 2.9 0.9
D, (Ff) 285 284 2 1 99.6 99.3 3.4 1.3
D, (Hf) 198 192 3 6 97.0 98.5 5.9 1.6
D5 (Ff) 243 238 2 5 97.9 99.2 0.5 7.1
D5 (Hf) 254 254 0 0 100.0 100.0 4.6 0.8
D4 (Ff) 361 361 0 0 100.0 100.0 0.2 2.3
D4 (Hf) 400 400 O 0 100.0 100.0 2.2 0.5
D5 (Ff) 326 326 0 0 100.0 100.0 2.5 0.8
D5 (Hf) 395 387 5 8 98.0 98.7 1.3 0.9
Total 2853 2833 20 20

Mean 99.2 99.1 2.3 1.9

Table 5.6.: QRS detection results in the test dataset using the 6D-sECG method. (TP = true positives, FP = false

positives, FN = false negatives, Se = sensitivity, +P = positive predictive value, Hf = head first, Ff = feet first,
tpg = mean delay, opq = jitter)

Record # of R-peaks TP FP FN Se [%] PPV [%] ppq [ms] opq [ms]
D¢ (FD) 401 397 1 4 99.0 99.7 1.3 1.0
Dg (Hf) 416 413 0 3 99.3 100.0 0.4 1.4
D, (Ff) 202 197 11 5 97.5 94.7 2.5 1.1
D, (Hf) 163 157 5 6 96.3 96.9 1.1 1.1
Dsg (Ff) 310 310 0 0 100.0 100.0 3.5 0.6
Dg (Hf) 421 419 2 2 99.5 99.5 3.6 0.9
Dg (Ff) 331 329 1 2 99.4 99.7 3.1 1.1
Dy (Hf) 360 357 1 3 99.2 99.7 6.1 8.5
Total 2604 2579 21 25

Mean 98.8 98.8 2.7 2.0
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5.5.3 ICA-based QRS detection

Separation of different signal sources

ICA was applied to the acquired ECG signals in order to separate ECG and MHD signal components.
Four exemplary ICs from two different records are shown in Fig. 5.14. All the extracted components
still contain mixtures of different signals but those depicted in Figs. 5.14a and 5.14c are dominated by
the ECG (5;) signal components. Considering these examples it can be seen that it was not possible
to extract an original source but only mixtures of different sources.

Identification of 5., based on the kurtosis

Table 5.7 summarises the kurtosis values obtained from the ICs of the training and test datasets. For
each record, the kurtosis is given for the optimal IC 5,,, and for the ICs with the highest and second
highest kurtosis values, i.e. for K,,4,,1 and K,,.z2. As mentioned in Section 5.3.3, the IC with the
maximum kurtosis should correspond to the kurtosis of IC 5,,, since this IC would be identified as Suc.
As can be seen from Table 5.7, the optimal IC §,, does not exhibit the maximum kurtosis value in
all records. Figure 5.15 depicts an exemplary problem of using the kurtosis for the identification
of Sgs. The IC shown in Fig. 5.15a is dominated by the QRS complex whereas the remaining signal
is relatively flat. In comparison, Fig. 5.15b depicts an exemplary IC dominated by a ‘peaky’ MHD
component which is located appropriately 200 ms after the QRS complex. The remaining signal is
relatively flat as in Sy shown in Fig. 5.15a. This means that not only the QRS complex but also the
MHD’s signal components induced high kurtosis values, which lead to a misidentification of Sy.
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Figure 5.14.: Different ICs obtained from records Dy (Ff) (a)-(b) and D2 (Ff) (c)-(d). The ICs Sgeox shown in (a) and (c)
were desired for the QRS detection.
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Table 5.7.: Kurtosis of the ICs in the training and test dataset. Ks,,

. is the kurtosis of the IC which give the optimal QRS

detection results and which should be identified as Sgcg. Kmaz1 and Kioaz2 are the highest and second highest kurtosis

values of the ICs in each record. Ildeally, K;

results.

= Kimaz1 so that the IC identified as Sgcg gives the best QRS detection

Ff Hf
Record Kgop[ Kmaa:l Kmaa:Q Kgﬂm Kmaxl KmaxZ
D, 14.1 14.1 6.7 13.5 13.5 11.5
Dy 9.1 9.1 7.4 11.5 16.2 11.5
Dg 5.3 20.2 16.9 21.3 21.3 9.6
Dy 3.8 9.4 9.1 5.6 8.7 8.6
Ds 9.2 9.2 6.4 5.9 14.2 13.5
Dg 7.6 19.8 7.6 4.9 7.9 6.2
D+ 7.8 13.7 8.2 3.2 7.7 7.5
Dg 12.8 12.8 6.6 12.6 12.6 11.5
Dy 10.7 10.7 7.6 8.1 10.6 8.1
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(a) Exemplary IC Sgcg dominated by the QRS complex.

(b) Exemplary IC out of S, dominated by the MHD
effect.

Figure 5.15.: Two ICs estimated by ICA which are dominated by the QRS complex (a) and by the MHD effect (b). The
'peaky’ behaviour of both ICs can cause high kurtosis values which could result in misidentification of Sgcg.
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Identification of s, based on template matching

The template matching algorithm described in Section 5.3.3 identified the optimal IC §,,, as Sy in all
training and test records.

Upslope preservation of the QRS complex in 5.

Figures 5.16(a)—(b) depict the IC 5. and its first derivative. In Figure 5.16(c), the IC 8, Obtained
from the ECG acquired outside the MR scanner is shown. Its first derivative is depicted in Fig. 5.16(d).
For comparison, the raw ECG signal acquired inside the MR scanner and its first derivative are depicted
in Figs. 5.16(e)-(f). Hence, when using the first derivative of the raw ECG signal (Fig. 5.16(f)) for
QRS detection, several false positives would be detected.

Using the Lillifors test it was shown that the upslopes of the QRS complex measured in Sy, and 5,,.pco
exhibit a normal distribution [Lilliefors 67]. Figure 5.17 compares the mean and standard deviations
of the QRS-upslopes in Sy to those of the corresponding ICs §,.zc. The average absolute relative
deviation of the slopes in 5, compared to S,z Were 14.1% in the training dataset and 16.7 %
in the test dataset. The two-sample t-test revealed a significant change of the slope’s mean value.
A decreased slope of the QRS complex could potentially complicate their detection.

QRS detection, mean delay and jitter in 5., using lead configurations LC1 and LC2

Detailed QRS detection results using the training and test datasets with lead configuration LC1 are
given in Tables 5.8 and 5.9. For the test dataset, an average sensitivity Se of 99.2% and an average
positive predictivity +P of 99.1 % were achieved. The average values of the mean propagation de-
lay 1154 and jitter opq were 5.8 ms and 5.0 ms, respectively. An exemplary section of the contaminated
ECG Xy, the identified IC S., and correctly classified R-peaks in Sy is depicted in Fig. 5.18. This
example shows the improved signal quality, which enables a more reliable QRS detection.

Table 5.10 summarises the QRS detection results in sy, using lead configurations LC2a-LC2g. Se and
+P slightly decreased when less precordial leads were used. Compared to lead configuration LC1,
the mean propagation delay jipq and jitter o, increased but are still within an acceptable limit for
CMR (see Section 4.3.1). The impact of the precordial leads V2-V4 on the QRS detection quality
was revealed by the results using configurations LC2e-LC2g. When only considering the 3-lead con-
figurations, the best QRS detection results were obtained using lead V4 in addition to the two limb
leads (LC2g). Without using any of the precordial leads as in configuration LC2h, Se and +P de-
creased to 78.9 % and 65.8 %, respectively.
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Figure 5.16.: Comparison of the IC Sgcg obtained from the ECG acquired inside the MR scanner (a) and its corresponding
IC obtained from the ECG acquired outside the MR scanner (c). The first derivatives of each IC are shown in (b) and (d).
The upslope of the QRS complex was preserved inside the MR scanner. Lead V4 of the raw ECG acquired inside the MR
scanner and its first derivative are shown in (e) and (f) where several peaks occur in (f). The ECG depicted in (e) (together
with the other leads) was used to estimate the IC Speg depicted in (a).
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Figure 5.17.: Mean and standard deviations of the QRS-upslopes for the 18 records in Sicg (black) and of the corresponding
IC Source obtained from the clean ECG (grey).

Table 5.8.: Detailed QRS detection results for the training records using the ICA-based gating method with lead
configuration LC1 (TP = true positives, FP = false positives, FN = false negatives, Se = sensitivity, +P = positive
predictive value, Hf = head first, Ff = feet first, Hpd: mean detection delay, Opd: jitter).

Record R-peaks TP FP FN Se[%] +P[%] ppa[ms] opq [ms]

D, (Ff) 165 165 O 0 100.0 100.0 4.1 4.4
D; (Hf) 226 226 3 0 100.0 98.7 1.6 0.5
Do (Ff) 285 284 1 1 99.6 99.6 1.1 3.3
Dy (Hf) 198 193 O 5 97.5 100.0 4.1 2.8
D3 (Ff) 243 239 1 4 98.4 99.6 6.4 10.6
D3 (Hf) 254 254 1 0 100.0 99.6 1.7 4.1
D, (Ff) 361 361 0 0 100.0 100.0 0.5 18.2
D4 (HD) 400 399 0 1 99.8 100.0 4.5 0.6
D5 (Ff) 326 326 1 0 100.0 99.7 8 11.3
D5 (Hf) 395 393 15 2 99.5 96.3 4.1 9.9
Total 2853 2840 22 13

Mean 99.5 99.4 3.5 6.6
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Table 5.9.: Detailed QRS detection results for test records using the ICA-based gating method with lead configuration LC1

(TP = true positives, FP = false positives, FN = false negatives, Se = sensitivity, +P = positive predictive value,

Hf = head first, Ff = feet first, upq: mean detection delay, opq: jitter).

Record R-peaks TP FP FN Se[%] +P [%] jipa [ms] opgq [ms]
D¢ (Ff) 401 401 2 0 100.0 99.5 13.4 9.6
Dg (Hf) 416 410 1 6 98.6 99.8 2.2 4.8
D, (Ff) 202 198 4 4 98.0 98.0 3.6 0.8
D~ (Hf) 163 163 4 0 100.0 97.6 1.9 7
Dg (Ff) 310 310 O 0 100.0 100.0 0.3 0.5
Dg (Hf) 421 416 2 5 98.8 99.5 1.1 0.7
Dy (Ff) 331 330 3 1 99.7 99.1 11.1 9.3
Dy (Hf) 360 353 1 7 98.1 99.7 12.9 7.6
Total 2604 2581 17 23

Mean 99.2 99.1 5.8 5.0

Table 5.10.: Averaged QRS detection results for the training and test dataset using the ICA-based method with lead
configurations LC2a-LC2g. Averaged results of lead configuration LC1 are shown for comparison (Se = sensitivity,

+P = positive predictive value, upq: mean detection delay, opq: jitter).

Configuration Training dataset Test dataset

LC # # LeadsI, Se 4P ppa o0pa Se +P  ppa  0opa

leads PCs 1II + [%] [%] [ms] [ms] [%] [%] [ms] [ms]
1 8 8 V1Vé6 99.5 994 35 6.6 992 991 58 5.0
2a 7 6 V26 99.2 99.1 59 96 989 99 121 8.2
2b 6 6 V1V4 99.2 993 45 56 994 983 11.7 13.3
2c 5 4 V2-V4 99.2 99.2 45 10.3 98.7 97 14.5 13.6
2d 4 4 V34 989 985 45 69 983 977 169 134
2e 3 3 V2 94.7 94.5 12.2 10.5 95.2 93.7 121 159
2f 3 3 V3 97.3 92.8 11.7 85 96.5 924 145 9.7
2g 3 3 V4 98.2 97.3 6.3 11.5 98.5 972 139 122
2h 2 2 - 77.1 66.3 33.3 20.6 789 658 22.1 11.2
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Figure 5.18.: (a) ECG x;, acquired inside the 7 T scanner and (b) the estimated and identified IC Spcgx. Grey dots mark the
manual R-peak annotations (a) and the R-peak position detected by the algorithm (b).
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Long term stability of the demixing matrix

The application of the two demixing matrices Wp, sy and Wp_ g (obtained from two previously
recorded 7 T Ff and Hf ECG records of the same subject) lead to the following QRS detection results
in the two corresponding ECG records from the same volunteer:

« W, — Do(FD: Se = 99.7%, +P = 99.6%
* Wp,@mpn — Do(Hf): Se = 99.1%, +P = 99.7%

The application of the two demixing matrices W3 (obtained from two previously recorded 3 T Ff and
Hf ECG records) lead to the following QRS detection results in the two corresponding 7 T ECG records
from the same volunteer:

* Wsr(Ff) — Do(Ff): Se = 98.3%, +P = 99.1%
* Wi (Hf) — Dg(Hf): Se = 97.9%, +P = 98.7%

Figure 5.19 depicts the effect of applying the two different demixing vectors w and wsr to the same
7 T ECG record.

5.5.4 Other QRS detection methods

QRS detection results achieved by methods M1-M4 are summarised in table 5.2. From these alterna-
tive approaches, method M2 gave the best average results (in terms of Se and +P).

The precordial ECG lead V4 was used in method (M1) in all records because this ECG lead yielded
the best QRS detection in terms of the average Se and +P. In general, the best QRS detection was
achieved using the precordial leads V3-V5 since these leads were less affected by the MHD effect (see
Section 3.3.2).

In method M2, the best results were achieved using the single VCG lead z in all records. The ob-
tained results were slightly better than the results obtained by method M1 using the single ECG lead.
Method M3 also utilised the VCG leads but applied an ICA in order to separate ECG and MHD signal
components. However, this procedure had no positive influence on the achieved results. Instead, it
decreased the QRS detection quality when compared to method M2.

An exemplary signal, which was obtained by method M4 is depicted in Fig. 5.20a. The signal depcited
in Fig. 5.20b was estimated using the 6D-sECG method proposed in Section 5.2.2. Both methods relied
on the information or signal properties of the six precordial leads. However, the 3D-QRS method (M4)
caused several peaks of high magnitude (Fig. 5.20a), which did not necessarily correspond to R-peaks.
This complicated the detection based on a relative threshold since the amplitude ratio between R-peak
related peaks and other peaks was too low.

QRS detection based on the higher order central moments (method M5) showed a very high specificity
Se (100 %) but a low +P value in both, the training and test datasets. Although this method was
successfully used with 3 T records [Schmidt 14], similar results could not be reproduced when applied
to 7T recordings.
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Figure 5.19.: Estimation of the IC 5zcg from the 7T ECG record Dg(Ff) using the demixing matrix Wp, g (a). Wp, g was
obtained from record Dg (Ff). To show the long term stability of the demixing matrices, the previously acquired record D5 (Ff)
was used to estimate the demixing matrix Wp_ . Wp, @ was then applied Do (Ff) (b). The records D5 (Ff) and Dg (Ff)
were acquired from the same subject with distance. Dataset D5 (Ff) was acquired one year prior to Dg(Ff). Another record
of the same subject acquired at 3T (one year prior to Dg(Ff)) was utilised for estimating the demixing matrix wsr.

