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Abstract

Cardiovascular disease (CVD) is the leading cause of death and in Europe
alone it is accountable for 3.9 million deaths every year. Even though the
number of deaths is declining, morbidity is not, leading to the low quality
of life for the people affected. A wide variety of diagnostic tools for CVD
exist, each within their field of application. Electrocardiography (ECG) is
used to assess and analyze the electrical activation of the heart, whereas
echocardiography (echo) is used to produce ultrasound images of the heart as
it contracts and relaxes, giving insight into the mechanical activation of the
heart muscle. In this project, the method of recording cardiac vibrations non-
invasively on the sternum, called seismocardiography (SCG), is investigated.

The thesis is composed of three studies. The first study investigates the
origin of the signal with respect to the underlying physiology determined
with echo from 45 healthy subjects. This study contributes to the overall under-
standing of the correlation between deflections in the signal and physiologic
events in the cardiac cycle. The second study focuses on the manifestation of
the signal in patients with cardiac resynchronization therapy (CRT) pacemak-
ers. Further, the study explores the possibility of using SCG for optimization of
the pacing delay setting of the pacemaker. The third study evolves around the
correlation between features in the SCG signal and cardiorespiratory fitness.

Study I demonstrate the physiologic connection between the SCG and
events found in echo. Eight fiducial points in the SCG have short temporal
distance and high correlation to eight physiologic events found in echo. Study
II shows how the mechanical dyssynchrony manifests in the SCG signal
and how cardiac time intervals that are derived from the SCG changes with
different pacing settings. In Study III, gold standard VO,max was measured,
and a model for non-exercise VO,max estimation with the SCG signal was
developed.

The SCG carries complex and valuable information about cardiac mechan-
ics. This thesis identifies some of the underlying physiological origins of the
signal and demonstrates two clinical use cases for the method: Bi-ventricular
pacemaker optimization and estimation of VO,max.
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Resumé

Kardiovaskuleer sygdom er den ledende érsag til dod og er i Europa alene
skyld i 3.9 millioner dedsfald hvert ar. Til trods for at antallet af dedsfald
er faldende, er sygeligheden ikke, hvilket resulterer i lav livskvalitet for
patienter der er pavirkede af sygdommen. Der findes en reekke kliniske
diagnostiske veerktojer til undersegelse af kardiovaskuleer sygdom, der hver
har sine anvendelsesomrader. Elektrokardiogram (EKG) bruges til at male
den elektriske aktivitet i hjertet, mens ekkokardiografi (ekko) bruges til at
producere ultralydsbilleder af hjertet mens det treekker sig sammen og slapper
af. I dette projekt undersoges en metode til optagelse af vibrationerne der
opstédr som felge af hjertets sammentreekning, kaldet seismokardiografi (SKG).

Denne afhandling er opbygget af tre studier. Det forste studie underseger
signalets fysiologiske oprindelse ved brug af ekko fra 45 raske forsegspersoner.
Dette studie bidrager til den grundleggende forstaelse af signalet og dets
relation til de forskellige stadier i hjertets cyklus. Det andet studie undersoger
hvordan signalet manifesteres hos patienter med kardial resynkroniseringster-
api (KRT) pacemaker. Studiet udforsker endvidere hvordan SKG kan anvendes
til at optimere indstillingerne for pacemakeren. Det tredje studie omhandler
sammenheengen mellem SKG signalet og kardiorespiratorisk fitness.

Studie I demonstrer den fysiologiske forbindelse mellem SKG signalet og
stadierne i hjertets sammentraekning. Otte reference punkter i SKGet har lav
temporal distance og hej korrelation til fysiologiske markerer i ekko. Studie
II viser hvordan mekanisk dyssynkroni manifesteres i SKGet og hvordan
tidsintervaller udregnet pd baggrund af signalet aendres med forskellige
pacing indstillinger. I studie IIl méles VO,max med ergometer test og en
model for estimering af VO,max ved brug af SKG i hvile blev udviklet.

SKG signalet indeholder kompleks og veerdifuld information omkring
hjertets mekaniske sammentraekning. Denne afhandling identificerer noget
af den underleeggende fysiologi samt demonstrerer to brugsscenarier for
metoden: optimering af bi-ventrikuleer pacemaker og estimering af VO;max.
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Introduction

Cardiovascular disease (CVD) is responsible for 3.9 million deaths in Europe
every year and the number one cause of death [1]. CVD is also the leading
cause of morbidity in Europe and even though the number of deaths from
CVD is declining, this is not the case for morbidity [1]. The morbidity means
lower life quality for the people affected, with small everyday tasks like putting
on clothes, cleaning the house, and engaging in hobbies becoming hard to
overcome.

While the prevalence of factors such as smoking, alcohol consumption and
mean blood cholesterol are declining, some more than others, the prevalence
of overweight, obesity, and diabetes has increased in the recent decade [1, 2].
This has raised concern about the sustainability of the reduction in mortality
[1, 3]. Improvements in health care treatment, an increase in the general
population size, and especially older people, contribute to the increase in
morbidity [2]. In the European Union (EU) almost 49 million people live with
a CVD (numbers from 2015) which is estimated to cost the EU €210 billion
each year [1]. This economic burden is not only observed in the EU but also in
the United States and worldwide [2, 4]. In 2010 16.7 million deaths worldwide
were attributed to CVD and the projection for 2030 is 23.3 million deaths [2].

Diagnosis of CVD ranges from blood pressure measurements over echocar-
diography, phonocardiography, cardiac X-ray to cardiac magnetic resonance
imaging, single-photon emission computed tomography, and electrocardio-
graphy to name some. All these modalities contribute to separate areas of
determining the diagnosis. This thesis aims to explore the modality seismo-
cardiography to investigate both the physiologic origin of the signal and the
potential clinical use cases, as a relatively simple to use, non-invasive cardiac
monitoring device.
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Background

The following chapter will go through the history of the seismocardiogram, the origin,
and evolvement of the method with reference to noteworthy studies, and some of the
latest use cases and applications for the method. This chapter should bring insight
into how the technology came to be and the current state of the art with alternative
methods to seismocardiography. First, a brief introduction to the normal heart and
some of the current clinically available tools for assessing the mechanical condition of
the heart.

2.1 The Electrical Conduction Pathway and
Mechanical Contraction of the Heart

The electrical conduction pathway in the healthy heart ensures a synchronized
and repetitive automatic contraction of the muscle fibers of the heart [5]. The
conduction pathway includes: the sinoatrial (SA) node located in the posterior
wall of the right atrium and the atrioventricular (AV) node located right atrium
close to the coronary sinus, see Figure 2.1 [5]. These two nodes are connected
via internodal pathways. From the AV node, the bundle of His travels through
the superior part of the septal wall, before dividing into the left and right
bundle branches. From the two bundle branches the conduction pathway is
separated into the purkinje fibers that encase the two ventricles [5, 6].

The SA and AV nodes are made up of pacemaker cells. As the membranes
of these cells cannot maintain a stable resting potential, after repolarization
the membrane potential will drift towards a threshold and upon reaching the
threshold, the cells depolarize spontaneously [5, 6]. With no hormonal or
neural regulation action potentials are generated about 80-100 times a minute
in the SA node, compared to 40-60 times a minute in the AV node [5]. Because
depolarization is more frequent in the SA node than the AV node, the SA
node initiates the atrial contraction and controls the heart rate. The electrical
impulse spreads from the SA node, through the internodal pathways and the
contractile cells to the AV node, causing the right and left atrium to contract

3
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Sinoatrial Node Bachmann’s Bundle

\ ‘; Bundle of His

Atrioventricular Node

Right Bundle

Left Bundle

‘ Purkinje Fibers

Purkinje Fibers

Fig. 2.1: The electrical conduction system of the heart. Reprinted with permissions (Adobe
Standard License).

[5, 6]. The slower activation and conduction of the AV node introduces a
natural delay in the conduction of the electrical impulse and thus a delay
between atrial and ventricular contraction. From the AV node, the electrical
activity spreads through the bundle of His, the bundle branches and at last the
purkinje fibers. Compared to the rest of the conduction system, the cells in the
Purkinje fibers are larger in diameter and thus conduct the action potentials
faster than other cells [5].

See Figure 2.2 for anatomical reference of the heart and Figure 2.3 for
reference to the normal cardiac cycle. The conduction system serves to spread
the action potential throughout the myocardium to facilitate a synchronous
mechanical contraction of the heart. By convention, this starts just before the
atrial contraction. At this point the ventricles are relaxed after the previous
contraction, see Figure 2.3 (1) Diastole, and blood is filling the left and right
atrium. Due to the relaxation in the ventricles, the pressure gradient between
the ventricles and the aorta and pulmonary trunk respectively have caused the
aortic and pulmonary valves to close. At this point the tricuspid and mitral
valves are also closed; this is the iso-volumetric relaxation period (IVRT).
When the pressure in the ventricles falls below that of the atria, the tricuspid
and mitral valves open, and blood starts to fill the ventricles, see Figure 2.3
(2) Diastole [5, 6]. This initial filling caused by the atrioventricular pressure

4
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Right Atrium « Pulmonary Valve

Left Atrium
=

-
Tricuspid Valve Mitral Valve

Aortic Valve

Right Ventricle

Left Ventricle

Fig. 2.2: Anatomy of the normal human heart. Note that the aortic valve is located under the
area of the pulmonary valve in this illustration. Reprinted with permissions (Adobe Standard
License).

gradient is called the rapid filling phase. As blood fills the ventricles the
pressure gradient diminishes and the filling of the ventricle stops briefly,
before the atrial contraction forces additional blood into the ventricles, see
Figure 2.3 (3) Atrial Systole [6]. In the ventricular systole, blood is forced
towards the tricuspid and mitral valves, causing them to close, see Figure
2.3 (4) Ventricular Systole. With the valves closed, pressure in the ventricles
builds up, as the volume of the blood cannot change; this is the iso-volumetric
contraction period (IVCT). The contraction of the heart causes the shape of the
heart to become more spherical as the pressure builds up. When the pressure
in the ventricles exceeds the pressure in the pulmonary trunk and the aorta,
the pulmonary and aortic valves open and blood flow into the pulmonary
and systemic system, see Figure 2.3 (5) Ventricular Systole, [5, 6]. With the
emptying of the ventricles, the shape of the heart "flattens" to a more cone-like
shape. Following the contraction, the ventricles start to relax and the heart
cycle is completed.
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§'%%

\§

\entrlcular Systole (2) Diastole

/
/
4) Ventrlcular Syst0|e (35 Atrial Systole

Fig. 2.3: Five stages of the normal cardiac cycle. White arrows indicate blood flow and red arrows
indicate muscle contraction and relaxation. (1) Diastole: blood flow into the atria. (2) Diastole:
passive blood flow into the ventricles. (3) Atrial systole. (4) Ventricular systole, pressure builds
in the ventricles. (5) Ventricular systole, blood is forced into the pulmonary trunk and aorta.
Reprinted with permissions (Adobe Standard License).
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2.2 Current Clinical Diagnostic Methods

This section aims to provide an insight into some of the cardiac modalities currently
used in the clinic. The selection of technologies includes some of the most common
and non-invasive diagnostic methods that have also been used in this thesis. Going
into detail with each of these technologies is outside of the scope of this thesis; this
section serves to give an overview of current technologies and some of their clinical
applications and limitations.