Again, wsr was applied to the 7T record Dg(Ff). The results show that the demixing matrix of one subject is stable over a
long time (b,c) and that it is possible to use a demixing matrix obtained at a different magnetic field strength (c).
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(a) Signal used for QRS detection obtained by the (b) Signal used for QRS detection obtained by the
3D-QRS method (M4). 6D-sECG method.

Figure 5.20.: Comparison of the gating signals obtained by the 3D-QRS method [Tse 11a] (a) and by the 6D-sECG method
(b) proposed in this work. Several peaks of high magnitude complicate a proper threshold-based QRS detection. Grey dots
mark the manual annotations of the underlying QRS complexes.
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Figure 5.21.: Signals used for QRS detection obtained by the 4™ order central moments method and corresponding ECG
signals (lead V4) outside (a) and inside (b) the 7T scanner. For the ECG outside the MRI scanner, the central moments
show one peak caused by the upslope and one by the downslope of the QRS complex. Other ECG signal components are
suppressed. Inside the MRI scanner (b), additional larger peaks were caused by the MHD effect.

5.6 Discussion

5.6.1 Vector-based QRS detection

State-of-the-art VCG-based QRS detection

As it was shown in Fig. 3.19 (p. 47), the VCGs obtained from the 3T and from the 7T records were
affected by the MHD effect. Besides the more complex patterns of the MHD effect in the 7 T VCGs, the
angle and amplitude of the R-peak vector were altered inside the MR scanner when compared to the
VCG recorded outside the MR scanner. These alterations are considered as one of the main reasons
for the error proneness of the VCG-based gating method in 7T CMR.

Based on the measurement data and the observations of the altered R-peak vectors, a modified ap-
proach of the well established VCG-based gating method was introduced in Section 5.2.1. A new
reference vector was defined using the ECG signal acquired inside the MR scanner. Based on this
modification, the +P was improved by 27.9 %. However, the definition of the new reference vector
requires an initial manual annotation of the R-peaks inside the MR scanner, which is a major drawback
of this method and may limit its clinical applicability. One could cope with this limitation by defining
a reference vector near the entrance of the MR scanner’s bore where the magnetic field strength does
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not reach its full magnitude. This could give a better estimation of the reference vector but could also
enable a better QRS detection during the initialisation stage. However, this new reference would still
be altered by the additional MHD effect in the centre of the scanner. The ICA-based QRS detection
proposed in Section 5.3 could overcome this limitation.

Another issue are cardiac arrhythmias*. Cardiac arrhythmias can cause morphological alterations of
the QRS complex and can change the heart rhythm. This in turn can alter the spatial position of the
R-peak in the vector space. An example for such an alteration during an arrhythmia is depicted in
Fig. 5.22. While a QRS-detector relying on the ECG trace detects this QRS complex, it is obvious
that the VCG-based method would miss this cardiac activity due to the large deviation compared to
the reference vector r. Although this ECG was acquired outside the MR scanner, a similar detection
behaviour can be expected for an ECG acquired inside the MR scanner. For gating applications it is
(usually) preferred to skip image acquisition during non-regular heart beat activity.
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Voltage in [mV]

I
o
o
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Time in [s] Time in [s]
(a) ECG, lead Il (b) ECG, lead V1

Y in [mV]

Xinmv] 2 2 Zin[mv]
(c) VCG, frontal view (d) VCG, 3D view

Figure 5.22.: ECG leads Il and V1 (a,b) and the corresponding VCG in frontal and 3D view (c,d) during arrhythmia
(ventricular extrasystole). The arrhythmias is occurring at ¢t &~ 3s. The single separated loop is caused by the arrhythmia.
Black dots mark the normal R-peak position. The red dots mark the position of the R-peak during an arrhythmia. Due to
the detection principle of the VCG-based method, the arrhythmic beat would be missed.

“Due to the lack of appropriate ECG data recorded at 7 T, this issue was not further investigated in this thesis.
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Higher dimensional vector space

Based on the findings made in Section 3.3.3, which showed that the VCG is severely distorted by
the MHD effect at 7T, a new spatial representation of the ECG signal was presented. This spatial
representation is based on the six precordial ECG leads V1-V6. It was shown that the signal quality
of those leads is superior when compared to those of the VCG leads obtained by the inverse Dower
transform. However, as it was shown in Fig. 5.3, not all precordial lead combinations give a proper
discrimination between the QRS complex and the MHD effect. Taking the first derivative of the 6D-
VCG enhances the separability of the QRS complex and of the MHD effect. Hence, the first derivative
of the ECG’s precordial leads was used to build the 6D vector space.

General drawbacks

All vector-based QRS detection methods require a reference vector. This reference vector is defined
from an QRS complex detected in a pre-processing step. Whereas this is a trivial task for the reference
vector defined outside the MR scanner, it limits the application of those methods utilising the reference
vector defined inside the MR scanner. Hence, without an additional algorithm for the initial detection
of the QRS complex inside the MR scanner, the vector-based methods are not suitable for the usage
in a clinical setting. This limitation could be overcome by using the ICA-based QRS detector for the
definition of the reference vector.

5.6.2 ICA-based QRS detection

A new method for QRS detection in 7T MRI based on ICA was proposed in this chapter. ICA was
applied to 7 T ECG records in order to separate ECG, MHD and other signal components. 12-lead ECGs
were used for these experiments whereas the 4 linear combinations of lead I and II were excluded
from the analysis®. Hence, a maximum of 8 leads and their 8 PCs were used for the estimation of
the ICs S;,. A general problem of ICA is that the order of the estimated source signals S;, is unknown,
i. e. it is not known which source in S, corresponds to the ECG, MHD, mixtures of both or other signal
sources. Additionally, there were more sources s; than measurements or observations x,. This can be
explained by the spatial origin and distribution of the ECG and MHD signals. The different parts of
the atria and the ventricles can be seen as different sources contributing to the cardiac (ECG) signal.
All blood vessels and even small segments of them, e. g. the ascending and descending aorta or the
aortic arch can be considered as separate sources contributing to the MHD signals. The crucial task
was to automatically identify one component s, from the set of estimated ICs S;, where 3, was the
IC mainly dominated by the QRS complex or the R-peak. It was desired to perform this identification
automatically since a manual selection of s, limits the practical value of the proposed method. Two
different methods were investigated to achieve this aim.

The automatic identification of 5,,; based on the maximum kurtosis of the ICs was shown to be not
reliable and should not be used in a practical application of this method. In several cases, the optimal
IC s,,., which gave the best QRS detection results did not have the maximum kurtosis. A non-optimal
selection for 5,.,; would be made using the kurtosis as an identification criterion. It was shown that
the strong MHD effect occurring in some ICs exhibits a ‘peaky’ behaviour. This problem was depicted
in Figure 5.15. Hence, the identification of sy, based on the higher order statistics was not considered

SThese are leads III, aVR, aVL and aVF.
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since it was not applicable to all records.

The problems occurring in the kurtosis-based identification method were overcome by the template-
based method. This method required a 30s long trace of the ECG recorded outside the MR scanner.
Based on a ‘demixing’ of this clean ECG as described in Section 5.3.3, QRS templates were generated
and compared to the corresponding ICs s;. In all training and test records, the maximum correlation
value corresponded to the optimal IC 5,,.. Hence, this method was used for the identification of ;.

Following the automated identification of §;, the initially estimated demixing matrix W was reduced
to a vector w. This demixing vector was applied to the measurement signal x; at time instants k. As
described by Eq. 5.18, p. 97 this corresponds to a linear combination of all leads in x;, at time k. Due
to this computationally simple and efficient calculation, the sample 5, at time instant k£ could be
estimated in real-time. It was shown that the demixing vector w is stable over a long time (1 year)
and is even robust against the non-exact placement of the electrodes®. Additionally, a demixing matrix
obtained from a 3 T measurement could be applied to a 7T record (from the same subject). This means
that it is possible to estimate W at the entrance of the MR scanner’s bore where the magnitude of the
static magnetic field and the resulting MHD effect are lower. Although it did not occur with the records
used in this thesis, the properties of the MHD effect at 7T could eventually cause a false identification
of 5y.. This is less likely at a lower magnetic field strength (as at the entrance of the bore). The
computation of the demixing matrix was required only once per subject and position (head and feet
first position). This fact and the low computational cost of the signal demixing using the vector w
make the ICA-based method applicable in clinical scenarios.

The ICA-based method achieved the best QRS detection results — it outperformed the different vector-
based methods. In a first step, ICA was applied to the complete ECG records (i.e, to 8 leads and
8 PCs). Following this, the number of the ECG leads and of the PCs was reduced. This was done to
investigate on how certain leads affect the R-peak detection quality. It was found that the precordial
leads generally have a positive effect on the R-peak detection quality. By only using lead V4 together
with limb leads I and II, Se and +P approximately decreased by 2 % in the training and test dataset
when compared to the best result (lead configuration LC1). This is an important fact for the future
development of proper MRI conditional ECG hardware since it was shown that the combination of
the standard limb leads I and II and one additional precordial lead strongly improved the results.
Nowadays, ECG devices with a clinical approval for the usage in an MRI environment are limited to
two or three leads and do not include precordial leads. By adding at least one additional precordial
lead to the existing hardware, the quality of the ECG signals and hence, the quality of triggering CMR
sequences at a high magnetic field strengths can be improved.

The following points were achieved using the ICA-based method:

Extraction of different signal components .

The 3, component in S;, is dominated by the R-peak or QRS complex.

Automatic identification of 5., based on template matching.

Reduction of the demixing matrix W to a demixing vector w.

The robustness and long term stability of W (or w) were shown.

The demixing vector w only needs to be estimated once per subject and direction (Ff or Hf).
Extraction of Sy, can be performed in real-time using w.

Superior quality of the precordial leads was shown.

©® N A Wb =

5Non-exact means that the electrodes were not placed in exactly the same positions in the different experiments.
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9. Improved R-peak detection with only one additional precordial is possible.

In summary, the proposed fully automated method based on ICA and a custom developed template
matching approach enables a reliable detection of the ECG’s QRS complexes at 7 T. Due to the robust-
ness of the demixing vector w, ICA only has to be applied once per volunteer and the IC dominated by
the ECG signal (S.;) can be estimated in real-time. Hence, the proposed method can also be used as
a pre-processing step to estimate the reference vector for the modified VCG-based approach and for
the 6D-sECG method.

5.6.3 Other QRS detection methods

Several other methods were used for the QRS detection in the 7T ECG records. Again, the results
revealed the superior quality of the precordial leads. The standard QRS detection algorithm [Pan 85,
Clifford 02] gave the best (on average) results using lead V4. Using the VCG or the ICA of the
VCG could not improve the results. The 3D-QRS method, which was initially proposed for the QRS
detection at 3 T was shown to be prone to errors when applied to the 7T ECG records.

QRS detection using method M5 was also successfully used with 3T ECG records. The fact that this
method had low +P values at 7T can be explained by the high slope of the MHD signals. The 4th
central moment can exhibit high values at the slopes of the MHD signal. Hence, parts of the MHD
signal are falsely identified as QRS complexes.

5.6.4 ECG recording hardware

Typically, the positioning of the ECG electrodes depends on the manufacturer of the ECG device. Those
devices are typically designed and developed for MRI purposes. Dedicated hardware including wiring,
circuits and electrode enables a safe operation of these devices in the hostile environment of an MR
scanner. Usually, these devices use two or three different ECG leads to provided a signal for gating
and heart rate monitoring.

In this work, the number of ECG leads was extended by using a commercial 12-lead ECG device, which
is usually used in diagnostic cardiology. Such devices are not designed for a usage inside the MR scan-
ner. This is one limitation for the methods presented in this chapter since all of them rely on one or
more precordial ECG leads. However, the MRI research community as well as commercial manufactur-
ers are more and more interested to have such devices within the MRI environment [Tse 10a, Tse 14].
The interest in an MR compatible 12-lead ECG is mainly driven from the need for a diagnostic ECG as
it used in heart catheter labs. Hence, this current hardware limitation might be overcome in the future
when such hardware is commercially available. For the acquisition of the 12-lead ECGs used in this
work, the standard electrode placement scheme was used (see Section 3.30a). Since the placement
of the ECG electrodes affects the amplitudes and morphologies of the ECG and MHD signals, further
studies are required for an optimal placement of the 12-lead ECG during MRI. However, in such an
optimisation, the diagnostic ECG which is investigated in the next chapter should be considered since
this usually requires a standard scheme for the placement of the electrodes.
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5.7 Summary

The aim of this chapter was to develop reliable QRS detection methods for ECG signals, which were
acquired in a 7T MRI scanner. Whereas QRS detection is well established for clinical MR scanners
with typical magnetic field strengths of up to 3T, QRS detection can be hampered in 7T MRI. For
the experiments described in this chapter, several ECG records were recorded from different subjects
inside a 7T MRI scanner. This enabled a realistic analysis of the underlying problems and allowed the
development of methods, which are applicable in real CMR scenarios.

This chapter started with an improvement of the state-of-the-art VCG-based gating method (Sec-
tion 5.2). Based on the analysis of the standard VCG-based method made in Section 3.3.3, the
reference vector r, which is usually used for R-peak detection in this method was modified. With
this modification, the positive predictivity +P was increased by 27.9 % for the training dataset and
by 19.7 % for the test dataset when compared to the standard configuration. A further modification
of this method utilised the superior signal quality of the precordial ECG leads V1-V6. Instead of using
the 3D VCG, a new 6D vector space was composed from the first derivatives of the six precordial
leads (6D-sECG). Similar to the VCG-based method, a reference vector was defined for the detection
of the R-peaks. Using the 6D-sECG method, a high QRS detection quality was achieved (Se and +P
> 98 %). However, the modified reference vector used in both methods requires a manual annotation
of the R-peaks which can be challenging due to the MHD contaminations and might be impractical
for the clinical application of this method. In order to avoid this impractical and risky pre-processing
step, another QRS detection method was proposed.

The method for QRS detection utilising an ICA-based algorithm can be used without any manual
user input. ICA is used for the decomposition of a 12-lead ECG signal into a set of source or basis
functions. Although ICA was not able to fully separate the ECG, MHD and other signal and noise
sources in the 7T ECG records, it was able to extract one IC or source signal s;.; in each record, which
was dominated by the R-peaks. Two different methods for an automated identification of 5., were
investigated whereas the technique based on a template matching outperformed the method based
on the higher order statistics (kurtosis). Using the template matching technique, S.; was correctly
identified in all training and test records. This is an important fact since an automated identification
of the desired source signal is an essential step with the application of ICA. R-peak detection in 5., was
performed using a standard algorithm [Pan 85, Clifford 02]. The method outperforms the state-of-the-
art VCG-based gating method. Since the estimation of the demixing matrix W and the identification
of sy only has to be performed once per subject at the beginning of the measurement, sy, could be
estimated in real-time. Based on practical experiments it was shown that the demixing matrix W is
robust against electrode placement, stable over a long time and can even be estimated at a different
(lower) magnetic field strength.