2.21 Phonocardiography

In 1894 Einthoven and Geluk made the first true electrical recording of the
heart sounds [7]. The sounds primarily arise from the closing but also to some
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degree the opening of the heart valves. The first and second heart sound
(named S1 and S2) originates from the closure of the atrioventricular valves
and closure of the semilunar valves, respectively [6, p. 259-288]. This gives rise
to the well known "lubb-dubb" sound pattern. The heart sounds facilitate the
assessment of cardiac conditions with respect to the mechanical contraction of
the heart [6, p. 259-288]. Murmurs, delays between the sounds, splitting of the
sounds, and missing sounds are used to diagnose different cardiac conditions.
For instance, mitral valve regurgitation can be heard as a murmur caused by
the turbulent flow of blood through the mitral valve. In the clinic, the PCG is
not commonly recorded and analyzed, but the auscultations from the heart
are obtained with a stethoscope and interpreted by the clinicians on site.

2.2.2 Electrocardiography

The electrocardiogram (ECG) is likely the most well known cardiac modality
[8]. Einthoven published his first paper about the device for recording the
ECG (the string galvanometer) in 1901 and the first application of use in 1903
[8, 9]. In contrast to the phonocardiogram, the ECG presents the electrical
activity of the heart. Different configurations of the ECG exist, with the
common 12-lead ECG obtained using electrodes placed on the chest, wrist,
and ankles of the patient [6, p. 295-300]. The electrodes record the electrical
field originating from the heart, as the muscle contracts. Using multiple
electrodes it is possible to assess the electrical contraction force from different
angles [6, p. 295-300]. The electrical activation is naturally related to the
contraction of the heart muscle, thus the ECG can be used to diagnose a wide
variety of cardiac conditions such as the electrical conduction pathways of the
heart, hemodynamics, and drug-induced abnormalities [6, 8].

2.2.3 Echocardiography

Echocardiography (often referred to as "echo") utilizes high frequency sound
waves, ultrasound, to produce an image of the heart [6, p. 351-458]. The tech-
nology dates back to 1954 [10]. A probe connected to the ultrasound machine
serves to send and receive the sounds. Scanning multiple physiologic planes
and angling the probe in different orientations, helps the clinician to obtain
an insight into the heart of the patient [6, p. 351-458]. With echocardiography,
it is possible to obtain information about the mechanical contractions of the
heart with the opening and closing of the valves [6, p. 351-458]. Further,
the use of echo doppler allows sampling of the blood flow in the ventricles,
the aortic arch, and more [11]. Thus, the modality is very versatile, but it
requires specially trained clinicians to perform echocardiographic recordings
and interpret the images.
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2.2.4 Challenges with Current Clinical Diagnostic
Methods

The current cardiac modalities used in the clinic provide physicians with
insights into the mechanical and electrical conditions of the heart. This of
cause raises the question if there is a need for a new cardiac modality. The
modalities presented in the sections above all have different advantages with
assisting the clinicians in determining the condition of the heart in different
ways. But they also present some limitations.

The PCG signal is good for indicating when the valves in the heart close,
as this gives rise to the sounds, and a skilled clinician can determine cardiac
conditions by listening to the auscultations. However, the opening of the
valves can be difficult to accurately locate, making cardiac timing intervals
impossible to calculate. Defining exactly when a valve closes does also seem
to be ambiguous [12]. The ECG requires electrodes to be attached to the
patient and in the case of a 12-lead, this amounts to ten electrodes. If these are
not placed correctly, the ECG can manifest incorrectly and in the worst case
potentially lead to wrong diagnosis [13]. Further, the ECG only represents
the electrical forces of the heart. In some cases the ECG does not give a
proper representation of the mechanical contraction [14]. Performing an echo
scan is time-consuming and requires trained and skilled clinicians to record
and interpret [15, 16]. There is furthermore a challenge in the relatively
low temporal resolution of echo images, typically around 50 - 60 frames
per second. This is, in some cases, too low to detect rapid changes in the
cardiac contraction [17]. Further, the reproducibility of echo is challenging
due to inter-operator variability both with regards to obtaining the images
and analyzing them afterward.

Thus, this thesis investigates the method called seismocardiography (SCG),
a non-invasive, easy to use, modality that can potentially assess cardiac
mechanics. The SCG can be easily recorded with a higher sampling frequency
than echo and the signal has high reproducibility, with a stable signal over
time [18].

2.3 The Seismocardiogram

As the heart contracts and forces blood into the pulmonary and systemic
system and subsequently relaxes, it changes shape and moves in the thoracic
cage. The valves of the heart open and close to allow the blood to flow in the
right direction. All this causes vibrations that can be recorded non-invasively
with an accelerometer on the chest of the subject [19]. The magnitude of this
signal is in milli-g (¢ being the gravitational constant 9.82m - s~2 [20, 21]). The
accelerometer is often placed on the lower part of the sternum, just above
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the xiphoid process. The vibration signal is deterministic and shares the
same characteristics between subjects [18]. The micro-vibrations produce an
acceleration signal that was first presented by Patric Mounsey in 1956 [19].

2.3.1 History of the Seismocardiogram

When Patric Mounsey first published his paper about the cardiac accelera-
tions he was able to record he did not use the term "Seismocardiogram" [19].
Mounsey had borrowed an analog accelerometer by Robert V. Elliott, who
had developed it for recordings of the ballistocardiogram (BCG) [22]. Inspired
by the name ballistocardiogram, Mounsey called the method (and his paper)
"Preecordial Ballistocardiogram”. Mounsey strapped the large accelerometer
directly to the subject’s chest and was able to obtain the accelerations pro-
duced by the beating heart [19]. In contrast to the ballistocardiogram that
describes whole body movement caused by the forces of the blood being
pumped around in the large arteries, the SCG is a local recording of the
vibrations from primarily the heart [19, 23]. Mounsey described, in detail, the
signal that he was able to record from the subjects. Using both the ECG and
PCG as a reference, Mounsey characterized the slopes of the signal and related
these to the contraction and relaxation of the heart, the opening, and closing
of the valves, and the shift in the position of the heart. Mounsey constructed a
normal "preecordial ballistocardiogram” based on 20 healthy subjects. Besides
describing signals from healthy subjects Mounsey also obtained recordings
from patients with different heart diseases such as systemic and pulmonary
hypertension, atrial septal defect, mitral stenosis, aortic, and tricuspid incom-
petence and stenosis and compared these recordings to the normal signal
[19].

In 1961 Bozhenko published a paper entitled "Seismocardiography - a
new method in the study of functional conditions of the heart" and thereby
introduced the term "Seismocardiography" [24]. In 1964 Baevsky, Egorov and
Kazarian published "Metodika Seismokardiografii" and Kazarian took part in
the development of the first pick-up used for seismocardiographic recordings
in space flight for the "Vostok-5" and "Vostok-6" flights [25].

Following a period of relative silence within the field researchers Salerno
and Zanetti introduced the method in the USA in the 1990s [18, 26]. At
the time Zanetti and Salerno were able to correlate cardiac timing intervals
derived from the SCG with intervals derived from echocardiography [27].
This was a great leap forward for the method and other researchers became
interested in the technology [28, 29]. At the start of the 1990s, Salerno and
Zanetti heavily investigated the use of SCG in different settings. Especially
the correlation between changes in the SCG and coronary artery disease
(CAD) was explored [30, 31]. Exercise SCG was obtained from an impressive
number of 1.221 patients with suspected CAD [32]. If the patients had an
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Fig. 2.4: Electrocardiogram (top), phonocardiogram (middle) and seismocardiogram (bottom)
divided into eight periods: Atrial systole, protosystole, iso-volumetric contraction, maximum
ejection, reduced ejection, iso-volumetric relaxation, rapid inflow and diastasis. The slopes are
named according to the period in which the reside. ©Reprint with permission from BMJ, [19]

angiography within six months of the SCG recording they were included
in the study and exercise SCG was obtained and analyzed to determine if
it was normal or abnormal, according to a set of predefined criteria. The
SCG had a sensitivity of 80% and specificity of 69% for the detection of CAD.
In comparison, exercise ECG in the same study had a 67% sensitivity and
51% specificity, highlighting the advantage of the SCG [32]. The results were
re-evaluated in a multi-center study with 129 patients. This study found, that
inclusion of exercise SCG improved a prediction model for CAD [33]. In 2019,
Dehkordi and co-workers published a paper with the data set obtained by
Zanetti in 1988-92 [34]. Dehkordi developed two models for identification of
CAD including more features from the SCG than originally by Salerno and
co-workers [32, 33]. This improved the prediction model based on the exercise
SCG to 82% and 84% sensitivity and specificity, respectively [34].

10
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2.3.2 Recent Research

Since the early 2000s, there has been an increase in the number of publications
concerning SCG. From 2000 to 2010 a range of 1-7 papers with the search
term "seismocardio*" was included in the Scopus database per year. From
2010 to July 2020 this number was 4-59, peaking in 2020. The following
section presents some of these publications and some of the results from these
articles.