The two new QRS detection methods proposed in Sections 5.2.2 and 5.3 were compared to several
other techniques. These methods evaluated in Section 5.4 included conventional R-peak detection in
the ECG or VCG (methods M1 and M2), an experimental application of the ICA technique to the VCG
instead of the ECG (method M3), a method using a 3D template of the QRS complex (method M4) and
the 4th order central moment (method M5). From these methods, the ECG-based gating method (M1)
using a single precordial lead (V4) gave the best results in terms of Se and +P. This fact again showed
that the MHD effect had a lower impact on the precordial leads. Without further investigation, this
finding could be helpful for future experiments regarding the placement of the electrodes or for the
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development of MR safe and compatible ECG hardware with (at least) one precordial lead in addition
to the standard limb leads.
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Accessing diagnostic information from the
ECG during MRI

6.1 Overview

Several applications for a diagnostic ECG during MRI were discussed in Section 2.3. It was shown
in Section 3.3 that the MHD effect limits the diagnostic value of the ECG signal. The aim of this
chapter is to improve the diagnostic quality of ECG signals acquired during MRI. Particular focus
was put on the ST-segment, T-wave and QT-interval. These segments of the ECG contain important
diagnostic information, which can be required during MR-guided interventions such as EP procedures
or for patients under anaesthesia (see Section 2.1.4). This chapter investigates and compares different
methods to access the diagnostic information of the ECG.

In Section 6.2, the Wiener filter is applied to single ECG leads in order to suppress the MHD effect.
PQRST templates are used to compute the Wiener filter coefficients. In Section 6.3, ICA is applied to
simulated and real ECG records. ICA was already used in Chapter 5 where it was applied to ECGs
acquired at 7T for gating purposes. The aim was to extract only one IC dominated by the R-peak.
This chapter investigates if ICA can be used to obtain additional diagnostic information for a 3T ECG
signal.

Section 6.4 describes how an extended Kalman filter (EKF) is applied to filter the MHD signal from
different ECGs. The ECG and MHD signals are modelled using a synthetic signal generator based
on a Gaussian model (see Section 4.2.2). The developed methods and algorithms are evaluated
quantitatively and qualitatively using the simulated and real ECG records described in Sections 4.1.2
and 4.2 and the metrics described in Section 4.3.
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6.2 MHD suppression by means of the Wiener filter

6.2.1 Theory of the Wiener filter

Overview

Andrej Kolmogorv (1941) and Norbert Wiener (1949) initially formulated the least square error (LSE),
where the first one was based on time-domain analysis and the latter one on frequency domain anal-
ysis! [Vaseghi 09]. The theory of the LSE filters forms the foundation for linear adaptive, data depen-
dent filters. Therefore, the filter coefficients are calculated to minimise the average squared distance
between a desired, known target signal and the filter’s output. The basic formulation of the LSE filter
theory, for which the filter coefficients are not updated periodically, assumes stationary processes. For
a strict-sense stationary process, all distributions and statistics are required to be time-invariant. In
contrast, a process is said to be wide-sense stationary if its mean and autocorrelation functions are
time invariant [Vaseghi 09]. By recalculating the coefficients over time for a block of input signal
samples, the filter coeffients are updated to the average of the signal characteristics within this block.
Wiener filters can be designed as finite impulse response (FIR) or as infinite impulse response (IIR)
filters. FIR filters are relatively simple to compute, inherently stable and more practical. However, the
main drawback of this type of filters compared to IIR filters is that they may need a large number of
coefficients to approximate the desired response.

Derivation of the Wiener filter

The relation between the filter input 2 and its output y(m) is given by

P-1
Gm) = 3" wya(m — k)
kZ:O (6.1)
=w'x
where wl' = [wg, w1, ...,wp_1] is the vector representing the Wiener filter coefficients, x(m)? =

[x(m),z(m — 1), ...,2(M — P — 1)] are the input signal samples and gy(m) are the output signal sam-
ples with m as the discrete time index. Equation 6.1 expresses the filtering process in two equivalent
representations: as a convolutional (upper equation) sum and as an inner product (lower equation).
The error of the Wiener filter is defined as the residual between the estimated filter output y(m) and
the desired signal y(m)

(6.2)

Hence, the error of the filter, e(m), depends on the filter coefficients w (for a given input and a
desired signal). In the sense of minimising the mean squared error, the Wiener filter is the best
filter [Vaseghi 09].

1For the sake of simplicity, both filters are referred to as Wiener filter.
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In a matrix notation for a number of N input samples, Eq. 6.2 can be written as

e(0) y(0 x(0) z(-1) z(1—P) o
e(1) y(1 z(—1) z(—2) x(2 — P) w
e |=| w@ || 22  «(-3 z(3 - P) I )
e(N‘— 1) y(N.— 1) :c(N‘— 1) x(N'— 2) N x(N.— py) \"rt
which can be rewritten as
e=y— Xw. (6.4

Equation 6.3 depends on the number of signal samples N, which corresponds to the number of equa-
tions in Eq. 6.3. If the number of signal samples is the same as the number of coefficients, so N = P,
then the matrix is square. Hence, there are as many equations as unknowns, which leads to a theoret-
ically unique filter solution w (if the matrix R, can be inverted, see below) with an zero estimation
error e = 0 such thaty = Xw =y.

If N < P, the matrix is under-determined since there are more unknowns than equations. This case
leads to an infinite number of solutions with zero estimation error. In most practical cases, the number
of signal samples is larger than the number of filter coefficients. For this case where N > P, Eq. 6.3 is
over-determined and has a unique solution, usually with a non-zero error. This is the case if the linear
system y = Xw is consistent and if the rank of the matrix X is equal to the number of unknowns,
i.e. rank(X) = P (Rouché-Frobenius theorem) [Zapatero 14]. For an overdetermined system, the
filter coefficients are computed in such a way that an average error cost function, e. g. the least mean
square error (LSE) or the absolute error, is minimised. In the Wiener filter theory, the LSE is the
objective criterion between the filter input and its output. The LSE criterion leads to a linear and
closed form solution for FIR filters. [Vaseghi 09]

The Wiener filter coefficients are obtained by minimising IE[e?(m)] with respect to the filter coeffi-
cients w. According the Eq. 6.2, the mean square estimation error is given by

Ele2m)] = E | (s(m) - w')’|

= E[y%(m)] — 2w E[xy(m)] + wE[xx"|w (6.5)
= Tyy (0) - 2WTr.ry + WTR$IW
where R, is the autocorrelation matrix of the input samples and r;, = E [z(m)y(m)] is the cross-

correlation vector of the input and the desired signal.

From Eq. 6.5 it can be seen that the mean square error for an FIR filter is a quadratic function of the
filter coefficient w and has a single minimum point as shown in Fig. 6.1. The LSE corresponds to the
minimum error power - the mean square error surface has a zero gradient at this point. The gradient
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Figure 6.1.: Mean square error surface for a FIR filter with two filter coefficients [Vaseghi 09, p.176].

of Eq. 6.5 with respect to the filter coefficient vector w is given as

el ()] = —2E[y(m)x(m)] + 20" Efx(m)x” (m)] 66

= —2r,, + 2w Ry,

with

o [0 o 0 o 67
ow  |Owy’ Owy 0wy’ dwp_1| |
Setting Eq. 6.6 to zero leads to the minimum mean square error Wiener filter
Ry,w =1y, (6.8)
After rearranging Eq. 6.8, the Wiener filter (WF) coefficients can be computed as
W= R;,zlrxy. (6.9)

Hence, the WF coefficients can be computed from the autocorrelation matrix of the input signals (the
unfiltered signals) and the crosscorrelation vector of the input and the desired signals.

6.2.2 Configuration of the Wiener filter and the ECG signals

Estimation of the WF coefficients using complete ECG records

The simplest way was to apply the WF to a complete ECG record. As described in Section 6.2.1, the
WF minimises the LSE between the reference or target signal y(m) and the filter output y(m) = w’x.
The underlying target signal in x(m) should have similar properties as the target signals y(m) itself,
so that the error between y(m) and y(m) can be minimised. However, for real ECG records with
physiological beat-to-beat variations, the underlying ECG in x(m) and the target signal are unlikely to

perfectly correlate with each other. This aspect shall be pointed out using the following two examples.
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In both examples, ECG and MHD signals were simulated as described in Section 4.2.3.

Example 1: In this example, the simulated ECG signals in (m) and y(m) were the same but with the
MHD signal included in z(m)

y(m) <~ ECGout1a = ECGlean(ls : 10s)

z(m) < ECGin1qa = ECGelean(1s : 10s) + MHD(1 : 10s)
P-1
g(m) =Y wpECGinap(m — k) with ECGip 15 = ECGjean(21s : 30s) + MHD(21 : 305)

k=0
(6.10)

where the WF coefficients wj, were estimated using x(m) and y(m). The underlying ECG (the desired
ECG ieqrn) is the same in both signals. Once the coefficents were estimated, the WF was applied to
a different segment ECG;, 1, of the simulated record. An exemplary result is depicted in Fig. 6.2a.
In the filtered ECG signal, the shape of the QRS complex was preserved and the MHD signal was
attenuated such that the shape of the underlying T-wave can be recognised.

Example 2: A more realistic scenario is simulated in this second example. Instead of taking the same
ECG in z(m) and y(m), time shifted versions of the ECG of one record were used

y(m) <~ ECGout 20 = ECGeiean(ls : 10s)

z(m) < ECGin2q = ECGlean(11s : 20s) + MHD(11 : 20s)
P-1
g(m) =Y wpECGinop(m — k) with ECGip 25 = ECGjean(21s : 30s) + MHD(21 : 30s).

k=0
(6.11)

Due to the simulated RRI variations (see Section 4.2.4), the underlying ECG signals ECGjeqrn in z(m)
and y(m) were different. This again affects the cross-correlation of ECG,y; 2, and ECG,,, 2, and the
resulting WF coefficients. An exemplary trace of the so filtered ECG signal is depicted in Fig. 6.2b. In
contrast to the previous example, the QRS complex was attenuated and could not be recovered. The
end of the T-wave was not as clearly visible as in the previous example.

These two examples showed that the estimation of the WF coefficients from complete ECG records
(10s in these examples) is not feasible for a practical application. This approach only works for signals
where the underlying ECG is the same in z(m) and y(m). Based on this preliminary investigation, this
approach for the WF coefficient estimation was discarded and a template-based approach was chosen
instead.
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Figure 6.2.: Examples for the computations of the Wiener filter coefficients using different input signals. The coefficients for
the signals shown in (a) were computed using a reference signal (c) which was the same as the underlying ECG in the
unfiltered ECG in (a) (but without the additional noise). With the computed coefficients, the filtered signal in (a) showed a
good estimate of the reference signal (c). In contrast, the underlying ECG of the unfiltered ECG depicted in (b) was not the
same as the reference signal (d) used for the computation of the filter coefficients, i.e. it was from the same simulated
record but from a difference section. Hence, the reference and the unfiltered ECGs did not match each other and the
estimated filter coefficients were not optimal in the sense of filtering the ECG in (b) such that it corresponds to the
morphology of the reference signal.

Estimation of the WF coefficients using PQRST templates

In order to avoid the problems mentioned above, another approach for the WF coefficient estimation
based on PQRST templates was chosen. PQRST templates were estimated for the simulated and real
ECG signals acquired outside (Tgcg our) and inside (Tgcg,in) the MR scanner according to [Andreotti 14]
with

«— Tj
y(m) ECG,out (6.12)

x(m) <— TECG,in-

Ten cardiac cycles were used to build the templates. Templates were computed from normal episodes
only, i. e. pathological variations were not considered. Exemplary PQRST template estimated from real
ECG records acquired outside and inside a 3T MRI scanner are shown in Fig. 6.3. The WF coefficients
estimated from these PQRST templates were then applied to the remaining parts of the simulated
ECGs, which included normal and pathological episodes and to the real ECGs.
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(a) PQRST template of a real ECG acquired outside the (b) PQRST template of a real ECG acquired inside the
MR scanner. MR scanner.

Figure 6.3.: PQRST templates of a real ECG signal (lead Il) acquired outside (a) and inside 3T MR scanner (b). The
templates were used to compute the Wiener filter coefficients for lead Il of this ECG.

Previous investigations using concatenated ST-T-wave segments

Previous investigations using the WF were published by Krug et al. in [Krug 12]. This study was
focused on the estimation of dedicated WF coefficients w for the section of the cardiac cycle containing
the ST-segment and the T-wave. The aim was to optimise w on this section of the ECG. Concatenated
ST-T-wave segments were used for the estimation of w. Once w was calculated, it was applied to
extracted ST-T-wave segments. The filtered segments were then used to analyse the elevation of
the ST-segment and the end of the T-wave. Using this procedure, errors in the ST-segment were
below 0.1 mV in several leads. However, larger errors in certain leads could cause a false diagnosis.
The T-wave could be observed in the filtered signals but the quantitative evaluation showed that
the manual annotation of the end of the T-wave was not precise [Krug 12]. Due to these findings,
no further analysis of this configuration or its variations (e.g. concatenated PQRST segments) were
made in this work since our previous works could not show an improvement for the filtering of the
T-wave.

Order of the Wiener filter

The result of the Wiener filter depends on the order of the filter. A higher order can improve the
quality of the filter results, but it increases the computational complexity. The number P of filter
coefficients used during the experiments was investigated empirically. The SNR computed between
the filtered and the reference signal was used as the quality metric for the estimation of w. The
normal (non-pathological) section of the simulated ECG without additional noise or MHD effect served
as the reference signal. Muscle artefact noise as well as a MHD signal using the model described
in Section 4.2 was added to the clean ECG signal. This noisy ECG was used as an input for the
Wiener filter. Pathological episodes were not considered during the estimation of the number of
filter coefficients. Figure 6.4 depicts the SNR of a filtered, simulated, non-pathological ECG signal
using different numbers of WF filter coefficients. From the results it can be seen that for a sampling
frequency of 250Hz, P = 50 is a reasonable choice for the number of WF coefficients. Since the WF
coefficients were estimated from the PQRST templates, the total number of coefficients is limited by
the length of the template.
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Figure 6.4.: SNR of the obtained filter results using different numbers of Wiener filter coefficients.

6.3 Separating ECG and MHD components using ICA

This section introduces an ICA-based method for the denoising of ECG signals during MRI. ICA is used
to estimate a set of independent components (ICs) from the distorted ECG signals (see Chapter 5).
Denosing is performed by eliminating certain ICs, e.g. those ICs dominated by the MHD signal or
by noise components. An approach for the automatic identification of the ICs is described in the
following.

Identification of cardiac, MHD and noise sources: problem formulation

One crucial aspect with the application of ICA was the selection of the ICs, which should be used for
the reconstruction of the filtered signal. For the given problem, all ICs contributing to the ECG had to
be kept whereas the ICs dominated by the MHD effect or other noise sources should be cancelled out.

The challenging aspect in the selection process of appropriate ICs came from the fact that the ECG
signal is originating from different sources. ICA was previously used to separate atrial and ventricular
activity with the application in the detection of atrial fibrillation analysis [Castells 05, Phlypo 07,
Chang 10]. In [Castells 05], noise, atrial and ventricular activity were separated in a two-stage
process. First, ICs with high kurtosis values are assumed to have their origin in ventricular activity.
The remaining ICs with a frequency peak between 3Hz and 10 Hz were assigned to the atrial activity.
Atrial activity is mainly represented by the P-wave. However, most energy of the MHD effect at 3T
is in the frequency range below 10Hz [Krug 11], which makes the usage of the frequency spectra
impractical for the selection of appropriate ICs.