Cardiac Timing Intervals

Cardiac timing intervals (CTI) such as IVCT, left ventricular ejection time
(LVET), mechanical systolic time, and IVRT can, with some success, be derived
from the SCG due to the relative ease of identifying the mechanical events in
the cardiac cycle [12, 18, 19, 27, 35, 36]. Thus, several of the studies evolving
SCG, relate to different applications of use for the derived cardiac timing
intervals, often as a surrogate for (or compared to) echocardiography. With
the inclusion of a synchronous ECG signal more intervals can be derived,
such as the pre-ejection phase (PEP) from Q-onset in the ECG to mitral valve
closure in the SCG [37, 38].

In 2019 Dehkordi and co-workers published a study of 86 healthy subjects,
comparing different methods for estimating cardiac timing intervals: SCG,
PCG, and impedance cardiography (ICG) to ultrasound imaging [12]. This
study shows promising results for the SCG and PCG methods compared to
ICG for the estimation of cardiac timing intervals.

Pulse Transit Time and Blood Pressure Estimation

Because the opening of the aortic valve is seemingly well defined in the
SCG (and the location of this event is coherent among most authors), the
method is also used in the calculation of pulse transit time (PTT) with pulse
plethysmography (PPG) sensor at the finger or earlobe [39-43]. Deriving
PTIT from SCG is of interest as it may provide a method for continuously
estimating blood pressure (BP), eliminating the need for an acoustic-based BP
monitor, such as the inflatable cuff [39, 42, 44, 45].

Yang and co-workers conducted a study on ten healthy male subjects,
exploring how well different ways of estimating PTT derived from SCG and
PPG would correlate to measured BP [39]. A logarithmic model with subjects
specific parameters was used for the BP estimation. Correlations of the
PTT derived from the SCG and the finger PPG were non-significant, with
correlation coefficients ranging from 0.58 to 0.62 [39].

Continuously monitoring BP would be applicable in for instance the inten-
sive care unit, for monitoring of critical patients. However, the results of the
approach are varying with how good the estimation of the BP is, likely due
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to the difficulty of modeling blood pressure, and the changes herein due to
vasoconstriction and -dilation, only based on the pulse transit time [42].

Bi-ventricular Pacemaker Optimization

In 2007 Frank Marcus and co-workers published a paper where they investi-
gated different cardiac timing intervals derived from the SCG signal in healthy
subjects and patients submitted to cardiac resynchronization therapy (CRT)
[46]. Marcus concludes that the SCG could be used for pacemaker optimiza-
tion, as the CTIs change in the CRT patients, when turning on the pacemaker,
indicating improved cardiac contractility. Further, the study showed a differ-
ence in the CTIs derived from healthy subjects and the patients [46].

Besides the non-invasive SCG recordings, accelerometers placed in the tip
of pacemaker electrodes, like the SonR (MicroPort CRM, France) system are
available [47, 48]. Mitral valve and aortic valve closure derived from the SonR
have been shown to correlate well with those derived from echo [49]. The
SonR system was developed to be used for pacemaker optimization, without
the need for clinical consultation [15]. Studies show that the optimization
proposed by the SonR system was as safe as the optimization proposed by a
cardiologist [15].

Cardiac Performance Index

The CTIs derived from SCG has also been used for calculation of the Tei
Index/Myocardial Performance Index with relation to exercise testing [29, 50,
51]. The Tei Index is calculated as the sum of IVCT and IVRT divided by
LVET [52]. The index was developed as a combined index of both the systolic
and diastolic time intervals as a predictor for overall ventricular dysfunction
[52]. The method was developed using echo, but have since been evaluated
using SCG [29, 50, 51]. In 2001 Libonati and co-workers derived the Tei Index
from SCG and found that the Tei Index derived from the SCG correlated with
exercise performance [50].

Wearable and Transportable Seismocardiography

The development of micro electro-mechanical systems (MEMS) accelerometers
have provided a convenient way of measuring SCG. The first studies of the
cardiac vibration signal was done with heavy equipment. For instance, the
accelerometer used by Salerno and Wilson in 1992 weighed 1kg and was
placed on the chest of the subject just after finishing a cycle ergometer protocol
[32, 33]. One can imagine that this setup was probably not too comfortable
for the test subject. The current lightweight accelerometer (weighing as little
as 5 grams) can be attached to the skin with double adhesive, see Figure
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4.1 [53]. The low weight ensures that the small vibrations on the chest are
not obstructed. Further, applications for wearable SCG devices have been
investigated [35, 54-56]. From November 2014 to June 2015 the "MagIC-Space
system" was tested at the International Space Station as part of the "Wearable
Monitoring Project” [57]. Di Rienzo and co-works recently published a paper
describing their new system for monitoring daily life activities with the
"SeisMote" system that is capable of recording SCG, ECG, and PPG [58].

Inan and co-workers developed an SCG and ECG sensing patch capable
of more than 50 hours of continually recording [35]. The patch is attached
midway between the xiphoid process and suprasternal notch and is capable
of recording both SCG and ECG. Using the patch, standing resting SCG
was compared to recovery SCG following a 6-minute walk test. With graph
similarity score (GSS) based on features in the frequency domain of the SCG
signal, Inan and co-workers were able to distinguish between compensated
and decompensated patients with heart failure [35]. Shandhi and co-workers
also used this wearable SCG and ECG path for estimation of VO, in both
healthy and heart failure patients [59, 60].

Because of the relative ease of recording of the SCG, even the accelerometer
in a modern smartphone can be used to record and process the signal in
various settings, for instance for detection of acute myocardial infarction and
atrial fibrillation, the latter have also been investigated with a normal MEMS
accelerometer [61-63].

Automatic Segmentation and Fiducial Point Detection

In order to facilitate the usefulness of SCG, automatic segmentation and anno-
tation/detection of the fiducial points in the signal is naturally an interesting
research topic [64-74]. These approaches are different, ranging from using
simultaneously recorded ECG to detect the R-peak first and then find the
fiducial points in the SCG, over use of wavelets, to implementation of Hidden
Markov Model.

24 Summary

Even though SCG seems promising in multiple clinical use cases, it never
made it to the clinic and is still not used by clinicians [43]. This is most
likely due to a combination of the complexity of the signal, the advancement
of echocardiography and other image technologies and a lack of coherent
nomenclature when defining the fiducial points in the signal [43, 56]. The
latter becomes apparent when going through the literature. Most articles
agree on the location that defines the mitral valve closure (MC), aortic valve
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opening (AO) and aortic valve close (AC). Zanetti and Crow published the
first papers with simultaneously SCG and echocardiogram recordings [27,
28]. The nomenclature introduced in these two papers have since been widely
used when defining fiducial points, but there is still not complete agreement
between authors, see Figure 2.5. The location of AC is different in all the
figures. The MO location is the same in Figure 2.5a and 2.5d, but seems to be
annotated late in 2.5b.

The ambiguity of the fiducial point locations, in combination with the
promising clinical applications, lead to the aims of this thesis, presented in
the next chapter.

QRS onset

(a) ©Am ] Noninvas Cardiol, Crow et al. [28] (b) ©IEEE Journal of Biomedical and Health Infor-
matics, Yang et al. [75]

0

: AC

MO

(c) ©IEEE Journal of Biomedical and Health Infor-  (d) ©Frontiers In Physiology, Dehkordi et al. [12]
matics, Khosrow-Khavar et al. [66]

Fig. 2.5: Seismocardiographic signals from four different articles. This illustrates the ambiguity
between how authors label the signal
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The following chapter describes the aims of the thesis.

The overall aim for the Ph.D. study was to gain a better understanding
of the seismocardiogram and find clinical applications for the method.

When embarking on this Ph.D. thesis, the number of papers concerning
seismocardiography was steadily increasing. At the time not many articles
were describing the physiologic origin of the waveform of the signal. The
nomenclature for the fiducial points was largely based on the studies by
Zanetti, Salerno, and Crow [27, 28].

The first objective of this thesis was to investigate a cohort of normal
healthy subjects in different age groups to describe the normal SCG signal.
The goal of this study was to contribute to a greater understanding of how
SCG signals manifest and how the fiducial points in the SCG correlates to
physiologic events found in echocardiographic images. We hypothesized that
certain fiducial points in the SCG would have a strong correlation and low
temporal difference to the physiologic events found in the echocardiographic
images.

The second goal of the thesis was to evaluate how the SCG signal recorded
from patients submitted to CRT treatment would manifest. This patient group
has been of interest to researchers previously and we hypothesize that SCG
could be an easy and non-invasive way of optimizing the pacemaker settings.
Current studies have primarily examined the CTIs derived from the SCG
signals and neglected to examine visually how the signal changes and thus
how the amplitudes of the signal changes when changing the settings of the
bi-ventricular pacemaker [46]. We hypothesized that both the amplitudes of
different segments in the SCG as well as some of the CTIs derived from the
SCG will change between the different settings of the bi-ventricular pacemaker.

The third goal was to evaluate if the SCG could be used to access the
cardiorespiratory fitness (CRF) level in healthy subjects. Cardiorespiratory
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fitness is a combined measure of multiple physiologic parameters. In this
explorative study, we hypothesized that either the derived cardiac timing
intervals, the amplitudes of certain features in the SCG, or both would correlate
with CRF determined by VO,max.

Aims
To sum up, the three aims for the Ph.D. thesis were:

I Investigate and describe how the fiducial points in the normal SCG
correlate with physiological events found in echocardiographic images

II Investigate how SCG recorded from patients submitted to CRT manifests
and changes due to the treatment

III Evaluate if there is a correlation between features in the SCG signal and
the cardiorespiratory fitness in healthy subjects
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Methods and Materials

The following chapter describes the materials and methods used in the three thesis
studies. A description of the accelerometers used throughout the studies and the
general signal processing approach will be described. Methods specific to the studies
are described in the summaries of the studies in Chapter 5.

4.1 Accelerometers used for the
Seismocardiographic Recordings

The accelerometer(s) that should be used for the SCG recordings need to be
sensitive enough to record the small vibrations and have a low noise floor so
the signal does not drown in noise. Based on previous studies the SCG signal
has a typical peak-to-peak amplitude about +10 mg [20, 21, 56]. However, the
signal is often presented with no labeling on the y-axis, making it a bit more
difficult to exactly estimate the possible peak-to-peak amplitude. Thus, an
assumption peak-to-peak amplitudes of 1 to 100 mg was chosen to obtain both
small variations in the signal as well as avoid saturation. The frequency range
of the signal is not well-defined. Some papers report only the non-audible
low-frequency band (0-25 Hz) while others include frequencies > 25 Hz [21].
For the studies in this thesis we wanted to be able to extract some higher
frequencies from the signal as well (> 25 Hz) for use in our signal processing
approach, see Section 4.2.3 for more details. Thus a frequency band of 0 to 80
Hz was chosen. We accept a root mean squared (RMS) signal to noise ratio
(SNR) of 2. Thus for a signal of 1 mg, we allow the noise to be 0.5 mg. Based
on the formula for noise calculation this yields a noise density of 56yg/+/Hz,
see Equation 4.1.

Noise Density = Noise/ v Band width
= 0.5 mg/v80Hz 4.1)
~ 56 ug/vHz
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Based on the requirements listed above two accelerometers were chosen. The
specifications for these are listed below.

Silicon Designs 1521-002

The 1521-002 is a MEMS accelerometer with a range of +2 g, a frequency
response of 0-300 Hz minimum at 3 dB and a low noise floor at 7 ug/+Hz
[76]. This accelerometer was used in Study I and III.

Colibrys SF1600S.A

The SF1600S.A is a MEMS accelerometer has a range of £3 g, a frequency
response of 0-1500 Hz minimum at 3 dB and low noise floor at 0.3 ug/+/Hz
[77]. This accelerometer was used in Study IL

Both accelerometers have a lower noise floor than desired. The Colibrys
accelerometer has a very low noise floor which we considered an advantage
when recording the SCG from the HF patients, as these patients might have a
weaker heart and thus a smaller recordable acceleration signal.

The data acquisition boxes used in the studies are from iWorx and have a
resolution of 16-bit. This yields a resolution of 4 g/21° bit = 0.06 mg/bit for
the Silicon Designs and 6 g/2!¢ bit = 0.09 mg/bit for the Colibrys accelerom-
eter. In both cases this is well below the desired lowest amplitude we want to
obtain of 1 mg. Based on the Equation 4.2 the total RMS noise is calculated
for the Silicon Designs accelerometer.

Noise = Noise Density - vV Band width

=7 ug/VHz- v80Hz (4.2)
~ 62 ug

Using the same equation the total noise for the Colibrys accelerometer is 2.7
ug. Thus, noise introduced by the accelerometer itself is small compared to
the signal we want to record (1000 u#g). The SNR is 11 dB and 24 dB for
the Silicon Designs and the Colibrys accelerometer respectively. Further, the
signals will be divided into individual beats to calculate a mean SCG beat, see
Section 4.2. This averaging approach will reduce the noise in the signal.

For both accelerometers, custom housing was 3D printed in ABS plastic
making them easy to attach to the skin with double-sided adhesive while
being electrically isolated from the subject, see Figure 4.1. A thin flexible
wire with outer shielding was used for power and data transfer to and from
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the accelerometers. The combination of the lightweight accelerometer and
plastic housing brought the weight of the package to approximately 5 grams
in total, without accounting for the wire. The housing is approximately 19
mm wide, 21 mm long and 11 mm high, see Figure 4.1. The Silicon Designs
accelerometer was soldered onto a custom circuit print board that was then
glued into the plastic housing. The circuit board was used to break out the
pins from the MEMS accelerometer chip to the electrical wire for power and
data transfer. The Colibrys accelerometer was supplied on a print board, that
was glued into the housing.

)

Fig. 4.1: Example of one of the accelerometers used in the studies (yellow plastic housing), the
power supply, filter and amplifier sleeved in black and the DINS plug.

Power Supply, Filter and Amplification

For both the Silicon Designs and the Colibrys accelerometer a custom power
supply, filter, and pre-amplifier were constructed. The filter was designed with
a high-pass cutoff at 0.3 Hz and a low-pass cutoff at 80 Hz (3 dB dampening).
Power and data signal to and from this small circuit board was provided via a
DINS plug, that fits the iWorx data acquisition units used for data sampling
in the thesis studies.

Accelerometer Placement

The seismocardiographic recordings in the thesis papers were all done in
the same location, the xiphoid process, see Figure 4.2. ECG electrodes were
applied on the right and left shoulder as well as the right and left iliac crests
to obtain a three-lead ECG signal. Besides the accelerometer for the SCG
recordings, an accelerometer or microphone was used to record heart sounds,
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placed in the 4™ intercostal space (IC4). The use of the heart sound signal is

described in Section 4.2.

_4
Vi ).?\_k{_-,\\

Fig. 4.2: Illustration of the placement of electrocardiogram electrodes (black circles), accelerometer
for seismocardiographic recording on xipoid process (red circle) and accelerometer/microphone
for heart sound recording in intercostal space 4 (green circle) [78]

4.2 Signal Processing

Throughout the studies in this thesis the term "mean beat" is used to describe
one ECG, SCG, and/or PCG beat, constructed from a number of temporally
aligned individual beats from a continuous recording. This section describes
the signal processing pipeline that was used to process the initial recording,
resulting in one mean beat.

For all recordings obtained as part of the studies both ECG and SCG were
recorded simultaneously. Further, a PCG signal was recorded simultaneously
as well using either a microphone or an accelerometer. The use of the PCG
signal is described in detail in Section 4.2.3. The segmentation process of the
raw signals can be divided into three main steps:

1. Detect R-peaks in the ECG for segmentation of the whole signal into
individual beats

2. Use the location of the R-peaks to divide the SCG and PCG signals into
individual beats

3. Using the heart sound signal for alignment of the individual beats
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In all studies, the ECG was used as the reference for this beat segmentation
approach. The approach was first described by Jensen et al. [79] and further
by Serensen et al. in Thesis Paper I [53]. All signal processing was performed
in MATLAB versions 20164 to 2019s.

421 ECG R-peak Detection

In general, the approach applied to detect R-peaks in the ECG consists of
multiple peak detections in small sections of the signal (windows), followed
by peak detection in a version of the signal, with a different filter setting. This
approach was found to be robust when introducing new and noisy signals to
the algorithm.

The first step of the R-peak detection was to filter the raw ECG signal
to remove 50Hz noise. This was done with an Infinite Impulse Response
(IIR) Comb Notch filter at 50Hz. This ensured the removal of both the 50Hz
noise and harmonic effects thereof, see Figure 4.3(B). Any global off-set was
removed, by subtracting the mean of the signal, from the signal itself.

Unfiltered ECG
A T T T
) | | | | | | | | |
'g 0 0.5 1 15 2 2.5 3 3.5 4 45
g* Filtered ECG
< T T T
B

|
0 0.5 1 1.5 2 25 3 3.5 4 45
Time [sec]

Fig. 4.3: Panel A: Typical example of an electrocardiogram that is polluted with 50Hz noise. Panel
B: Same electrocardiogram after filtering with IIR Comb Notch Filter at 50Hz.

With most of the 50Hz noise removed, the next step was to detect peaks
in the ECG signal. The ECG was inverted (amplitude multiplied by -1) and
high-pass filtered with a 1%t order high-pass filter at 2Hz to remove drift (for
instance caused by respiration) and other very low frequencies in the signal.
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Using the filtered signal the autocorrelation was computed and the left side
of this was removed, keeping only positive lags. The largest peak of the
autocorrelation in a predefined window of 600 to 2000 ms was used as a rough
estimate of the periodicity of the ECG signal.

The inverted ECG was filtered with a band-pass filter (10 and 35Hz, 2"
order Butterworth) to emphasize the R-peaks and remove P- and T-waves, see
Figure 4.4. Working on the inverted ECG was done to prevent the detection
of the T-wave in some rare cases where the filter was not able to remove it.
Using the estimated period from the previous step, a window with the length
of 120% of the period was moved across the inverted, filtered ECG in steps of
a quarter of the window size, illustrated as the red squares in Figure 4.4.

Amplitude

W

Time [sec]

Fig. 4.4: Inverted and band-pass filtered ECG (10 to 35Hz) in blue. The red squares illustrate the
search window, that was moved across the signal. Circles indicating the local maxima found in
each window.

In each window-step, the maxima was detected, see the circles in Figure
4.4. The location of the peaks was used to find peaks in a second separate,
independently band-pass filtered version of the inverted ECG signal (1 to
40Hz, 2" order Butterworth). This is illustrated in Figure 4.5. The blue signal
is the signal from Figure 4.4, with the red squares representing the shorter
search windows used in this step of the algorithm. In Figure 4.5(B) the green
signal, is the filtered signal between 1 to 40Hz. In the search window, the
maximum of the green signal is marked as the cross.

Figure 4.6(A) illustrates the search windows (red squares) for this step in
the algorithm. The location of these windows is based on the peaks illustrated
with the crosses. These peaks were found in the previous step, see 4.5. Figure
4.6(B) illustrates one of the windows. A third, independent, non-inverted ECG
signal, filtered between 0.5 and 45Hz with a 2" order Butterworth low-pass
filter followed by a 1%t order high-pass Butterworth filter is illustrated with
the blue line, and the star marks the R-peak found as the global maximum in
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that window.
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Fig. 4.5: Panel A: Inverted and band-pass filtered ECG (10 to 35 Hz) in blue. Illustration of the
search windows (red squares) located based on the peak detection in Figure 4.4. Panel B: One
search window from Panel A used to detect the peak, marked with the cross, in the green signal
(independent, inverted ECG filtered 1-40Hz).
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Fig. 4.6: Panel A: The inverted band-pass filtered signal (1-40Hz), from Figure 4.5(B) with the red
squared indicating the search windows for this step. Panel B: One search window from panel A,
with a non-inverted, filtered version of the ECG in blue. The red star marks the R-peak, found as
the maximum in the search window.