It was also shown in Chapter 5 that ICA is not able extract separate source signals but only mixtures of
them. As depicted in Fig. 5.14, p. 112, it was possible to compute ICs, which were mainly dominated
by the ECG (Sy) or the MHD (8,) signal, but none of the ICs was clearly assignable to a single
underlying source or process.

The mixture of different underlying sources s;, in the extracted components S, was expected to affect
the quality of the filtered ECG signals. A trade-off between the suppression of the MHD effect and the
accuracy of the ECG had to be made. Especially by removing the ICs containing a relevant amount
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of energy from both source signals (ECG and MHD: s,,), information about the ECG would be lost.
However, when keeping those ICs, the filtered measurement signals would still be influenced by the
MHD effect.

Selection of the required ICs

As mentioned above, the selection of the ICs required for the computation of a filtered version of the
ECG is a non-trivial problem. Several methods to identify certain ICs were already investigated in
this thesis, e. g. those using kurtosis or template matching (see Section 5.3.3 and [Mattern 12]). As
explained above, the usage of frequency spectra was not considered due to overlapping frequency
ranges of the ECG and MHD signals.

In Chapter 5, ICA was used to extract one IC dominated by the R-peak or QRS complex. For diagnostic
purposes, however, other components of the ECG are important as well (see Section 2.1.4). Hence,
all the ICs mainly containing information of the ECG should be identified and used for the estimation
of the filtered version of the ECG. Since the properties of the ECG and MHD components are not
unique and clearly separable (e. g. the spectral properties), the identification of ICs based on a set of
predefined features could possibly lead to a non-ideal result. The manual selection of appropriate ICs
would be another way to cope with this problem. However, ICs which are dominated by the atrial
activity or the repolarisation of the ventricles might be misinterpreted and would highly depend on
the user. Hence, a manual selection of the ICs was not considered.

Filtering using ICA was achieved by finding an optimal combination of the estimated ICs for each
reconstructed or filtered ECG lead. One way to optimise the quality of the ICA filtered ECG signal was
to minimise the SNR between a reference ECG (e. g. the simulated, clean ECG or the real ECG acquired
outside the MR scanner) and the ICA filtered ECG. For an optimal selection of the ICs, the SNR was
calculated for all possible IC combinations (see below). The normal, non-pathological sections at
the beginning of each record (length=30s) were used to construct a vector of concatenated PQRST
sections from the reference and the unfiltered ECG, where each PQRST section had the same constant
length. The concatenation was required to compute the SNR for the real ECG records where the
reference signal acquired outside the MR scanner did not match the ECG acquired inside the MR
scanner. The concatenated signals estimated from the ECGs inside the MRI scanner (simulated and
real) were used to compute the ICs §.

For [ estimated ICs s, the total number? of investigated combinations C was

C=2"-1. (6.13)

For a record with 8 ICs, 255 different combinations were used. The SNR of each combination was
computed (using the reference ECG signal). This step was performed separately for each lead. Using
the combinations giving the lowest SNR in each lead, an optimised mixing matrix A,y was defined.
Finally, the ICA filtered ECG signal was computed as

Xﬁ]t(n) = Aopt . gk (n) (6.14)

2The combination which set all ICs to zero was not investigated.
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An overview of the whole procedure is depicted in Fig. 6.5. Pathological episodes of the simulated
ECG records were not included in the computation of A,. The reason for not including pathological
episodes in the ‘training set’ was to estimate whether the ICA technique was able to detect pathological

variations automatically.

6.4 MHD suppression using an EKF framework

6.4.1 Theory of the (extended) Kalman filter

If we assume that a (non)-linear system can be fully described by a set of hidden variables, then the
state x;, (with x;, usually being unknown) can be estimated through a set of measurements (observa-
tions), y, [Haykin 01]. A Bayesian or Kalman filter (KF) tries to estimate hidden variables, x;, based
on a series of noisy observations, y,. In such a state-space formalism, the evolution of the state xy, is
described by the evolution equation given by a non-linear function f. Observations y, are related to
the hidden state described by the observation equation using a non-linear function g.

1
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(b) Filtering of the ECG signals by mixing the ICs using an optimised mixing

matrix.

Figure 6.5.: Principle of the ICA-based filtering scheme. In the preprocessing step (a), all possible combinations of the ICs
obtained by ICA were tested with respect to the obtained SNR. For each lead of the ECG, the combination of ICmainlys
which achieved the maximum SNR was chosen. Based on these lead-by-lead optimisation, an optimised mixing matrix was
defined. This matrix was used in the filtering step (b) to obtain an ECG where MHD and noise components were suppressed.
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The (linear) KF algorithm

The Kalman filter (KF) is used for estimating a state x, € R"™ of a discrete-time process [Welch 04].
A system of linear stochastic difference equations is used to describe this process. The state (xx)
evolution is given by?

X = AXp_1 + Wy, (6.15)

where the n x n matrix A relates the state x;_; at the previous time step k — 1 to the the state x;, at
the current time step k. wy, represents the process noise.

The measurements or observations y, are linked to the state by

vy, = Hxy, + vi,, (6.16)

where y, € R™ is the vector containing the measurements at time k. The m X n measurement
matrix H relates the state x;, at time k to the observations y,. Similarly to the state vector in Eq. 6.15,
the measurement vector y, is contaminated by a noise process vy.

The random variables wy, and v;, representing the process and measurement noises are assumed to be
independent of each other, white, with normal probability distribution and a zero mean

(6.17)

where Q and R are the process noise and measurement noise covariance matrices respectively. The
states x;, need to be estimated from the (noisy) measurements y,,. Therefore, two state estimates are
defined:

1. 7, € R" is the a priori estimate of the state at step k£ based on the observations made until
sample k — 1.

2. T € R™ is the a posteriori estimate of the state x;, at step k using the £ measurement.

These state estimates are used to define the a priori error e, and a posteriori error e,

€L =X — Ty

~ (6.18)
€ =Xg — Tk,
with the a priori and a posteriori error covariance matrices
- T
P, =Ele, e,
k lexer ] (6.19)

Pk :]E[ekekT].

3The additional control matrix B and control input uj_; are neglected in Eq. 6.15 since they are not used here.
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Given the definitons above, the aim is to give a definiton for the a posteriori state estimate Z; using
the a priori state estimate z, and the actual measurement y,. This is defined as

&, = 7 +K(y, — Hay). (6.20)

The difference y, — Hz, is called residual or measurement innovation. If the predicted and the actual
measurements are in complete agreement, the residual is zero. The n x m matrix K is called Kalman
gain. It is adjusted to minimise the a posteriori error covariance in Eq. 6.19. Finally, K is defined as

K="P,H'(HP,H” +R)".. (6.21)

If the measurement y, is precise, i.e. R — 0, then the Kalman gain K has a stronger effect on the
residual

&m% K=H1' (6.22)
—

If, on the other hand, the estimated value is close to the systems state value, then the a priori estimate
error covariance matrix P;,; will approach zero and hence the Kalman gain has less influence on the
weight of the residual in Eq. 6.21

lim K= 0. (6.23)

P, —0

For the first case, the KF trusts the measurement value y,, for the second case it trusts the predicted
value ', , or the evolution equation.

The discrete KF algorithm

The equations of the KF can now be divided into two groups: the prediction (time update) and the
correction (measurement update) equations. The prediction equations are responsible for the a priori
estimates using the current state. The correction equations can be regarded as a feedback, which takes
the new measurement value y, into account for the a posteriori estimation. The equations for the KF
prediction step are given as

53\]: :AXk_l

(6.24)
P, =AP AT +Q

and for the correction step as
K=P,H'(HP_H" + R)™!

& =7, + K(y, — Hy) (6.25)
P, =(I — KH)P;.
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During the correction, the Kalman gain K has to be estimated first. This step is followed by the
acquisition of a new measurement value y,, which is used to generate the a posteriori estimate y.
Finally, the a posteriori error covariance matrix Py has to be updated. Using the previous a posteriori
estimates from Eq. 6.25, the next a priori estimates are predicted using Eq. 6.24. The recursive
operation of the KF is one of its advantages since it updates the current estimates depending on the
past measurements and can be performed online.

The extended Kalman filter (EKF)

The extended Kalman filter (EKF) enables the application of the standard Kalman filter formalism
to non-linear systems. For the EKF, the (unknown, unobserved) state vector X, and the observation
vector y,, can be written as

T = Flte, Wi, £) (6.26)
Vi = 9Kk, Vi, )

where f(-) is the non-linear state evolution function and g(-) describes the non-linear relation between
the state vector x;, and the observation vector y,. wy, is the process or evolution noise vector, vy, the
measurement or observation noise vector and k the time instant. The corresponding covariance ma-
trices are defined as Q = E {w;w} } and R = E {v;v] }. In order to use the Kalman filter formalism
for finding the MMSE estimate of x;, a linear approximation of Eq. 6.26 near a desired reference
point (X, W, V},) is required [Haykin 01, Vaseghi 09]. The approximation of Eq. 6.26 is given as

X1 ~ (X, Wi, k) + A (X — Xi) + Fr(Wy, — Wy,) 6.27)
Vi = 9(Xk, Vi, k) + Cr (X — Xi) + Li (Vi — Vi)

where A;, and F;, are the Jacobians of the evolution function and C; and L;, are the Jacobians of the
observation function

A — Of (X, Wg, k) B Of (Xg, w, k)
k= k=
ox X% ow Wi 6.28)
c _ 9(x, Vi, k) L _ 09(X, v, k)
k k = """
ox X=%s ov _—
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6.4.2 Description of the models

Basic Bayesian approach

The discrete form of the Gaussian model described in Section 4.2.2 can be rewritten as

0 = (0k—1 + wd) mod(27)

" A2
Zp = — Z 5bTA9i,k71 exp (_%2t> + Zk—1 + n (6~29)

w
= - Z 5?A91G(Oéi, Ab; k—1,bi) + zi—1 + 1

where 6, is the angle in cylindrical coordinates and z; the ECG given in mV at time & [Sayadi 10].
w = 27/RrRris the angular velocity, RRI the RR interval, ¢ the (small) sampling period and 7 represents
physiological noise, e. g. MA noise as used in this thesis. «;, b;, §; are the amplitude, width and angular
position of the i** Gaussian with A0, 1 = (6x_1 — &) mod(27) and G(a,b,c) = aexp ( L )

T 2e2

The evolution equations can be written as

Or = (Ox—1 + wd) mod2w

2 E
WA
PR = — E 54(bE Jf)Ql,G (afkfl,Aefk,l,bfk,l) +pr—1+ 1, (P-wave)
i=1 ik—1

5 E
wAOE, (6.30)
qr = — 25%6: (afk_l, AOF_y, bfk_l) + qr—1+1, (QRS complex)
i=3 (bi,k—l)
7 E
wAOE,
t=—Y 0-—* ¢ <af,H, N bfk,l) Yty +n, (T-wave)
i—o (bj5_1)
and the observation equations as
Ok =0k +v1
Sk =Dk +qr + 1t + V2 k . (6.31)
ECG MHD + other noises

Here, p, q,t represent the P-wave, the QRS complex and the T-wave, respectively [Sayadi 10]. The
observation s, represents the ECG signal acquired inside the MRI scanner whereas ¢, is the phase
signal, which is linearly assigned from 0 to 27 and was rescaled from —= to w. 1,,7n, and 7, model
the noise of the evolution equations. The estimated ECG signal is given by the sum of the three
components of the evolution equations: py + ¢x +tx. In the approach described above, the MHD effect
was considered by the additional noise component vs .
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Extended Bayesian approach

As it was shown in Sections 3.2 and 3.3, the MHD signal has the same periodicity as the ECG. These
periodic cycles of the MHD signal can also be modelled by a sum of Gaussian functions. In [Oster 13],
a new observation equation was introduced, which considered the MHD effect as an additional, peri-
odic signal. The newly observed signals were assumed to be a sum of the MHD signal, noise and the a
priori knowledge of the ECG, where the ECG was described by the Gaussian model. One can consider
this new observation as equivalent to observing a synthetic signal, which represents the noisy ECG but
from which the prior on the ECG was subtracted (which is equivalent to observing a synthetic MHD
signal + noise). [Oster 13]

The updated state-space is then defined by the new evolution equations

0, = (Gk_l + (.4)5) mod2mw
2 WAozk 1 (

pkz—z

i=1 szk 1)

wAGZEk 1

D1, 8001, b 1)+pk 1+, (P-wave)

qk:*Z (bF G( QO - 17A01k 1 zk 1)+qk 1+17¢ (QRS complex)
1=3 ik— 1
! wak .
tk:_z (bE 2G(O‘ D1 A0 1,00 1)+tk 1+mn  (T-wave) (6.32)
i—e (0j7k_1)
wAHf”
m’“:_z i IG(O‘% AL BN ) e+ (MHD)
i (zk 1 ~~

MHD variation
afk = afkq + €ai
bfk = bfkﬂ + €bi
ffk = ffk—1 + €

and by the new observation equations

G =0k + o1
Sk = pr +qr +t+ my o
ECG MHD (6.33)

S = Mg + ZG (aZEk,Aka,bfk) + V3 k-

The MHD signal is represented by my with the Gaussian parameters o, A9M bM . The Gaussian
parameters representing the MHD signal were not included in the state vector. However, the non-
stationary nature of the MHD signal is taken into account by the noise parameters 7,,.
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The state vector x;, and the observation vector y, are defined as

T
E E E E E E
X = (9k>pk7 qk7tk>mk7 a17k7 eeey a77k7 b17k7 seey b7’k7§1$ka "'767,]@) (6 34)

Y. = (¢k’ Sk Sk)T

and the process (or evolution) noise vector wy, and the measurement (or observation) noise vector vy,
are given as

Wi = (Wﬂ?pa77q777t,77m,a%§75%m %) (6.35)

Vi, = (V1,4 Vo, k, V3,k) -

In order to apply the Kalman filter formalism to Eq. 6.32 and Eq. 6.33, an approximation of these
functions according to Eq. 6.27 and Eq. 6.28 was required.

6.4.3 Model parameter estimation and filtering procedure

Estimation of the Gaussian model parameters

Several parameters were required before applying the EKF to different ECG recordings. The first
problem was to find the optimal parameters of the Gaussian model described by Eq. 6.29. Using
the ECG signals acquired outside and inside the MR scanner (ECGoy, ECGyy), average templates T
were estimated from the ECG acquired outside the MR scanner (Tgcgou) and from the MHD signal
Tvup = Trce,in— TEc,out- The Gaussian model parameters of these two templates were required for the
application of the EKF (see Egs. 6.32 and 6.33) and were estimated using the non-linear optimisation
approach described in Section 4.2.2. It should be noted that the Gaussian parameters were estimated
using an offline approach, i. e. they were estimated only once for each record.