The final result of the R-peak algorithm is illustrated, see Figure 4.7. In
cases with peaks within 333 ms of each other both were removed as these
were not considered R-peaks, because of the short RR-interval it would imply.
Peaks with extremely high (twice as large as the median R-peak) amplitude
were also removed.

The resulting R-peak locations were used to divide the ECG, SCG, and
PCG signals into individual beats. Based on a predefined beat length (1.33
sec), segments of 25% (0.33 sec) of the beat length before the R-peak and 75%
(1 sec) of the length after the R-peak were extracted.
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Fig. 4.7: ECG with the final location of R-peaks detected, marked with the red stars.

Removing Noisy ECG Beats

To reduce the number of noisy ECG beats, a segment from the individual beats
in a window from 0.25 sec before to 0.5 sec after the R-peak were extracted,
see the red squares in Figure 4.8. The sum of squared errors (SSE) between
the individual segments and a median segment calculated from the individual
segments were calculated. A threshold was computed as 2.5 times the 75t
percentile of the SSEs and segments with a SSE larger than the threshold were
discarded, see Figure 4.8.
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Fig. 4.8: An example of a part of a ECG signal containing two noisy beats and three normal
beats. The red squares indicate two examples for the windows used for calculation of sum of
squared error (SSE). The two last beats detected (illustrated by circles with a start in them) will be
discarded as part of the segmentation algorithm due to too high SSE compared to the median
beat.
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4.2. Signal Processing

4.2.2 Segmentation of the SCG Signals

The SCG signals were recorded simultaneously with the ECG signal. Based on
the temporal locations of the R-peaks in the ECG, the continuous SCG signal
(Figure 4.9 panel A) was divided into individual beats (Figure 4.9 panel B).
From the individual SCG beats a mean SCG beat was computed (Figure 4.9
panel C). As with the ECG beats, the SSEs between the individual SCG beats
and the median SCG beat were calculated. The threshold for discarding beats
was calculated as 1.2 times the 75" percentile of the SSEs.
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Fig. 4.9: An example of how a seismocardiogram (SCG) is segmented into individual beats, before
calculating a mean beat. Panel A: part of a SCG signal. Red vertical lines indicate R-peak locations
found in the ECG. Red horizontal lines indicate the length of the windows that were extracted.
Panel B: Three of the extracted individual beats from panel A, plotted in different colors. Panel C:
A mean beat calculated from the three beats in panel B.

In Figure 4.9 panel C all the individual beats are aligned based on the
R-peak of the ECG. This can cause the characteristics of the signal to diminish,
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Chapter 4. Methods and Materials

especially in the diastolic phase of the signal, due to the natural variation in
the cardiac contraction and relaxation, see Figure 4.10. Thus, the heart sound
signal was used to re-align the individual beat, to the diastolic complex as
well. This approach is described in the following section.

R-peak Aligned 52 Aligned
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Fig. 4.10: The figure illustrates the difference in the seismocardiographic signal due to alignment.
The same individual beats (n=20) are presented in both top plots. Individual beats are aligned
to the R-peak to the left and the 2™ heart sound (S2) on the right. The bottom plots visualizes
the mean beat, based on the individual beats. Note the difference in amplitude between the two
alignments. Data and inspiration from [53].

4.2.3 Using Heart Sound Signals for Alignment

Besides the accelerometer placed on the xiphoid process, an accelerometer or
a G.R.A.S 40AD microphone was placed in the IC4 for the recording of the
heart sound. In Study II the G.R.A.S 40AD microphone was used and in study
I and III a Silicon Designs 1521-002 accelerometer was used as a proxy for the
microphone. This signal was used to align the individual beats to the first or
second heart sound to avoid the signal distortion visualized in Figure 4.10.
The general idea behind this approach was to first detect an approximation
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4.2. Signal Processing

for the S1 and S2 location and then incrementally realign the individual beats
to a median beat, recompute a new median beat and once again realign
the individual beats to this new median beat. This approach realigns the
individual beats by a few milliseconds.

The PCG signal was filtered with a band-pass Butterworth filter at 50
and 500Hz (both at 1%t order) to remove lower frequencies (such as the SCG
component of the signal) and emphasize the higher frequencies due to the
valve closures. The signal was then divided into individual beats based on
the ECG R-peaks as described in the previous section. From these, a median
beat was calculated and the Hilbert transform was computed. Two peaks in
the Hilbert transform were located, with a predefined minimum distance to
each other, ensuring that two adjacent peaks in the S1 were not detected as S1
and S2, see Figure 4.11. These two peaks were considered as the initial S1 and
S2 peaks for all the beats, regardless of the actual S1 and S2 location for the
individual beats.
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Fig. 4.11: Illustration of a median heart sound signal (blue line) and absolute values of the Hilbert
transform (orange line). The circles indicate the two peaks found as the initial S1 and S2 peaks.

The Hilbert transform was calculated for all the individual beats, in win-
dows around the 52 location. The maximum in each of the individual trans-
forms was detected and the temporal distances from these individual maxima
to the initial S2 maxima were calculated. These maxima were used as the peak
of the S2 sound and new individual beats were extracted from the PCG signal,
based on the location of the peaks. These individual beats were now slightly
more aligned towards an overall S2 location.

Based on these, windows around the S2 were extracted and a median S2
sound was calculated and the lags resulting in the maximum cross-correlation
between the individual and the median 52 sound were computed. Using the
lags the individual beats were re-aligned again, see Figure 4.12. A new median
52 sound was computed and re-alignment using the cross-correlation lags was
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performed once again. Thus, for the alignment to S2, three increments were
performed.

— Median S2 Heart Sound i
Original Individual S2 Heart Sound
—— Re-aligned Individual S2 Heart Sound

Amplitude
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Fig. 4.12: Visual representation of alignment of individual S2 beats (green line) to the median
(blue line) S2 sound (composed of 68 individual beats). The lag that resulted in the maximum
cross-correlation between the median and the individual beat was used to re-align the individual
beat to the median beat (re-aligned beat in red).

The approach ensured that the initial alignment of the individual beats to
the R-peak and the initial S2 is omitted. Using the lags, both the SCG and
PCG signals can be aligned to the S2 sound. When computing the mean with
the individual beats aligned to S2, the characteristics in the diastolic complex
are preserved (see Figure 4.10). Much like alignment to the S2 sound, the
beats can be aligned to the S1 sound (using the initially found S1 peak in
Figure 4.11). The only difference between the procedures is, that the Hilbert
Transform is not computed and used for the initial re-alignment to S1, because
the location of the S1 sound is located close to the R-peak. Thus, there is no
need for at large re-alignment as in the case with the 52 sound.

With the algorithm described in the signal processing section, the mean
beats used for the studies were calculated. The approach was slightly different
for the R-peak detection in Study 1II, that involved patients with a Bi-Ventricular
pacemaker, to make sure that the pacing spikes were not detected as R-peaks.
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Summary of Thesis Studies

The following chapter will contain summaries of the three thesis studies. Results from
the studies are documented in the papers, available as appendices in the full version of
the thesis. Discussion of the three studies are found in Chapter 7.

51 Studyl

The first study was carried out to fulfill Aim I:

Investigate and describe how the fiducial points in the normal SCG correlate with
certain physiological markers found in echocardiographic images

The results from the study are published in Thesis Paper 1: "Definition
of Fiducial Points in the Normal Seismocardiogram" [53] as well as in the
conference abstract "Seismocardiographic correlations to age, gender and BMI"
[80].

Introduction

At the time of conducting the study, no article existed that thoroughly exam-
ined all the fiducial points in the SCG and correlated these with physiological
events found from echocardiographic images. The definition of the fiducial
points and their relation to physiological events in the cardiac cycle was (and
still largely is) based on the work by Zanetti, Salerno, and Crow from the
1990s [18, 26-28]. The papers that were published at the beginning of the
1990s did not refer to the article written by Patric Mounsey, who had already
described the SCG signal in great detail, see Section 2.3.1 [19]. Instead, the
articles showed the SCG signal together with the ECG overlaid on echo images,
to get a visual representation of the temporal correlation between the three.
A large review, published in 2015, of recent advantages of SCG and BCG,
written with input from the major researchers within the fields, it became
evident that even though we know a lot about the SCG signal - it is still not
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Chapter 5. Summary of Thesis Studies

fully understood [43]. Especially, there is not a coherent labeling of fiducial
points.

To gain a better understanding of the signal in general, this study was
designed to objectively correlate all prominent peaks and valleys in the SCG
signal, to physiologic events found in echocardiographic images.

Methods

Forty-five healthy subjects were recruited in three age groups, 15 subjects in
each group: 20-40 years, 40-60 years, and 60-80 years. The study was approved
by the scientific ethical committee of Northern Jutland (N-20120069). All
subjects signed written informed consent before participating in the study.
Subjects were free of known cardiac diseases.

Resting three-lead ECG, PCG and SCG were recorded, the latter with low
weight, high sensitivity accelerometers (see Section 4.1 for more information
about the accelerometers used in the study), with the subjects in a supine
position. One accelerometer was placed just above the xiphoid process for
obtaining the SCG signal and one accelerometer was placed in the IC4 for the
recording of heart sound, see Figure 4.2. An iWorx IX/228 Data Acquisition
System was used to record the signals at 5000 Hz. SCG, PCG, and ECG were
recorded for 5 minutes, using only the last 3 minutes for the signal analysis.

Using a GE Healthcare Vivid E9 ultrasound scanner, apical 4 and 5-chamber
Pulsed Wave Doppler (PWD) and M-mode Tissue Doppler Images (TDI) of
the mitral valve leaflets were obtained. The electrodes from the Vivid E9 was
placed next to the electrodes used to record the ECG for the iWorx setup.

Mean SCG beats were calculated as described in Section 4.2. A custom tool
was developed in MAaTLAB 20194 for visualizing the signals. All prominent
fiducial points in the SCG mean beats were manually annotated using the
MATLAB tool. This process was iterative, to ensure that the fiducial points
from the different subjects, were annotated in the same way. The fiducial
points were annotated by one operator and then validated by another operator.
For transparency, all the signals with the fiducial points are uploaded along
with the published article from the study [53].