Optimisation of the Q and R matrices using random initialisations

The process noise and measurement noise covariance matrices Q and R play an important role in the
application of the EKF. A main problem with the definition of both matrices is that their parameters
are neither known nor cannot be measured directly. The parameters of both matrices could be tuned
manually by considering the available information about the process and measurement noises. Since
such a procedure usually considers specific ECG records to adjust and test the parameters, an overfit-
ting of the parameter could occur. Besides, manually set parameters limit the tested value range of
both matrices and hence, one could miss a better or even the optimal solution. To avoid this problem,
the parameters for Q and R were set by using a random search technique [Bergstra 12]. For each
parameter in Q and R, random values were generated within predefined boundaries. For each set of
random parameters, the EKF was applied to a training dataset consisting of ten ECG records, which
were simulated based on real ECG measurements during MRI (see Section 4.2.3). The SNR measured
between a clean reference ECG and the filtered ECG was used as a quality metric for the definition
of an optimal set of parameters. The Q and R parameters resulting in the highest SNR were used for
filtering all other simulated and real ECG records.
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Filtering procedure

Once the Gaussian model parameters were estimated for the specific ECG record, the EKF was applied.
Since the Gaussian model required an information about the location of the QRS complexes, an QRS
detection was required as a first step. The phase signal # (see Eq. 6.29) had to be known before the
EKF was applied to a new cardiac cycle. In order to estimate 6, the angular frequency w was required,
which again depends on the length of the RR-interval. Hence, the output of the EKF was delayed
with respect to the input signal since filtering could not be started before the next QRS complex was
detected. This fact has consequences for the practical application of the EKF-based method because it
(currently) limits its usage for real-time applications such as cardiac gating (see chapter 5), but it is
a perfectly usable solution for monitoring purposes, since a delay of a few seconds is acceptable for
this task. To investigate the general applicability of the EKF to ECG signals acquired during MRI, an
offline implementation was used, i.e. the QRS complexes of a complete ECG record were estimated
prior to the application of the EKF.
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6.5 Results

6.5.1 Simulated ECG signals

6.5.1.1 Qualitative result analysis

The following three paragraphs provide a qualitative overview of the different filtering methods
(Wiener filter, ICA, EKF). Using exemplary traces of the filtered ECG signals, the strengths and weak-
nesses of the different methods should be highlighted. A quantitative results analysis is then given in
Section 6.5.1.2.

Wiener filter: Exemplary results obtained by the WF applied to the different records with different
noise levels are depicted in Fig. 6.6. These results show that the WF was generally able to suppress
the influence of the MHD signal and could cope with different levels of noise. Qualitatively speak-
ing, the filter output followed the desired reference ECG during a non-pathological ECG (compare
Figs. 6.6a and 6.6b). Although the positive amplitude and shape of the T-wave was preserved in the
shown example, the filtered signal shows a biphasic (positive/negative) waveform. During episodes
with simulated T-wave inversion depicted in Figs. 6.6¢c and 6.6d, the WF did not follow the target
ECG y(m), ie. it was not possible to detected the inverted T-waves in the shown examples. Consider-
ing the T-wave in the case of the prolonged QT-interval, the output of the Wiener filter still followed
the shape of the reference T-wave, which would result in a false estimation of the QT-interval length.
The WF was not able to follow the depression of the ST-segment which as depicted in Figs. 6.6g
and 6.6h. Qualitatively, the WF is not suitable for monitoring applications as it cannot detect changes
in the ECG morphology.

ICA: ICA was used to attenuate the MHD effect by reducing the number of ICs required for the compu-
tations of xg(n). The selected results depicted in Figure 6.7 show that the ICA filtered signals could
generally be used to obtain the morphology of the underlying ECG signals in the simulated record-
ings. For the normal ECG signals depicted in Figs. 6.7a and 6.7b, larger errors can be observed in
the ST-segment and in the shape of the T-wave, i. e. the filtered T-wave shows a biphasic morphology.
The filtered inverted T-waves depicted in Figs. 6.7c and 6.7d are broadened and biphasic. This could
cause a false detection of the T-wave’s peak position and polarity. The filter results were more precise
for the ECG with QT-interval prolongation (Figs. 6.7e and 6.7f), i.e. the filtered signal follows the
morphology of the shifted T-wave. The exemplary filtered signals with a depression of the ST-segment
(Figs. 6.7g and 6.7h) show that ICA would enable the detection of changes in the ST-segment in
the shown leads. However, larger errors in the ST-segment were observed in the signals depicted
in Figs. 6.7e and 6.7f. This shows that ICA does not enable a reliable detection of changes in the
underlying ECG morphology.

EKF: Figure 6.8 depicts an example of the filtering results using the EKF. It can be seen that the EKF
was able to track the variations of the normal ECG (Figs. 6.8a and 6.8b) and of those with inverted
T-waves (Figs. 6.8c and 6.8d) and prolonged QT-intervals (Figs. 6.8e and 6.8f) at different noise levels
(SNR=9dB and SNR=3 dB). While the inverted T-wave was almost ideally represented in the filtered
signals, smaller deviations can be recognised in the records with simulated QT prolongation. The
P-wave was also correctly tracked in Figs. 6.8a—6.8f. However, larger errors can be observed in the
ECGs with simulated ST suppression. In this case, the EKF output signal followed the model of the
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clean ECG too closely but not the variations of the pathological segment. This effect was observed in
most of the leads for the simulated ST elevation/depression (see the detailed quantitative results in
Section 6.5.1.2).

6.5.1.2 Quantitative result analysis

Measurement of the QT-interval lengths

QT measurements were performed for the ECGs with simulated QT prolongation, T-wave inversion
and for the healthy ECGs with SNR=9dB and SNR=3dB. Tables 6.1 and 6.2 show the detailed QT
measurement results in each section (normal, transitional, pathological) of the ECG records with sim-
ulated prolongation of the QT-interval. Results for the complete records (measured over the normal,
transitional and pathological section) are given in Table 6.3. The best results in all segments and at
different MA levels (SNR=9dB and SNR=3 dB) were achieved by the EKF. The mean errors in the
different segments and leads obtained by the EKF were within the range of the manual determination
accuracy (20ms to 40ms) [Goldenberg 06]. However, greater pg; values were observed in certain
leads in the pathological segment with the SNR=9dB. Comparing the results obtained by ICA and
the Wiener filter, better results were obtained by ICA for the record with SNR=9dB and better results
by the Wiener filter for the record with SNR=3 dB. Figure 6.9 shows how the different filter methods
were able to track the variations of the QT-interval lengths in the records with simulated QT prolon-
gation at SNR=9dB (a moving average filtered result is depicted in Fig. 6.10). For each method, the
lead with the best and the worst results is shown (i. e. the lead with lowest and highest measurement
errors). The results obtained by the Wiener filter and by ICA show several outliers which degrade
the measurement quality. However, when neglecting these outliers, the visual analysis of the results
obtained by ICA (see Figs. 6.9c and 6.9d) enables the detection of prolonged QT-interval — even in
the worst example. Still, a precise estimation is not possible using ICA (see Table 6.3). The EKF
filtered signals allowed the most precise tracking of the varying QT-interval length and are the only
ones enabling monitoring quality.

Detailed quantitative results for the measurement of the QT-interval length in records with simulated
inversion of the Twave (SNR=9dB and SNR=3 dB) are given in Tables C.1-C.2, p. 188. A summary
is given in Table C.3, p. 189. Again, the best results were obtained by the EKF with mean errors
below the manual determination accuracy [Goldenberg 06]. Greater pgs values were observed in the
transitional section of the EKF filtered signals with SNR=3dB (see Table C.2, p. 188). The results
obtained by the Wiener filter and by ICA were not sufficient for monitoring purpose because of the
large errors in most sections of the simulated signals.

For the QT measurements in the normal ECGs (without simulated pathologies), the best results
were achieved in the EKF filtered signals followed by the WF and by ICA filtered signals (see Ta-
ble C.4, p. 189).
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T-wave polarity and type

Measurements of the T-wave polarity were performed for the ECGs with simulated QT prolongation,
T-wave inversion and for the healthy ECGs with SNR=9dB and SNR=3dB. Tables 6.4 and 6.5 show
the results for the records with simulated T-wave inversion. From the results it can be seen that the
ECGPUWAVE algorithm was not able to detect enough T-waves in all leads and that for each tech-
nique. Hence, these leads were not considered for the computation of the averaged results. The ECG
signals filtered by the EKF enabled the best T-wave detection performance in terms of the Se and +P
measurements. The main problem of the Wiener or ICA-filtered signals was the occurrence of biphasic
T-waves. Figures 6.7c and 6.7d, which depict the ICA filtered signals with an inversion of the T-wave,
highlight this observation. In these examples it can be seen that the inverted T-waves are visible in
the filtered signal but are accompanied by an additional positive T-wave (biphasic negative/positive
T-waves). This problem is also highlighted by Fig. 6.11, which shows the classification of the dif-
ferent T-wave types as made by ECGPUWAVE. Similar observations were made for the ECG signals
filtered by the EKF. The normal, non-pathological ECG depicted in Fig. 6.12a shows positive/nega-
tive biphasic T-wave patterns. In the corresponding EKF filtered signal depicted in Fig. 6.12b, the
small negative part of the T-wave was not completely represented, which resulted in the detection
of a normal T-waves instead of the biphasic ones. Because of the constraints made in Section 4.3.2,
all positive/negative biphasic T-waves were classified as a normal T-wave within an additional post-
processing step.

Considering the results for the records with inverted T-waves shown in Tables 6.4 and 6.5, it can be
observed that the detection performance of the EKF drops in the transitional section, i. e. in that section
of the ECG where the polarity of the T-wave was inverted. This observation can be explained by the
example depicted in Fig. 6.13. The example shows a delay between the onset of the T-wave inversion
in the reference ECG and the EKF filtered ECG. Hence, it took up to 10s to detect the inverted T-wave
in the filtered ECG signal, which caused a misclassification of the T-waves in this segment. Additional
T-wave measurement results for the records with other pathologies are summarised in Tables C.5-
C.7, pp. 190.

ST measurements

Amplitudes of the ST-segment were measured in the ECG with simulated ST depression, ST elevation,
QT prolongation and T-wave inversion and in the ECGs without simulated pathology. Detailed results
(normal, transitional and pathological sections of each record) for the ECGs with simulated elevation
or depression of the ST-segment are given in Tables 6.6 to 6.11. Additional ST measurements for the
records with other pathologies can be found in Tables C.8-C.14, pp. 192. In contrast to the filter results
for the other pathologies described above, the EKF could not completely outperform the other methods
for the ST measurements. For the records with simulated ST depression at SNR=9 dB (see Table 6.6),
the EKF achieved the best results in the normal section. For the transitional and pathological section,
better results were achieved by the Wiener filter. Similar results were observed for the ECG with
simulated ST elevation (see Tables 6.8 and 6.9). In the case of an ST elevation/depression, the EKF
followed the trace of the reference ECG (which did not contain an information about the pathological
variations). The examples depicted in Figs. 6.14a and 6.14b show that the EKF (with its currently
configured parameters) was not able to track the depression of the ST-segment. In contrast, the
Wiener filtered signals of the same input ECG, which are depicted in Figs. 6.14c and 6.14d enable
a better detection of the simulated ST depression. For all other records (QT prolongation, T-wave
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inversion, normal ECG), the EKF outperformed the other methods in terms of the ST measurements
(compare Tables C.8-C.11, pp. 192 and Tables C.12-C.14, pp. 194).
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Figure 6.6.: Exemplary Wiener filtered signals in simulated ECG records without pathology (a,b), inverted T-waves (c,d),
QT prolongation (e,f) and ST depression (g,h) at different SNR levels using P = 50 filter coefficients at a sampling rate

of fs =250Hz. In the non-pathological ECG (a,b), the filter output follows the reference ECG. During episodes with
inverted T-waves, the filter output did not follow these underlying changes. In episodes with prolonged QT intervals (shifted
T-wave), the filter output followed the shape of the desired T-wave but could not precisely follow its location. Errors in the

ST-segment are present in all records.
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Figure 6.7.: Exemplary ICA filtered signals in the simulated ECG records without pathology (a,b), inverted T-waves (c,d),
QT prolongation (e,f) and ST depression (g,h) at different SNR levels. In all cases, the ICA filtered signal followed the
waveform of the reference ECG but a visible error between the reference ECG and the filter output signal remained. The
additional MA noise was not suppressed by this technique, i.e. the IC containing this noise was included in the optimised
mixing matrix or it could not be separated from the other signal components.
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Figure 6.8.: Exemplary EKF filtered signals in the simulated ECG records without pathology (a,b), inverted T-waves (c,d),
QT prolongation (e,f) and ST depression (g,h) at different SNR levels. In all cases, the filtered signal followed the waveform
of the reference ECG whereas the additional MA noise was suppressed by the EKF procedure. Inversions of the T-wave and
the QT prolongation were detectable. Larger errors remained in the records with simulated ST depression.
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Figure 6.9.: Comparison of QT measurements made in the simulated clean reference ECG (grey) and the filtered ECG
(black) for the record with simulated QT prolongation (SNR=9dB). For each filtering method (Wiener, ICA, EKF), the
leads with the best and the worse measurement results are shown (compare Table 6.1). The different number of cardiac
cycles depends on how many corresponding QT-intervals were detected by ECGPUWAVE in the reference and in the filtered
ECG. The least distortions are visible in the EKF filtered signals.
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Figure 6.10.: Comparison of the filtered (moving average, window length=4) QT measurements of Fig. 6.9 made in the
simulated clean reference ECG (grey) and the filtered ECG (black) for the record with simulated

QT prolongation (SNR=9dB). For each filtering method (Wiener, ICA, EKF), the leads with the best and the worse
measurement results are shown (compare Table 6.1). The different number of cardiac cycles depends on how many
corresponding QT-intervals were detected by ECGPUWAVE in the reference and in the filtered ECG. The least distortions

are visible in the EKF filtered signals.
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Figure 6.12.: ECG (lead Ill) of the record without simulated pathology (normal ECG). The T-waves in the reference
ECG (a) were classified as biphasic by the ECGPUWAVE algorithm. In the EKF filtered ECG (b), only a small negative
wave was visible and hence, these T-waves were classified normal.
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ST depression. It can be seen that the EKF was not able to track the depressed ST-segment. In contrast, the ST depression
can be recognised in the Wiener filtered signal.
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Figure 6.15.: Comparison of EKF (a,b) and Wiener filtered (c,d) signals of two ECG leads (aVF and V4) simulated
ST elevation. It can be seen that the EKF was not able to track the elevated ST-segment. In contrast, the ST elevated can
be recognised in the Wiener filtered signal.
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Figure 6.16.: Comparison of ST measurements made in the simulated clean reference ECG (grey) and the filtered ECG
(black) for the record with simulated ST depression (SNR=9dB). For each filtering technique (Wiener, ICA, EKF), the
leads with the best and the worse measurement results are shown (compare Table 6.6).
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Figure 6.17.: Comparison of ST measurements made in the simulated clean reference ECG (grey) and the filtered ECG
(black) for the record with simulated ST elevation (SNR=9 dB). For each filtering technique (Wiener, ICA, EKF), the leads
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with the best and the worse measurement results are shown (compare Table 6.8).
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6.5 Results
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6.5 Results
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6. Accessing d