In the echo images, physiologic events were annotated and the temporal
distance to the R-peak of the ECG tracing on the bottom of the image was
registered, using the free software HOROS. In the pulsed wave doppler 4-
chamber images, the E and A wave were annotated, corresponding to the
early diastolic phase and the atrial contraction, respectively [11]. Both the
beginning and the peak of the waves were annotated to correlate all events to
the SCG fiducial points, see Figure 5.2. In the 5-chamber images, the profile
of the outflow of the left ventricle was traced, annotating the onset, the peak,
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Fig. 5.1: An example of a seimocardiographic signal (from subject N05). All prominent fiducial
points in the signal are annotated. ©Scientific Reports Reprint with permission from [53]
(supplementary material).

and end, see Figure 5.3. The start of this is correlated to the beginning of
the opening of the aortic valve [11]. With the M-mode tissue doppler images,
mitral valve opening, and closing together with aortic valve opening and
the closing were annotated, see Figure 5.4 [81]. To ensure consistency in the
annotation of the physiologic events, two operators were assigned to annotate
the images. In the case of temporal difference of > 15ms between operators,
the location of the event was reevaluated. Averages of the temporal locations
of the events between the two operators were calculated and used in the data
analysis. If the echo image contained more than one beat, all beats were
annotated and average temporal locations were derived. Synchronization
between the image and the ECG leads of the Vivid 9 was examined and found
to be less than one frame (70 frames/sec acquisition).

Physiologic events found in the echocardiographic images were correlated
to all the fiducial points in the SCG using the Pearson Correlation. The
distance from the R-peak of the ECG to all the events was calculated as well.
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Fig. 5.2: Pulsed Wave Doppler echocardiographic image from a participant of the study (N24).
Start and peak of the E (early diastolic phase) and A (atrial contraction) is annotated with the
white vertical lines.

Fig. 5.3: Pulsed Wave Doppler echocardiographic image from a participant of the study (N24).
Start, peak and end of the blood flow out of the ventricle is annotated with the white vertical
lines.
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Fig. 5.4: M-mode tissue doppler echocardiogram from participant of the study (N24). The white
vertical lines indicate the four physiological events: mitral valve opening (MVO), mitral valve
closure (MVC), aorta valve opening (AVO) and aorta valve closure (AVC) is annotated with the
white vertical lines.

Results

A total of 45 subjects participated in the study, of which one subject decided
to withdraw. Two subjects were excluded due to abnormal SCG signals with
unidentifiable fiducial points. In the SCG, we identified eight common fiducial
points with a short temporal difference and high correlation, to the events
found in the echo images. The eight physiologic events derived from the echo
images were: atrial systole, peak atrial inflow, mitral valve closure, aortic valve
opening, peak systolic outflow, aortic valve closure, mitral valve opening, and
early ventricular filling. An overall mean ensemble SCG signal, based on
all the signals included in the study was computed to visually illustrate the
locations of fiducial points and their corresponding physiologic event, see
Figure 5.5.

Conclusion

This study investigates and describes the foundation of the SCG with reference
to echocardiographic images. The study contributes to the overall understand-
ing of the SCG signal and gives a frame of reference that can be used by other
researchers within the field of SCG. For the fiducial points Es, Gs and By our
findings are similar most other research papers. The location of F4 (correlated
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to the mitral valve opening) that we found is not commonly annotated in this
location by other researchers.

The results from the study have been used as a framework for reference
when defining fiducial points in Study II and III
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Fig. 5.5: Overall mean electrocardiogram and seismocardiogram based on the subjects included
in study I with the eight physiologic events and corresponding fiducial points. Atrial systole
(AS), peak atrial inflow (PAI), mitral valve closure (MC), aortic valve opening (AO), peak systolic
outflow (PSO), aortic valve closing (AC), mitral valve opening (MO), early ventricular filling
(EVEF). 95% confidence intervals of the mean locations from the ultrasound image are marked
in grey, with the circles indicate the mean of these locations. ©Scientific Reports Reprint with
permission from [53]
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5.2 Study II

The second study was carried out to fulfill Aim II:

Investigate how SCG recorded from patients submitted to CRT treatment manifests
and changes, due to the treatment

The results from this study are documented in the Thesis Paper 2: "Seismo-
cardiography as a Tool for Assessment of Bi-Ventricular Pacing" and in the
conference abstract "Changes of Seismocardiographic Intervals in Cardiac
Resynchronization Therapy" [82].

Introduction

Following the first study with healthy subjects, we wanted to examine the
SCG signal from patients with heart failure (HF), to investigate cases with
"abnormal" SCG signals. This was done to gain insights into the change in
morphology of the signal compared to normals and to investigate potential
clinical use for the SCG method.

Left bundle branch block (LBBB) is one type of heart failure. A blockage
in the left bundle of the electrical conduction system of the heart impairs
the normal synchronous contraction of the heart, leading to slow pressure
rise in the left ventricle (dP/dtmax) [14, 83]. If the contraction of the two
ventricles is not in sync the late activation of the left ventricle can push the
non-activated septum wall towards the right ventricle, resulting in poor stroke
volume [14]. LBBB is recognized in the ECG as a QRS complex duration of
more than 120 ms. Wide QRS complex occurs in about 25% of all HF patients
and is associated with a 1.7-fold higher risk of sudden death [14, 84]. The
treatment for LBBB can be cardiac resynchronization therapy (CRT) [14]. A
pacemaker device is implanted with three electrical leads positioned in the
myocardium. Leads are implanted in the right atrium, right ventricle, and
left ventricle. The right lead is positioned high in the atrium and the lead in
the right ventricle, near the apex of the heart [85]. The left lead is commonly
positioned in the lateral wall midway between the base and the apex of the
heart [85]. The leads are used to stimulate the contraction of the heart, to
improve the synchronization of the ventricular contraction. This should in turn
improve dP/dtmax and stroke volume [84]. CRT has been shown to improve
quality of life, reduce hospitalization, improve exercise tolerance and oxygen
uptake and reduce mortality [83—88]. For the CRT to be effective, the delay
between the electrical activation of the pacing leads needs to be optimized.
This can be done based on the maximization of stroke volume measured with
echocardiography. However, evidence of the technique is lacking and there is
no consensus whether this is the best way to optimize the pacing delay [89].
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Thus, we wanted to explore how the SCG signal from patients with CRT
devices manifests and how it changes due to CRT. If there is a measurable
change in the signals, SCG might be used as a tool for pacemaker optimization
in the future. Examples of this have been investigated with promising results
with the SonR system (accelerometer in the tip of the implanted pacemaker
lead) [15, 47, 48] and in a previous study with SCG performed by Frank
Marcus and co-worker [46].

Methods

Much like the study by Marcus from 2007, we recruited patients with a CRT
device implanted and recorded resting SCG and ECG both with the pacemaker
turned off and in bi-ventricular pacing mode [46]. A blanking period of 2
minutes was allowed between the two settings. Signals were recorded for a
minimum of two minutes, and the signals were divided into individual beats,
before calculating a mean beat for each patient, as described in Section 4.2.
Besides the SCG signals, echocardiography was used as a reference modality
for obtaining cardiac timing intervals. The modality was also used by a
clinician to determine if the pacing delay was optimized to achieve maximum
cardiac output.

The study was approved by the local scientific committee of Northern
Jutland, Denmark (N-20160068) and participants signed written informed
consent before participating in the study.

Using the framework from Study I, the following fiducial points were
located in the SCG signals: Es, Fs, Gg, Js, and Ky in the systolic complex and
By, Cq, and Dy in the diastolic complex. A high frequency filtered heart sound
signal was used to guide the annotation of Es and By (commonly referred to
af MC and AC). Based on the fiducial points, iso-volumetric contraction time
(IVCT, from Eg to Gg), iso-volumetric relaxation time (IVRT, from By to F4) and
ejection time (from G to By) was calculated. Further, alternative time intervals
for IVCT and LVET was derived, using the J; fiducial point as indicator for
the AO. Peak-to-peak amplitude from Fg to Gg (Systolic Amplitude 1), G to
Is (Systolic Amplitude 2) as well as By to C4 and Cq4 to D4 was computed.
The amplitude between the maximum and minimum signal amplitude, in the
interval between Eg and K was also determined.

The cardiac timing intervals and amplitudes were compared between the
two pacemaker settings with the Student’s t-test and Wilcoxon Sign Ranked
test respectively, the latter due to the non-normally distributed nature of
the amplitudes. The timing intervals and amplitudes were compared with a
two-sample t-test and Mann-Whitney U-test to a subgroup from the healthy
subjects from Study 1. This subgroup consisted of 14 subjects with a mean age
of 64 £ 4 years. Pearson’s correlation and the temporal difference between
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the timing intervals derived by SCG and echocardiograms were calculated.

Results

A total of 19 patients were recruited for the study and 14 were included in
the final data analysis. For five patients it was assessed, by the clinician, that
turning off the pacemaker would be harmful to the patient. The patients had a
mean age of 61.1 &= 11.9 years. For all patients, an improvement in LV ejection
fraction was observed within one year of CRT implantation. Figure 5.6 is an
example of two SCG signals from the same patient, with the bi-ventricular
pacemaker turned off and on. The amplitudes are generally larger and the
signal has a better resemblance to that of a normal SCG with the pacemaker
turned on (see Figure 5.5 for reference).
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Fig. 5.6: Mean SCG signals for the same patient. Panel A: Bi-ventricular pacer turned off. Panel
B: Bi-ventricular pacer turned on. Fiducial Points Eg (correlated to mitral valve closure), Gg
(correlated to aortic valve opening), By (correlated to aortic valve closure) and Fy4 (correlated to
mitral valve opening) is marked in the red circles. Note that the scaling on the Y-axis is the same
in the two panels.
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The IVCT was significantly shorter with the bi-ventricular pacemaker
turned on compared to off (52.6 £ 14.4 ms compared to 63.2 £+ 20.9 ms, p =
0.027). The Systolic Amplitude 1 was significantly larger with the pacemaker
turned on compared to off (8.8 & 9.0 mg compared to 4.7 £ 3.5 mg, p =
0.002). The Imax-min| amplitude in the systolic complex was larger with
the bi-ventricular pacemaker turned on as well (9.8 £ 9.1 mg compared to
6.1 £ 4.4 mg, p = 0.003). There were no significant changes to the two other
timing intervals nor the three other amplitudes. IVCT derived using Js as the
indicator for AO was also significantly shorter with the bi-ventricular pacer
turned on as well (92.9 £ 12.5 ms compared to 111.9 & 18.9 ms, p = 0.009).