LZTFTIET vS F 94 S F oy CTEFVIT S¥ F ¢6 LT F¥9 ELFEVT GOFTIIT ¢L F 06 S6d

g F 1c T F L1 €F8 6F €1 8 F VI 9F 11T ¢TI F 1€ 0T F €¢ OT F &1 Sd
(481 €9 9T F+ 68 60T 91 ve F eg €€ TT v F LT 6 8T 0T F 69 16 o1 9T F €V Sy 6 ¢T F ST (48 LE Ge F 88 (438 8 ¥ + €9 €01 9 o€ F ¢¥ 1
6vT S6 LIFVTT 91 144 Y F 1L [ 4 € F Le LT1 0L 81F00T 0€T € 9% F 9¢ ST 4 LF 91 (48 S9 vZF801 8€T 14 S¥ F 0L €9 4 LT F 1€ 348 9A
65T 00T L1FzTET Lv1 0g vy F 9L 0S 8¢ € Fevy S6 LT 2 F ¥9 86 i4 1€ F L€ e [4 6 F €1 0ST ss ve€F00T1 9€1 14 9% F 29 T9 S 91 F 0¢€ LYT SA
(48 L9 91 F 26 L6 ST L2 F 0¢ [ 4 v F Le 1L € 0z F 1¥ €9 1 0z F €2 e T ITF ¢t 6 € 1€ F 0¥ 08 14 9z F 9¢ 601 € ve F ¥ <6 YA
(a4 9 IT F g2 6t 0 LT F 22T 81 S vFIT 1€l 6 TTFS8IT 91 8L €TFLIT €er 8 GIFCIT 8¢CC LT YOFLOT €81 8 8¢ F 98 07T 14 89 F 6L 8¢ A
€ST LS 0EFETT 291 L 88 F 69 LT €1 S F 02 SPT ot €€ F 98 0ozt S 6¢€ F 29 8y 14 91 F 12 0LT ST S8F8ET TeT €T SOFPVIT 1SCT 14 LL F 66 ST A
991 06 veF1eT 0LT T vS F LL LE ST v F 1e f44n 8 6IFITT i44" s Y F 1L 144 S ¢l + 2t iz4 9L ISF67T 9z ot G9F80T +91 91 9% F €8 291 A
€C1 SL 9TFT0T €ct LT 9¢ F 19 w 9T S F ee €6 14 8¢ F 9¥ 06 € 92 F c¢¢ 9t 14 ST F 0T 68 T 9Z F T¢ 8 T ST F 92 29 4 6T F 8T 61T dAe
1T 8 v F a1 144 € LFIT 6 0 eF7V 1€ € 6 F a1 €T € 9F €1 91 T SF6 Ly LT 0T F o¢ 144 T €T F 61 €€ 14 6 F €1 1T TA®
Y01 S9 Tl F 98 66 (V4 0g F 0¢ €€ ¥T € F 8¢ 29 4 0z F 0¢ €9 € 6T F 7T 184 14 ¥ F 8T 8€T €8 S8IFETIT €ET 9T oV F 4L 99 Tt ST F &7 86 dAe
96 LS V1 F LL 86 ST 6T F 8% €e 8l ¢ F gc €8 S vz F 0¥ €L T 2T F 6T e T IT F 21 1t €T 0e F L9 6 4 ce Fo¥ 79 € 61 F <C 6 I
0ST 6 61F¢cT 8h1T st v F vL 0S s€ S F1¥ €01 14 °e F 1g €0T [4 1€ F L€ LS i4 61 F ¥C 81 LS 9EFITT 91T ST 9% F 08 CTO01 L 0¢ F 1¢ Eigl I
9§ LE 9 F 8% 0S (U8 91 F 92 61 V1 T F 91 ST 1 8 F 1T 6T [4 6 F 71T 9T S 9F <t €8 LE €T F 09 €L S gz F L LE 4 0T F 91 s I
¢6d  Sd oFrH 64 Sd oFH $6d Sd oFd S6d Sd oFn  S6d Sd oFH S6d Sd oFH S6d Sd oFrd 64 Sd oFr S6d Sd oF ISy peat

oyreq suel], TeuLIoN oyreq suely, [euLION oyreq suel], TewIoN
D VoI I9)[y IOUDIM

'3|13uadJad Yige = S$6d ‘sjiausdiad Yig = Sd ‘si0J44D JUSWSINSESW B} JO UOIIBIASP PJEPUE)S = O ‘404D d}njosge ueaw = 1/ ‘usw8ss |ediSojoyied
I! Yyis6 I! Yy Y3 JO UoneInsp piep 10sq |edlsojoy

SU3} pue [ewJOU Syl UsaMIS] Sdualayp spniijdwe | g sSessne = 1Syy) *[AT] ul uSAIS aue senjen |y ASuS ul pa1ySijySiy s4e uoI1dSS Yoes Ul s3Nsal 159 Y| 'suoldss (uolssaudsp | G) |ediSojoyied
Sy1 Joj pue [euoljisues] ay3 Joy ‘(jediSojoyred-uou) |ewlou Y3 o) pariodas ale siolis painsesw oy “(gp e=YNS) uolssaidop | G pale|nwis Yyum )3 Syl Ul SI0LIS JuswWRINSesW | G i d|qe]

0€F 18T 6LF60T LF 1Y STFSVI 6eFcct 9ZFO0TT 0vF2ot 0S F 92 ve F oL S6d

9 F 6¢ 2T F ST TFV 6 F L1 8 F €T 9F6 IT F v 9T F ¢t 6 F 9T Sd
LET €8 8TFETT 61T vT 9% F 99 ve Tt v F 81 16 ve 8T F €9 6L 1c 0T F 6% 89 61 ST F 0¥ 0T ST ST F 09 LIT S g€ F 0g 8 9 v F LE l
LLT €01 STFEVT 6v1 L €9 F 9L 6 € CF L (481 bid 2T F 08 L8 T LE F ¥V 144 4 LFc1 91T 6¢ €2 F 89 cel 4 6 F LV 6 [4 ¥l F 1¢ 6€T 9A
0LT L6 veF9et 6€1 8L €9 F 9L 9T V1 v F oz 69 € 2T F 8¢ (4 8 €1 F €€ 6S € LT F 62 0€T 6 ve F 09 LYT 4 v F s¥ TS T LT F 0T 348 SA
88 ia4 ¥ F 89 99 0T v F gvy 9 LT 9 F g¢ 98 [4 L2 F 68 S6 1c Gz F 8¢ STt 1s ve F 18 98 S 0€ F 6¢ 611 4 ve F 9% L0l € 1€ F 6¢€ 06 YA
16 ¥s Tl F LL S6 (24 12 + 0L t9 s¢ 8 F LY 6ST 00T 61F821T LET L6 CIF9TT LT YL S8CTFVIT 1548 4 LY F 19 LST 1t 8V F 2L 641 01 68 F 1L 9 A
81¢C 9€T 0E€F¥8T ({4 1€ LLFSBIT 0Ss €T L F 9¢ 881 9v1 CIF+991 €LT S8 YeF0EeT 341 9 YZF90T1 S6 S 62 F 0¥ L0T T Ve F LY vLT L 0S F ¥4 148 A
L1T 0€T 0€F8LT 161 otr Z8FCO0T (44 L vFer SPT 9L TCF8IT 1541 4t v F ¥8 86 LT ve F ¢g S9T TL 9TFVIT LT L €9 F 08 €0T ST 8T F ¥¢ LST A
8ST <ot 61FCET SET T 69 F 89 8 T cF9 69 9 61 F 9¢ SS 14 9T F ¥¢ 44 T IT F LT 1s T ST F L1 6% T 61 F 1T 1s T LT F+ TT 911 dA®
8€ 0€ € F g¢ 9€ (48 1T Fve vl Tt TFer (V4 T 9F8 91 T SF L 8T 0 9F L 6€ 91 L F 6T € S ¢TI F €¢ 0T 0 LF o1 1T TA®
ozt TL 91 F L6 66 9 v F ¢¢ 188 14 CF L 9 L 8T F 8¢ 61 L ST F 92 e T 0T F %1 0¢T €9 T F €6 obT 148 o +89 ¥9 €T ST F 1% 96 HAe
1€t 88 STFITT €It 0oL LY F 29 ST 6 cFer 0s T ST F ve 184 4 2T F LT e € 0T F ¢1 08 1c 12 F 99 96 € e F I¥ LS T 61 F ¥2 16 I
S8T 91T ecFest 9sT T 69 F 8L L 1 ZFec S8 L ve F 6% 69 14 0z F v¢ 1s 4 €T F 02 Set LE 8¢ F L8 9sT € SY F99 98 01 T F €¥ 1841 1
s 8T 6 Fc¥ (a4 oL €1 F 92 91 0T cFer v 6 21 F 8¢ ve 8 0T F 02 YT S SF 1T 8 6T LT F 89 8 S Lz F 6€ 6 € 1T F 22 0s I
964 Sd oFrH  S6d Sd oF 964 Sd oFrH  S6d  Sd oFn 964 Sd oF 964 Sd oFrH  S6d Sd oFrH  S6d  Sd oFH S6d Sd oFd ISy peat

oyreq suel], TeuLIoN oyreq suely, [euLION oyreq suel], TewIoN
D VoI I9)[y IOUDIM

( omusdiad yige = S6d ‘sjipusdciad yig = Sd ‘si0Ji9 JUSWDINSESW dY] JO UOIIBIASP pJepuels = O ‘JoJJd ainjosqe uesw = 17 ‘quswSas |ediSojoyred

SU3 pue [ewJOU Syl USIMIS] Sdualaylp spniijdwe | G sSessne = 1Syy) *[AT] ul uSAIS aue senjen |y ASuS ul pa1ySijySiy s4e uoI11dSS Yoes Ul s} Nsal 31s9q 9y | 'suoldss (uoissaudsp | G) |ediSojoyied
3y1 Joj pue |euoljisues] ay3 Joj ‘(jediSojoyred-uou) |ewlou Y3 o) pariodas ale siolis painsesw oy “(gp 6=YNS) Uolssaidop | G pa1e|nwis Yum )3 Syl Ul SI0LIS JusWRINsesw | S :'9'Q djqe]

Johannes W. Krug

1ssertation

D

162



6.5 Results
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6.5 Results

6.5.2 Real ECG signals

Wiener filter

Exemplary qualitative filtering results of real 3T ECG records are depicted in Fig. 6.18. It can be
seen that the filter output largely depends on the variability of the MHD signal. For both examples
shown in Figs. 6.18a and 6.18b, the output of the Wiener filter is still affected by the MHD signal
components. Especially smaller peaks, which were present in the MHD signal and were similar to
the QRS complex (in the example depicted in Fig. 6.18a approximately in the middle of two adjacent
QRS complexes), are still present in the filtered signal. The example depicted in Fig. 6.18b shows
a better attenuation of the MHD effect but the QRS complex was also attenuated. Higher variations of
the MHD signal were also still visible in the output signal, as can be seen after the first and before the
last QRS complex. The morphology of the filtered signals did not correspond to those of the reference
signals acquired outside the MR scanner (see Figs. 6.18c and 6.18d). Hence, a reliable analysis of the
T-wave or ST-segment does not seem to be possible.
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(a) Unfiltered and filtered ECGs, Subject #1, Lead V4 (b) Unfiltered and filtered ECGs, Subject #2, Lead V6
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Figure 6.18.: Exemplary WF results in real ECG records of two different subjects with the corresponding unfiltered
ECGs (a,b). It was difficult or impossible the correctly estimate the end of the T-waves from the unfiltered signals. The
filter result still shows high disturbances which do not allow a proper analysis of the T-wave. The filtered signals do not
represent the morphology of the reference ECGs acquired outside the MR scanner (c,d).
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6. Accessing diagnostic information from the ECG during MRI

ICA

Exemplary results of ICA filtered signals are shown in Fig. 6.19. It showed that the quality of the
filtered signals largely depended on the subject and on the ECG lead. In general, the influence of
the MHD effect can be suppressed by the ICA-filtering technique. The example depicted in Fig. 6.19a
shows the reduced MHD effect when compared to the corresponding unfiltered signal. Although
the R-peak is clearly visible in this example, the other parts of the ECG — namely the P-wave or the
T-wave — cannot be spotted. Figure 6.19b shows an example where the ICA-filtering technique was
less successful, i.e. the filtered signal is still dominated by artefacts. These findings are similar to
those made in Chapter 5. Using ICA, a detailed diagnostic analysis did not seem to be possible in any
of the leads. However, ICA could be used to reduce the MHD effect, which was shown to be helpful
for QRS detection purposes.
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Figure 6.19.: Exemplary ICA filtered ECG records of two different subjects and the corresponding unfiltered ECGs (a,b).

In (a), the MHD effect was suppressed in the filtered signal and the QRS complexes are clearly visible. In contrast, the ICA
filtered signal shown in (b) is still highly affected by the MHD signal components. The P-wave or T-wave were not
preserved in the filtered signals, i.e. it is even not possible to (correctly) identify their locations. The morphology of the
reference ECG acquired outside the MR scanner (c,d) was not preserved in the filtered signals.
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6.6 Discussion

EKF

Real ECG records filtered by the EKF are depicted in Fig. 6.20. The unfiltered signals depicted in
Figs. 6.20a and 6.20b exhibit high beat-to-beat variations of the MHD effect. Using these unfiltered
signals, an analysis of the P-wave or T-wave was not possible — it is even not possible to guess their
exact locations. In contrast, the filtered ECGs show a smooth and clean estimate of the underlying
ECG signal. Besides the T-wave, it was also possible to see the P-wave in the filtered signals.

6.6 Discussion

In this chapter, several filtering methods were applied to simulated and real ECG signals contaminated
by the MHD effect. The aim was to improve the diagnostic quality of the ECG signal during MRI which
required a suppression or removal of the MHD signal from the ECG. Simulated ECG signals were
utilised for a quantitative analysis and comparison of the different filtering methods. Real ECG signals
acquired at 3T were used for a qualitative evaluation. This section discusses the different filtering
methods and the simulated signals, which were used during the development and evaluation phase.
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Figure 6.20.: Real ECGs acquired inside the MRI scanner from two different subjects and the corresponding EKF filtered
signals (a,b). The reference ECGs acquired outside the MR scanner are depicted in (c,d). The MHD effect and its
beat-to-beat variations made it impossible to analyse the P-waves or T-waves in the unfiltered signals (a,b). Despite the
high MHD variations, the EKF is able to provide clear traces of the ECG which mostly follow the morphology of the
reference ECGs.
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6. Accessing diagnostic information from the ECG during MRI

Wiener filter

The Wiener filter coefficients were computed using PQRST templates. These template were constructed
from the normal (i. e. non-pathological) episodes of an ECG record. Once the coefficients were com-
puted, the Wiener filter could be applied in real-time. In the simulated ECG records, the Wiener filter
did not enable a reliable detection of the QT-interval length or the changes of the T-wave polarity and
morphology. As depicted in Fig. 6.6, p. 150, larger signal variations as occurring during an inversion
of the T-wave cannot be tracked by the Wiener filter. Even for the normal section of the ECG (where
the coefficients were optimised for), larger errors were observed when analysing the T-wave polar-
ity or the QT-interval length. However, the Wiener filter showed a good performance regarding the
ST measurements. Especially in the records with simulated ST depression/elevation, the errors made
by the Wiener filter in the transitional and pathological sections were lower (in most cases) when
compared to the ICA or EKF filtered signals. Nevertheless, the 95™ percentile was > 0.1 mV in most
leads. Hence, the Wiener filter does not seem to be suited to enable a reliable detection of any of the
simulated pathologies.

For the real ECG records, the same procedure based on PQRST templates was used for the estimation of
the WF coefficients. Considering the qualitative comparison of the clean reference ECG and the Wiener
filtered signal of the same subject, the results did not satisfy the quality required for a diagnostic
analysis, i. e. the measurement of the QT-interval length or the ST amplitude would possibly result in
a false clinical diagnosis. As for the simulated signals, PQRST templates of the real ECGs were used
for the computation of the filter coefficients. However, the real MHD signals showed higher beat-to-
beat variations when compared to the simulated signals. The PQRST templates computed from the
real signals could not represent these beat-to-beat variations and hence, these variations were not
included in the estimation of the Wiener filter coefficients. This fact can be seen as one reason for the
low quality of the filtered signals. In a previous investigation by Krug et al. [Krug 12], signal segments
only including the ST-segment and the T-wave were concatenated to include the beat-to-beat signal
variations and to optimise the results for this segment of the ECG. However, this procedure could not
improve the results since errors, especially in the ST-segment, still remained in the filtered output
signals. Another method proposed by Tse et al. considered the variations in the context of normal and
PVC beats in an adaptive filtering filtering approach (but results were not detailed) [Tse 10a, Tse 14].
However, this procedure requires information about the MHD signals during normal and abnormal
beats and the corresponding underlying (normal and abnormal or pathological) ECG morphology.
Practically, this information is not accessible.

The main limitation was the choice of the input signals (normal, non-pathological ECG signals) used to
computed the Wiener filter coefficients. During (the simulated) pathological episodes, the properties
of the ECG and MHD signals are subject to changes. The Wiener coefficients do not reflect these
changes and hence, an adaption to (pathological) signal variations was not possible.
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ICA

ICA was used to separate different signal components. In Chapter 5 it was shown that ICA is not able
to completely separate the ECG and MHD signal components, i.e. the computed ICs still contained
mixtures of the different signal and noise sources. However, some ICs were dominated by the ECG,
whereas other ICs were dominated by the MHD signals. For filtering an ECG using ICA, the challenge
was to identify those ICs, which enabled the reconstruction of the underlying ECG morphology by
minimising the influence of the MHD effect. The SNR was used to measure the quality of the ICA
filtered ECG. An algorithm identified ICs maximising the SNR between a reference ECG and the fil-
tered ECG. This procedure was performed separately for each ECG lead, i.e. one mixing vector was
computed for each lead. An optimised mixing matrix was then defined based on the optimised mix-
ing vectors. Once the optimised mixing matrix was computed, ICA-based filtering was applicable in
real-time (see the discussion in Section 5.6.2).

In the ICA filtered ECG with simulated QT prolongation, the measurement error of the QT-interval
length for the records with SNR=9 dB was lower when compared to the results obtained by the Wiener
filter. However, a larger error was observed the records with SNR=3 dB. This can be partly explained
by the fact that ICA could suppress the MHD signal but not the additional MA noise, i.e. the MA
noise was not separated from the other signal components (or was included during the optimisation
procedure). When comparing the examples depicted in Figs. 6.6a and 6.7a, it can be seen that the
Wiener filter allows a better suppression of the MA noise than the ICA-based method does. The noise
was still present since ICA was not able to ideally separate the different signal and noise sources. This
could be explained by the fact that there were more sources than observations used in the underlying
mixing model.

Considering the analysis of the T-wave morphology, ICA filtered signals achieved good performance
(Se = 88.5% and +P = 95.6 %) in signals with inverted T-waves at SNR=9dB. For the pathological
T-wave inversions and QT prolongation, ICA outperformed the Wiener filter when considering the
T-wave detection performance. Moreover, better results were obtained by ICA in the records with sim-
ulated QT prolongation (SNR=9dB) and in the normal (non-pathological) ECGs (compare Tables C.5
and C.7, pp. 190).

ICA and Wiener filtered signals achieved a similar performance for the ST measurements, i.e. both
methods achieved comparable average errors. For the transitional and pathological sections of ECG
signals with ST depression or elevation, lower errors were obtained with ICA than with the EKF
technique (see Tables 6.6-6.9). It was already shown in Section 6.5.1.2 that the EKF (with its used
parameter configuration) was not able to track the depression or elevation of the ST-segment.

The qualitative results of the real ECG signals showed a reduction or attenuation of the MHD effect in
the ICA filtered signals (compare Figs. 6.19a and 6.19b, p. 166). From these results, it is obvious that
an analysis of the ST-segment or of the T-wave is not possible. Consequently, ICA cannot be used to
filter ECG signals during MRI for diagnostic purposes. It was also shown in Chapter 5 that a higher
number of ECG leads, especially of the precordial leads, is advantageous for the application of ICA
and the separation of ECG and MHD signal components. Typical clinical ECG devices used during MRI
are usually limited to two (linearly independent) leads. It would therefore be preferable to have ECG
devices with more leads available during MRI. The recent works by Dukkipati et al. and Tse et al. show
that there is a strong interest to make advances in this direction [Dukkipati 08, Tse 10b, Tse 12, Tse 14].

Finally, the divergences of the results for the simulated and real ECG records using the ICA-based
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filtering still need to be clarified. As it can be seen in Fig. 6.7, p. 151 and Fig. 6.19, p. 166, a better
quality was achieved using the simulated signals (although this finding was not always underpinned
by the quantitative results). This can be explained by the model, which was used for the generation of
the synthetic ECG and MHD signals (see Section 4.2). Since the simulated 12-lead ECG was derived
from the three leads of a VCG model (see Section 4.2.4), all ECG leads are represented by a linear
combination of three different source signals (x, y and z components of the VCG; see Section 2.1.3).
In contrast, a ‘real’ 12-lead ECG consists of eight leads (I,II,V1-V6, see Section 2.1.2), which cannot
be represented as linear combinations of each other*. The sources of the real ECG and MHD signals
are spatially distributed and the signals collected by the different ECG electrodes placed on the torso
are not linearly related. Because of their spatial distribution, the number of sources is not necessarily
limited to the number of sensors since all blood vessels contribute to the MHD effect and the heart
itself can be divided into several sources (e. g. the separation of atrial and ventricular activity). Hence,
the sources and mixing properties used in the simulation model do not correspond their real counter-
part. For future simulation studies using ICA or similar techniques, the existing mixing model could be
adjusted such that the number of underlying sources is more realistic, i. e. that the different ECG leads
are linearly independent. This could be achieved by using real 12-lead ECG signals superimposed
with simulated MHD signals. In general, ICA-based filtering can be applied in real-time by applying
the once computed demixing matrix W to the latest input samples x.

EKF

Overall, the best results for both, the simulated and real ECG records, were achieved by the EKF
method. Considering the simulated ECG records, the EKF was able to track the simulated inversions of
T-waves and the prolonged QT-intervals at different noise levels. The EKF enabled a precise estimation
of the QT-interval length in different simulated records. For the classification of the T-wave morphol-
ogy, the EKF filtered ECG signals showed the best performance. It was observed that the T-wave clas-
sification performance slightly dropped in the transitional sections of the ECG with simulated T-wave
inversion. This observation was explained by the fact that the EKF parameters were evolving slowly so
that the inverted T-waves were detectable with a delay of approximately 10s (see Figure 6.13, p. 155).
This delay was also observed for the ECGs with simulated prolongation of the QT-interval, where the
error of the QT measurement slightly increased in the transitional section (compare Table 6.1).

ST-segment amplitude measurements in the EKF filtered signals showed low errors (< 0.1 mV) for
most of the simulated pathologies. However, it turned out that the EKF was not able to adapt to the
changes occurring in the records with simulated depression or elevation of the ST-segment (compare
Tables 6.6-6.9). This problem was illustrated by an example depicted in Fig. 6.14, p. 156. Although
the EKF was able to adapt to changes of the T-wave (T-wave inversion and shift of the T-wave during
QT prolongation), changes of the ST-segment were not tracked. It can be assumed that this behaviour
was caused by the underlying ECG model used in the EKF (see Section 4.2.2). This model utilised
the sum of seven Gaussian functions to simulate the ECG signal (it was previously shown that seven
Gaussian are sufficient to represent the fiducials of the ECG: two Gaussians for the P-wave, three
Gaussians for the QRS complex and two Gaussian for the T-wave [Sayadi 10]). The placement of the
seven Gaussians was optimised by a random search strategy. Since this placement was performed
for the clean ECG (no MHD effect, no pathology), it can occur that no Gaussian is placed within the
ST-segment. Hence, the EKF could less easily adapt to these variations.

4In fact, a VCG can be used to represent a 12-lead ECG (and vice versa), but only with a loss of information [Augustyniak 01]
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Another important aspect is the training records, which were used to find the optimal parameters
for the EKF. The training dataset was composed of ECG records, which were simulated using the
information from the real ECG signals (see Section 4.2.3). No pathological episodes were included in
the training dataset. Since the EKF parameters were optimised for the non-pathological ECG signals,
it is possible that the EKF trusts the model slightly too much and therefore follows the original model.
This would be another explanation for the lower performance of the EKF in the pathological section
of those records with simulated depression or elevation of the ST-segment.

Although the elevations or depressions of the ST-segment were not directly observable in the EKF-
filtered ECG signals, larger variations were observed in the corresponding MHD signals estimated by
the EKF. To emphasize these variations, the MHD signal estimated by the EKF (MHD,¢) was compared
to a reference MHD signal (MHD.,f). MHD,.s was computed using the Gaussian wave-based model (see
Section 4.2.2). The required Gaussian parameters were estimated from a template of the simulated
MHD effect taken from the normal (non-pathological) section of the ECG. The so simulated reference
MHD signal MHD,s had the same length and periodicity as MHD.s. The discrete integral of the
absolute difference between MHD,s and MHD.s was computed on a beat-to-beat basis by

K
1
AMHD, = = / IMHD: ¢, (k) — MHDgy¢ (k)| d
1

where K is the number of samples per cardiac cycle and n is the n-th cardiac cycle. The discrete
integral was solved using the trapezoidal rule. Figure 6.21 depicts the computed AMHD values for
the ECG signals with ST depression and ST elevation. It can be seen that AMHD is increasing with the
onset of the pathological episode (starting from ¢ ~ 80s). Hence, when considering the changes of
the MHD signal estimated by the EKF, inferences about the underlying pathological variations (which
could not be recognised in the filtered ECG signal) could be drawn.

The EKF showed a high performance on the real ECG records. Compared to the other methods evalu-
ated in this chapter, the results are less affected by the high beat-to-beat variations of the MHD effect.
Even the comparatively small P-waves are still visible after filtering. The morphology of the T-waves
in the filtered ECG was similar to the one observed in the reference ECG.

0.0 =y oottt
g
— 0.06
£
g
20'05_
< : \ f :
0.04 = o dpbonnitisssss
0.3-"—T—T—T T T T = 08— T T T T T
20 40 60 80 100 120 140 20 40 60 80 100 120 140
# of cardiac cycle # of cardiac cycle
(a) ST depression (b) ST elevation

Figure 6.21.: Variations of the MHD signal given as the difference between a reference MHD signal and the MHD signal
estimated by the EKF during depression (a) and elevation (b) of the ST-segment (ECG lead II). AMHD increases with the
onset of the pathological episode (¢t ~ 805).
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Although the EKF gave excellent filtering results (except for the simulated depression or elevation
of the ST-segment), there are two limitations, which occur when using the EKF. The first limitation
involves the input-output relation of the EKF framework. Once a pathological episode starts, the EKF
needs several cardiac cycles to adopt its parameters to this new situation. Hence, there is a delay until
the simulated pathology is visible at the filter output. This was especially visible for the inversion of
the T-waves where there was a delay of ~ 10 s before the inversion could be recognised in the filtered
output signals. The second limitation is caused by the requirement of the phase signal used for the
Gaussian wave model (see Section 4.2.2). The computation of the phase signal requires an a priori
knowledge of QRS complex’s location. Hence, filtering of one PQRST or heart cycle can only start
once the QRS complex was detected. Currently, this limits the applicability of the EKF for real-time
filtering applications such as gating in cardiac MRI (see Chapter 5) but it does not prohibit the use of
this technique for monitoring applications. This limitation could be circumvented by a prediction of
the next RR interval length or location of the next QRS complex.

Detection of pathological variations - summarising discussion

The Wiener filter, ICA and EKF were applied to simulated ECG signals with three different simulated
pathological variations of the ECG morphology: prolongation of the QT-interval length, inversion
of the T-waves and depression or elevation of the ST-segment. Considering the overall results, the
best results for the detection of the different variations were achieved by the EKF. Only for the ECGs
with simulated depression or elevation of the ST-segment, the EKF could not achieve the best results.
Hence, the EKF should be further optimised (especially considering the variations in the ST-segment)
by considering the aspects discussed above. EKF is the only technique showing promising results for
patient monitoring during an MRI examination.

It has to be considered that the (average) results given in Tables 6.1-6.5 and in Tables C.1-C.7 are
affected by the number of beats and leads, which were available for the analysis. For the QT and
T-wave measurements, only those leads were considered in which a sufficient number of QT-intervals
or T-waves were detected in each segment of a record (see descriptions in Section 4.3.2). This means
that better average results could occur in certain methods due to fewer analysed leads. Hence, one
should also compare the results of the different methods on a beat-to-beat basis for the leads in which
the required fiducials were detected in all filtered signals.

Influence of the switched gradient magnetic fields during MR imaging

The influence of the magnetic gradient fields of the MRI scanner was not considered so far. In order
to apply the different MHD suppression methods during MRI experiments, filtering of the gradient
artefacts (see examples in Fig. 3.1, p. 28) is required. It can be assumed that this additional filtering
will alter the characteristics of the ECG signal inside the MRI scanner. Since the Wiener filter as well
as the ICA-based filter were not designed to adopt to such signal variations, larger errors within the
filtered signals are expected. For the EKF, the additional variations occurring in the gradient filtered
signals could be considered by an appropriate adjustment of the Q and R matrices. Alternatively, the
EKF could be directly used for filtering the gradients. However, since the temporal location of the QRS
complex is required for the EKF framework, a preprocessing step including gradient filtering and QRS
detection would be required. Future works are required to evaluate the EKF framework during MRI
experiments and with different imaging sequences running.
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Simulation of the ECG and MHD signals

The real ECG records used for the investigation in this chapter were acquired from young and healthy
subjects. Hence, no pathological 12-lead ECG records were available. Additionally, a quantitative anal-
ysis was only possible using simulated ECG and MHD signals. In order to investigate if the algorithms
enable the detection of cardiac pathologies, which manifest within the ECG, different simulations
were performed. Therefore, different ECG signals were modified in order to simulate the variations
occurring during pathological episodes. Inversions of the T-wave, prolongations of the QT-interval and
ST elevations/depressions were used to study the different algorithms. The morphological modifica-
tion of the ECG signals considered the typical shapes of a pathological ECG as shown in Figs. 2.11
or 2.13, pp. 16. Additional muscle artefact noise was added to the simulated ECG signals to ensure
a more realistic simulation. An existing complex torso model was used to simulate the MHD effect
(see Section 3.2.3). Compared to other models, this model provides the most complex MHD signals.
During the simulated pathological episodes, the amplitude of the MHD signals was also manipulated
in order to better simulate the real scenario. This is the first work which consequently simulated ECG
signals with different pathologies and the corresponding MHD signals for the quantitative evaluation
of different MHD suppression techniques.