When using the two fiducial points Gs and Js as reference for AO, correla-
tions and the temporal difference between the timing intervals derived from
SCG and echo changes, see Table 5.1. With bi-ventricular pacing turned on,
the correlation is highest when using Gs as reference for AO. The temporal
difference, however, is shorter using Js. With the bi-ventricular pacemaker
turned off, the correlation for IVCT if highest when using J as reference for
AO. The temporal difference is still shortest using Js as an indicator for AO.

Pacing ON Pacing OFF

Gs for AO

Rho (p) Difference [ms] Rho (p) Difference [ms]
Mean (+ SD) Mean (+ SD)
IVCT (n=14) 0.63(.015) 272 (% 14.8) 0.46 (.098) 454 (£ 24.6)
LVET (n=14) 0.72(.004) -23.0 (£ 25.4) 0.66 (.01)  -65.0 (+ 38.4)
Js for AO

Rho (p) Difference [ms] Rho (p) Difference [ms]
Mean (+ SD) Mean (+ SD)
IVCT (n=13) 046 (117) -13.2(£ 17.8) 0.79 (.001) -2.2 (£ 16.5)
LVET (n=13) 0.58 (.036) 15.7 (% 31.2) 0.55 (.054) -18.0 (£ 42.3)

Table 5.1: Pearsons Correlation and temporal difference between timing intervals derived from
seismocardiogram and echo cardiogram, using the two fiducial points Gs and Js as indicator for
aortic valve opening (AO). P-values for Pearsons Correlation is presented in parenthesis.

Comparing the cardiac timing intervals and the amplitudes to the subset
of healthy subjects from Study I showed that all amplitudes were significantly
smaller for the CRT patients. IVCT was significantly longer in the CRT
patients with the pacemaker turned off compared to the healthy subjects.
The difference was non-significant with the pacemaker turned on. IVRT was
significantly shorter for the CRT patients (bi-ventricular pacing turned on and
off) compared to the healthy subjects.

For the healthy subjects IVCT and LVET derived from SCG had a correla-
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tion to echo of 0.90 (p < 0.001) and 0.92 (p < 0.001) with a temporal difference
of -2.2 + 6.5 ms and -1.3 £ 14.1 ms, respectively. Using the Js fiducial point for
the indication of aortic valve opening resulted in a larger temporal difference
between timing intervals (-38.1 ms for IVCT and 44.7 ms for LVET) but the
correlation was still significant for both (0.71 for IVCT and 0.97 for LVET).

Conclusion

It is possible to detect changes in the cardiac timing intervals and amplitudes
derived from the SCG signal in patients with a bi-ventricular pacemaker. Two
amplitudes derived from the SCG was significantly larger with the pacemaker
turned on compared to off. IVCT derived from SCG was shorter with the
pacemaker turned on compared to off. The method could potentially be
used to assess the effects of CRT treatment but further research is needed,
to determine why the temporal difference and correlation vary between the
modalities dependent on the pacemaker setting.

39



Chapter 5. Summary of Thesis Studies

5.3 Study III

The third study was conducted to fulfill Aim III:

Evaluate if there is a correlation between features in the SCG signal and the
cardiorespiratory fitness in healthy subjects

The results of this study are published in the article "A Clinical Method for
Estimation of VO;max Using Seismocardiography” [78] and in the conference
abstract "Correlation between Valve Event Amplitudes in the Seismocardio-
gram and VO,max" [90].

Introduction

In 2016 the American Heart Association (AHA) published a clinical statement
about the importance of assessing cardiorespiratory fitness (CRF). In the
review, CRF was found to be a stronger predictor for early mortality than
already established risk factors such as smoking, diabetes, and obesity [91].
CREF is a measure of many physiologic factors such as how well your lungs
transports the oxygen from the air to the blood and how well your muscles
can utilize the oxygen. AHA recommends that:

" At a minimum, all adults should have CRF estimated each year using
a nonexercise algorithm during their annual healthcare examination.
Clinicians may consider the use of submaximal exercise tests or field
tests as alternatives, because these involve individual-specific exercise
responses” - cite from [91].

One way of assessing CRF is by measuring or estimating maximal oxygen
consumption, VO,max [92, 93]. Measuring VO,max directly requires expen-
sive equipment and that the subject is capable of performing a cycle ergometer
or treadmill test until exhaustion. An alternative method is to use non-exercise
models [94-97]. These models are based on demographic data and often give
a good rough estimation of VO,max. However, when used on subjects or
patients that are outside of the group of subjects that the models are based
on, they are often incorrect [98, 99]. The performance of these models can be
enhanced using resting intrinsic cardiac performance measures.

SCG has previously been investigated in relation to exercise capacity and
Libonati and co-works showed that the Tei Index, derived from resting SCG
was correlated to CRF [29, 50, 52]. Based on how long the subjects were able to
run on a treadmill following the Bruce protocol, they were grouped into three
groups. Libonati correlated the Tei Index to the groups and found that Tei
Index was lowest in the group with the highest functional capacity [50]. In this
study, VO;max was not measured. To the best of my knowledge, investigation
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of VO,max and SCG has only been investigated before by Shandhi and Co-
workers [59] and then further in a journal article published after our study and
results, in 2020 [60]. This article does not investigate the signal morphology
directly but builds a model based on the frequency content of features in the
signal. Shandhi was not able to estimate VO,max very well, but focused on
the estimation of VO, during a walk test.

In this study, we explore how both timing intervals and amplitudes derived
from the SCG correlates with VO,max

Methods

Seventeen females and 9 males participated in the study. The female subjects
participated in a 2 month training course at a local fitness center. The training
consisted of high-intensity training in a combination of weight lifting and
cardiorespiratory exercise. The training was one hour sessions, two times a
week. The males did not participate in a training course. Thus, for the females
two recording sessions were conducted, one before the two months training
course and one after. For the men, only one recording session was carried
out. The study was approved by the local scientific committee of Northern
Jutland, Denmark (N-20160034) and participants signed written informed
consent before participating in the study.

We recorded resting SCG, PCG, and ECG for 5 minutes with the subjects in
a supine position. Accelerometer and electrodes were positioned as described
in Section 4.1 in Fig 4.2. VO,max was obtained with a maximal effort cycle
ergometer test (Ergomedic Peak Bike 894, Monark, Vansbre, Sweden) and the
Vyntus CXP gas analyzer. The protocol consisted of four minutes of warm-up
with two minutes of 80W load followed by 2 minutes of 104W load. Following
the warm-up period, the mask for the gas analysis was fitted around the nose
and mouth of the subject and the VO;max protocol was initiated. The load of
the cycle ergometer was increased every minute and the subject was verbally
encouraged to keep the cadence and keep going to exhaustion, at which the
trial ended.

Average SCG beats for each subject was computed following the approach
described in section 4.2. Fiducial points in the SCG were manually annotated
using the framework from Study I [53]. Six fiducial points were used in the
data analysis, see Fig 5.7.

From the SCG we derived a series of cardiac timing intervals between
a selection of the fiducial points: IVCT (Es to AOmax), LVET (AOmax to By)
and mechanical systolic time (Es to By). Further we derived the following
peak-to-peak amplitudes AOpp, from AOpin to AOmax and ACpyp, from ACpin
to ACpax. Demographic as well as the SCG features were correlated to
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Fig. 5.7: Fiducial points used in the study. The Es and AOmayx location is correlated with the mitral
valve close and aortic valve opening, respectively. By is correlated to the aortic valve closure. The
three remaining locations are used for peak-to-peak amplitude calculation. ©Thieme Publishing
Group. Reprint with permission from [78].

VO,max. Using the MATLAB stepwise regression function, with demographic
and seismocardiographic features as inputs, a linear regression model for
VO,max prediction was constructed. The model included age, sex, BMI and
the amplitude ACy,), see Equation 5.2. Correlation and standard error of
the estimate (SEE) between the estimated and true VO,max were computed.
To investigate if the model was overfitted to the data, we computed both
k-fold cross-validation (20 iterations with 10-fold validation) and Leave One
Out (LOO) cross-validation. The performance of the model was compared to
four other non-exercise models from peer-reviewed articles [94-97]. A model
constructed only with the demographic data from the subjects participating
in this study was also developed, see Equation 5.1. For both Equation 5.1 and
5.2, age is inputted as years and sex as 1 for male and 0 for females, and BMI
as kg/m?* and ACpp is in milli-g.

VO;max = 62.1 —.749 - BMI 4-9.94 - SEX — .332 - AGE (5.1)

VO,max = 44.1 — 465 - BMI + 6.79 - SEX — 187 - AGE +.292 - ACpp  (5.2)

Results

The SCG feature used in the regression model (ACpp) had a correlation to
VO;max of 0.80 (95% CI: 0.67-0.88, p < 0.001). Using this feature together
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with demographic data in a linear prediction model for VO,max, yielded
a correlation of 0.90 (95% CI: 0.83-0.94) with a SEE of 3.18 mL-kg~!min1,
see Figure 5.8. Both k-fold and LOO cross validation yielded a correlation
of 0.87 between estimated and measured VO,max. The demographic model
(Equation 5.1) showed a correlation to VO;max of 0.83 (95% CI: 0.72-0.90, p <
0.001) using all the data and 0.79 using LOO cross validation.

The model with the SCG feature (Equation 5.2) showed higher correlation
and lower SEE than the four non-exercise prediction models that it was
compared to when the models were used to predict VO,max for the subjects
in our study.
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Fig. 5.8: Measured and predicted VO,max using the model developed in the study. Correlation
plot to the left and Bland Altman plot to the right. The model uses both demographic data and
one feature from the SCG. ©Thieme Publishing Group. Reprint with permission from [78].