Of course, a simulation cannot reflect the full complexity of a physiological processes and realistic
measurement, especially during pathological episodes. Although some possible dynamics of the MHD
effect were considered by the simulations, i. e. the beat-to-beat variations depending on the RRI length
and a decreased blood flow during pathological episodes, it has to be expected that the variations of
the MHD effect are more complex in reality. This can be caused by varying mechanical contractions,
varying stroke volume, vasoconstriction or vasodilation, varying blood pressure or ejection fraction
leading to different blood flow patterns (see Section 3.2.2).

Besides, information about the blood flow used in the model is limited to the aortic arch. It would
be possible to extend the existing model used in this thesis by including additional measurements,
e. g. the blood flow at different locations. However, capturing the temporal dynamics of the blood
flow by MRI is not possible (at this time), since MRI based blood flow measurements usually require
several minutes to obtain information about the blood. Hence, the so estimated signals are averaged
over several cardiac cycles so that the individual beat-to-beat dynamics are suppressed. Doppler ul-
trasound could provide additional information about the beat-to-beat-blood flow dynamics. However,
ultrasound has some disadvantages when compared to MRI: access to the blood vessels located in the
upper torso and to the heart is limited because of the rip bones, the measured velocity depends on the
angle of incidence and velocity is measured in one dimension only. Nevertheless, this method could
be considered for the further development of more complex simulation models. Since blood flow dy-
namics can vary on a beat-to-beat basis, it would be preferable to simultaneously obtain information
about the blood flow at several locations within the torso at a high temporal resolution.
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7.1 Summary and conclusions

During MRI, an ECG signal is required for gating in cardiovascular MRI or for monitoring a patient’s
vital parameters, e.g. during interventional MRI procedures. Several reasons for preferring the use
of the ECG signal over other physiological signals were highlighted in this thesis. However, ECG
signals are severely distorted due to the switched gradient magnetic fields and the MHD effect, which
are present inside the MRI scanner. This thesis studied the influence of the MHD effect on the ECG
signal under different conditions. Several methods were developed and evaluated in order to enable
a reliable gating at 7T and a comprehensive cardiac diagnosis based on the ECG signal at 3 T.

ECG-based gating relies on the detection of the QRS complex. It is known that QRS detection becomes
more challenging with an increased magnetic field strength due to the larger MHD effect. This was
especially reported for 7T MR scanners. One state-of-the-art method for QRS detection during MRI
(a method based on the VCG) was investigated in further details (see Section 3.3.3) to reveal the
reasons for QRS detection problems at 7 T. It was shown that the more complex patterns of the MHD
effect at 7T as well as its intrinsic DC component were responsible for the low QRS detection perfor-
mances. Based on these findings, two modified approaches of the VCG-based method were developed
and evaluated showing an increased performance when compared to the original approach. However,
all the VCG-based techniques are based on the definition of a reference vector, which would require
an initial QRS detection. To overcome this limitation, a new method based on ICA was developed
and evaluated. ICA was used as a preprocessing step prior to QRS detection. Although ICA was not
able to ideally separate ECG, MHD and other signal or noise components, it was possible to identify
at least one independent component (IC) in each record dominated by the QRS complex. This IC was
automatically identified by a template matching technique and was used for QRS detection. Finally,
a comparative quantitative analysis of different QRS detection methods (including the ICA-based, the
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VCG-based and others) was performed. It was shown that the ICA-based method outperformed the
other methods. Additionally, it was found that the usage of one or more precordial ECG leads (in
addition to the limb leads) increased the QRS detection quality. The peak detection quality reached
with the ICA-based technique was high enough to allow for an accurate triggering for ultra-high field
applications.

Patient monitoring during MRI receives more and more attention from the clinical and the research
community. A reliable monitoring technique is especially important for EP procedures guided by MRI,
for patients receiving anaesthesia or for patients suffering from cardiovascular diseases. However, due
to the contaminations of the ECG signal, most of the ECG’s information is not accessible while the pa-
tient is inside the MRI scanner. This thesis aimed at enhancing the diagnostic ECG quality during MRI
by means of different denoising techniques, including the Wiener filter, ICA and an EKF framework.
Several simulated ECG signals were used to evaluate the denoising techniques. The simulations were
performed using an existing Gaussian wave-based model, which was modified to account for different
pathological variations. These variations included the prolongation of the QT-interval, inversions of
the T-wave and depression or elevation of the ST-segment. Different levels of muscle artefact noise
were added to the simulated ECGs to make them more realistic. The MHD effect was simulated using
a torso model and blood flow information in different vessel locations obtained from MRI measure-
ments. Depending on the simulated pathology and the variations of the RRI length, the amplitude of
the MHD effect was adjusted accordingly. Compared to previous studies which were limited by their
simplified simulation approaches, more extended simulations covering a wider range of pathological
episodes were performed in this work. It was shown that the Wiener filter could not adopt the larger
variations of the ECG signal, e. g. during an inversion of the T-wave or prolongation of the QT-interval.
The ICA-based filter method allowed a reliable detection of the T-wave inversion in most ECG leads
with SNR=9dB but the detection performance dropped for the ECGs with SNR=3dB. Larger errors
were observed in the analysis of the ST-segment and the QT-interval. The best overall results were
obtained by the EKF-based technique, which enabled a reliable detection of the QT prolongation and
of the T-wave inversions. Although the EKF showed a high overall performance (low errors) in the
ST analysis, it was shown that the current configuration of the EKF did not enable a precise tracking
of the variations during a depression or elevation of the ST-segment. Several reasons were discussed
to explain this limitation and how it could be overcome in the future. Following the quantitative eval-
uation using the simulated ECG signals, a qualitative analysis was performed by applying the different
filtering techniques to real ECG signals acquired at 3T. The Wiener filter enabled an attenuation of
the MHD effect providing a qualitatively better ECG signal. However, the obtained quality does not
seem to provide a good estimate of the underlying ECG morphology and of the relevant clinical pa-
rameters. With ICA, it was not possible to obtain similar results as for the simulated signals since the
mixing and source model of the real ECGs was more complex. The best results were obtained by the
EKF providing a smooth estimate of the underlying ECG morphology. In summary, the best results
for both, the simulated and the real ECG signals, were achieved using the EKF technique. The EKF
showed great promises and could be used to denoise ECG signals acquired in clinical examinations
performed in the MRI environment.
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7.2 Future work

During the course of this thesis, several ideas, question and problems arose. Some open questions and
possible future research work are given herein.

Extension of ECG hardware: It was shown that additional ECG leads are helpful for gating and moni-
toring purposes. Especially for patient monitoring during MRI, e. g. during EP examinations, an MRI
conditional 12-lead ECG would be advantageous. Dukkipati et al. and Tse et al. recently addressed this
problem by making a conventional 12-lead monitoring device MRI compatible [Dukkipati 08, Tse 10b,
Tse 12, Tse 14]. The main challenges during the development of such hardware are the switched gra-
dient magnetic fields and the radio frequency fields of the MR scanner. Besides the distortions of the
ECG signals, the electrical currents induced by these fields can cause safety issues due to the heating
of the cables and ECG electrodes [Kugel 03, Shellock 04, Niendorf 12].

Evaluation of the ICA-based QRS detection technique: The ICA-based QRS detection technique described
in Chapter 5 was evaluated offline since an MRI conditional 12-lead ECG recorder was not available
for the experiments conducted within this thesis. However, with the existence of such hardware, it
would be interesting to evaluate the developed ICA-based technique in a clinical setting. It would then
be also necessary to compare the quality of CMR images acquired using the ICA-based technique to
CMR images acquired using other techniques, especially using the phonocardiogram technique (see
Section 3.4.2).

Acquisition of pathological/clinical data: So far, no pathological ECG data acquired during MRI are
publicly available. Although the ground-truth of the ECG signals acquired during MRI is not known,
it would be interesting to further study the changes between normal episodes in the ECG and car-
diac arrhythmias. This information obtained from the ECG could be partly correlated with MRI data,
e. g. during cardiac stress MRI where wall motion abnormalities are visible during ischemic episodes.
Animal studies could provide further information as well, e. g. during an artificial occlusion of coro-
nary arteries or during chest compression for animals in cardiac arrest.

Extension of the existing MHD model: The MHD model used in this work was developed by Oster et
al. [Oster 15]. It would be of potential interest to extend this model. In the ongoing collaboration
between the Universities in Magdeburg and Oxford, it is planned to include further blood flow infor-
mation in this model, e.g. of the subclavian arteries, the vena cava, the pulmonary arteries and the
intracardiac flow. Especially the impact of the intracardiac flow on the MHD effect was not studied so
far.

Further improvement of the EKF: Considering the diagnostic ECG during MRI, the best denoising re-
sults were achieved using the EKF technique. However, the currently used parameter configuration of
the EKF did not enable a precise tracking of pathological depressions or elevations of the ST-segment.
Several reasons were discussed to explain this observation. Based on these discussions, the model
could be modified, e. g. by the inclusion of pathological episodes in the training data, which was used
for the estimation of the EKF parameters. Although the pathological variations of the ST-segment
could not be spotted in the filtered ECG signal, larger variations were observed in the MHD signal
estimated by the EKF (see Section 6.6). This finding requires further evaluation to show that one can
draw inferences about the occurrence of a pathological event based on the observed variations of the
estimated MHD signal. For its application in real-time (e. g. for gating purposes), the EKF framework
could be extended with an RRI prediction. RRI prediction could be achieved by autoregressive mod-
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els, integral pulse frequency modulation (IPFM) [Laguna , Mateo 96, Mateo 00] models or Gaussian
processes [Rasmussen 06].
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VCG-based QRS detection

The following describes the most important steps of the VCG-based QRS detection described by Fis-
cher et. al and Chia et al. [Fischer 99, Chia 00, Fischer 01]. Firstly, the ECG signal is acquired while
the patient is outside the MR scanner. After an automated QRS detection, the reference vector r is
defined as the vector which points at the position of the R-peak within the VCG space. In the second
step, the VCG recorded inside the MR scanner is projected onto a virtual electrode which is parallel to
the direction of the R-peak vector r

r
Alt) = () (A1)

The distance between r and v(t) is measured as
d(t) = max(|v(t) — r|,0.01) (A.2)

This distance is used the scale the ‘optimal’ lead which was calculated in Eq. A.1

Aq(t) = (A3)

An additional condition for the occurrence of an QRS complex is the angle between the reference
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signal r and v(t):

Aa(t)

r-v(t)
arccos (7“”‘,@)‘ )

As(t) = (A.4)

A peak detection algorithm can now be applied to the signal A3(¢). Depending on how the threshold
is set for the peak detection, each peak should ideally correspond to the position of an R-peak or
QRS complex.
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The two Jacobian matrices of the evoluation function are defined as Ag(i,j) = W and
J
X=X}
as Fy(i, j) = 2Ligumeh)
W=Wp
The matrix Ak (¢, j) is composed of the following entries
of1
Ay(l,1)=77—=1 B.1
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Ak(27]) :

Ak(3>j) :

Ak(2,2) =

Ak(27 )_
Ac(2,13...14) =
AK(2,20...21) =
Ak(& 1) =
Ax(3,8...10) =
Ap(3,15...17) =
Ap(3,22...24) =
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where I; is a 21 x 21 identity matrix. The Jacobian matrix F (i, j) is given as

o
Fk(1,1):8—];1:1
Fi.(i,i) = gj; =1 ie{2,3,4,5}

Fo(2,1) = 202 _ -3 Y (afk, Mfk,b{?k)

Fr(3,1) = s _ —Z% -G (afk’Aefmbfk)

(b5)

=3
7
Pl 1) = 2002 oS00 (o 205 b

Fk(5a 1) — % = _Z % -G (aﬁé,A@%@,b%c)

Ow ~ (M
Fi(i,7) == o wA(ag‘;:)
Fu(5,27... 21+ N —1) = 525 6(ij2
-G (LA0M0) el N}
2
Fk(5,27+N...27+2N—1):§b§2:252’:49? 15?‘)’;]‘5))2
7 i,k i,k
'G(a%mM%,b%c) ie{l...N}
(AGM)2
1=,f(5,27+2N...27+3N—1):aaé%k:(;(b;)2 1— (bA;ISZ
’ ik ik
'G(a%wM%c,b%c) ie{l...N}

(B.7)

where N is the number of Gaussians representing the MHD effect.
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The Jacobian matrices of the observation function g are as Cj (4, j) = W and as L(i,j) =
J
X=X
0gi(x,v,k)
an

. The matrix Cy (%, j) is given as

V=V

c:k(].7 ].) == % == 1
9g
Cel(2,2..5) 3Xk(2J)
C1.(3,5) 5:;1 1
993 E E
. Ci(3,6...12) = — G (1,007, 0]
Ci(i,7) == a ) 8afk ( ok ’k) (B.8)
2
AGEF
0 i,k
Ci(3,18...19) = % = <( . )Z G (afy, A0F V5, )
ik b’k
AGF,
Cr(3,20...26) = gggg’k ( E”)’g ye. (afk,Aafk,bfk)
" by
and the matrix Ly (4, j) as
- Jgi
L(in) = 5= =T (B.9)
7,

where I3 is a 3 x 3 identity matrix.
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Quantitative result tables obtained from
simulated ECGs

This appendix extends the results which were presented in Section 6.5.1.2. The results include mea-
surements of the QT-interval lengths (Tables C.1 to C.4), of the T-wave polarity (Tables C.5 to C.7)
and of the ST amplitude (Tables C.8 to C.14) using the simulated ECG signals filtered by the Wiener,
ICA and EKF techniques.
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LSE
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MRI
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PPG
PTT
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Nomenclature

Atrioventricular

Ballistocardiogram

Blind source separation

Congenital heart disease

Cardiac magnetic Resonance (Imaging)
Electrocardiogram
Electroencephalography

Extended Kalman filter
Electrophysiological

Feet first (position in the MR scanner)
Finite Impulse Response

functional magnetic resonance imaging
Head first (position in the MR scanner)
High frequency (here: frequency range in the HRV spectrum)
Heart Rate

Heart rate variability

Independent Component Analysis
Intensive care unit

Infinite impulse response
Interventional magnetic resonance imaging
Inferior vena cava

Kalman filter

Low frequency (here: frequency range in the HRV spectrum)
Least mean square

Least squared error

Muscle artefacts
Magnetohydrodynamic

Minimum mean square error

Magnetic resonance imaging
Premature atrial contractions

Principal component analysis
Phonocardiogram
Photoplethysmography

Pulse transit time

Premature ventricular contractions
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SPWVD
STFT
SVC
SVD
TFED
UHF
VCG
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Radio frequency

Remote PPG

RR interval (distance between two adjacent R-peaks)
Respiratory sinus arrhythmia

Sinoatrial

Smoothed pseudo Wigner-Ville distribution
Short-time Fourier transform

Superior vena cava

Singular value decomposition

Time frequency energy distribution
Ultra-high field

Vectorcardiogram
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