Conclusion

In this study, we show that there is a correlation between the SCG and VO, max.
We proposed the use of one of the easily recognizable features in the SCG in a
non-exercise linear regression model for the prediction of VO,max, a novel
approach. A model with this feature could potentially be used in the clinic
for estimation of CFR in subjects or patients that are not able to perform an
ergometer test or in clinics that do not have the equipment needed to perform
a maximal-effort test.
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Thesis Papers

The following three papers are based on the studies presented in this thesis.

6.1 Paperl

Definition of Fiducial Points in the Normal Seismocardiogram
Kasper Sorensen, Samuel E. Schmidt, Ask S. Jensen, Peter Sogaard and

Johannes ]. Struijk

Published in: Scientific Reports (2018) 15455.
DOI: https:/ /doi.org/10.1038 /541598-018-33675-6

nature

SCIENTIFIC
REPg}RTS

45



Chapter 6. Thesis Papers

6.2 Paperll

Seismocardiography as a Tool for Assessment of Bi-Ventricular Pacing
Kasper Sorensen, Peter Sogaard, Kasper Emerek, Ask S. Jensen, Johannes J.

Struijk, Samuel E. Schmidt

In Review: Frontiers in Physiology - Cardiac Vibration Signals: Old
Techniques, New Tricks and Applications (2020) November.

'." frontiers
in Physiology
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6.3 Paper III

A Clinical Method for Estimation of VO;max using
Seismocardiography

Kasper Sorensen, Mathias K. Poulsen, Dan S. Karbing, Peter Sogaard, Johannes
J. Struijk and Samuel E. Schmidt

Published in: International Journal of Sports Medicine, Vol 41, Issue 10,
(September, 2020).
DOIL: https:/ /doi.org/10.1055/a-1144-3369

International Journal

of Sports Medicine Thieme
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Discussion

The following chapter will discuss the key findings from the three studies conducted
in this Ph.D. thesis.

7.1 Main Findings

Three studies were conducted to fulfill the overall aim of the Ph.D.: to gain a
better understanding of the seismocardiogram and find clinical applications
for the method.

In Study I, SCG signals was obtained together with echocardiographic
images from 45 healthy subjects. Based on this dataset eight fiducial points
were defined in the SCG signals that correlated with eight physiologic events
found in the echocardiographic images. Based on the data an overall mean
SCG signal was created and used as the reference for the two other studies. In
Study II, SCG signals from heart failure patients with implanted bi-ventricular
pacemaker were analyzed. Turning on the pacemaker changed the cardiac
timing intervals as well as the amplitudes derived from the SCG. This indicates
that the SCG could potentially be used in a clinical application for CRT
optimization. In study III, a prediction model for non-exercise VO;max
estimation was developed. The model uses simple demographic parameters
(age, sex, and BMI) in combination with an amplitude feature derived from
the SCG signal, and demonstrates for a potential clinical application of use for
VO,max estimation.

7.2 Fiducial Points of the Normal
Seismocardiogram
One of the current disadvantages of SCG is that there is a lack of coherence in

the nomenclature and interpretation of the signal between research articles
[36, 43]. The first aim of this thesis was to gain a better understanding of the

49



Chapter 7. Discussion

SCG signal especially with respect to how the fiducial points in the signal
correlate to physiologic events in the cardiac cycle. Since Patrick Mounsey
described the SCG signal in 1956 there has been a shift from identifying the
slopes of the signal to only look at the fiducial points. This makes sense as
the fiducial points are relatively easily recognizable and consistent within the
same subject over time [18]. However, it might also oversimplify the signal, to
not study the slopes of the signal, as Mounsey did back in 1956.

In study I, we took a step back from the nomenclature that is used in the
literature today and investigate all possible correlations between the fiducial
points and physiologic events in the cardiac cycle. The method allowed for
a combination of all the physiologic events found in the ultrasound images
to be correlated and compared in time to the fiducial points from the SCG
signals. Most of the fiducial point’s locations in this study are the same as
those of most other scientific articles published (for instance: [26, 28, 43, 100]).
It does however introduce a location for the mitral valve opening, that is
not commonly used, see Figure 5.5. The location we found for mitral valve
opening does however correspond to the location used by Akhbardeh and
co-workers, who also presents that the event could happen on the upwards
stroke late in the diastolic phase [101]. The results from Akhbardeh are based
on calculated acceleration from a simulation of a canine heart contraction, not
an SCG recording from human subjects.

In the same time of publishing our result, Taebi and co-workers pub-
lished the review “Recent Advances in Seismocardiography”, describing use cases,
strengths, and limitations to the SCG signal [36]. This review also highlights
the lack of accepted standards with respect to the definition of the fiducial
points.

Using the fiducial points, the SCG signals from the healthy subjects were
divided into sections, resampled to a mean length and reassembled again to
provide an overall mean SCG signal, based on multiple subjects, see Figure 5.5.
This overall mean SCG was used as a reference for the rest of the studies in
the thesis when annotating fiducial points. Figure 5.5 also visualizes the 95%
CI for the physiologic events found in the echocardiographic images for each
of the eight fiducial points. This indicates, that the event found in the echo
does not always coincide with the fiducial point, but that the event might as
well be found along the slope leading towards the fiducial point, as Mounsey
described it.

The reference for physiologic events used in Study I is echocardiographic
images. For the recording of the cardiac contraction in near real-time, this
method was the only available option. The method is however not without
drawbacks. The temporal resolution is low compared to that of the SCG. Thus,
rapid deflections in the SCG signal are not obtainable in the echo images.
When annotating the ultrasound images it can be difficult to objectively mark
for instance the beginning and end of an event - the operator has to make a
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qualified decision as to where he/she thinks the colors and/or waveform has
shifted enough to call it the start of an event. An alternative to this method
could be to implement an algorithm for detection of the physiologic events like
the algorithm described by Serensen et al [102] or implement a homogeneous
approach for describing the cardiac cycle, as described by Piras et al [103].
The latter might also be of value for describing the slopes of the signal, not
only the fiducial points.

In the study, the R-peak of the ECG was used as a common reference
for the SCG and echocardiographic images, as this was easily recognized in
the echo images. Another approach could have been to use the onset of the
Q-wave, indicating the start of the electrical activation and the mechanical
contraction [6]. The Q-onset was used as a reference in the work by Dehkordi
and co-workers [12]. For our study we found, that the Q-wave was more
difficult to precisely annotate compared to the R-peak.

7.3 Using Seismocardiography to Assess
Bi-Ventricular Pacemaker

In Study II, the number of patients was limited. 14 subjects had the complete
dataset needed to be part of the data analysis. This naturally impacted
the results and it is difficult to analyze for trends in the data with these few
samples. Further, the SCG recordings from the CRT patients was in some cases
difficult to interpret. The dyssynchronous nature of the cardiac contraction
for these patients is very different from the normal healthy subjects which
are reflected in the SCG signals. This makes it more difficult to annotate the
signals but it also highlights that these patients require treatment.

For all but three patients, IVCT derived from SCG was improved as a
response to turning on the pacemaker. This highlights the importance of
the treatment as shorter IVCT is generally associated with improved cardiac
contractility [46]. It might, however, also demonstrate that perhaps not all
patients benefit from the treatment [104], at least when analyzing only the
SCG signals. For the echo-images, the clinician assessed that IVCT improved
for all the patients.

Novel to the study performed by Marcus and co-workers in 2007, we also
investigated the amplitude of the SCG signal. One amplitude in the systolic
complex was significantly higher when turning on the pacemaker as well as
the amplitude between the minimum and maximum in the systolic complex.
The first amplitude correlates well with the shortening in IVCT, calculated
based on fiducial points in the same part of the complex. The shorter IVCT
would cause a faster pressure buildup in the ventricle, thus also causing a
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faster acceleration in the SCG signal. This underlines the mechanical changes
to the CRT: pacing with the pacemaker affects the systolic complex of the
cardiac cycle.

IVCT and IVRT derived from the SCG in our study were shorter than
those reported by Marcus [46]. This could be due to the difference in the used
fiducial points.

Another important finding in this study is, that dependent on the pace-
maker setting, different fiducial points result in the highest correlation and
lowest temporal difference between SCG and echo. When the bi-ventricular
pacemaker was turned on, using Gs as an indicator for AO resulted in the
highest correlation between SCG and echo for IVCT and LVET. However, the
temporal difference was lower for both time intervals, using Js as an indicator
for AO. With the pacemaker turned off, the correlation between SCG and echo
for IVCT was higher using Js as an indicator for AO. Likewise, the temporal
difference was also lower, using Js compared to Gs. This raises the question,
whether or not using G as a fiducial point for locating the AO is accurate in
all subjects/patients. For the healthy subjects, the temporal difference between
SCG and echo is the lowest, using Gs, but this is not the case for the CRT
patients.

Another interesting observation is, that turning on the pacemaker makes
the morphology of the SCG beats look a lot more like the "normal SCG" we
created from the data in Study I. This is, of course, a subjective measure, but
the implementation of something like the graph similarity score implemented
by Inan and co-worker might be able to differentiate between SCG signals
recorded with the pacemaker turned on and off [35]. With the experience of
having seen multiple different SCG signals, one will become familiar with the
"normal SCG". Thus, determining if an SCG is normal or not, might be an
easy task for a trained clinician.

It has previously been observed, that some patients with prolonged QRS
had no mechanical dyssynchrony and vice versa, patients with narrow QRS
had mechanical dyssynchrony [14, 105-107]. Thus, to establish whether or not
these patients have mechanical dyssynchrony another modality than ECG is
necessary. Currently, this modality is echocardiography, but in the future SCG
could be a good modality for this assessment. This would require a larger
study population to investigate more configurations of the SCG signal.

SCG might be used as a tool in private practitioners clinics to screen for
mechanical dyssynchrony, before referring the patients to the hospital to see a
cardiologist.
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7.4 Improving Non-Exercise Cardiorespiratory
Fitness Estimation with Seismocardiography

In contrast to other non-exercise models for estimation of VO,max, the model
developed in Study III includes a feature derived from the SCG that by itself
had a high correlation to VO,max.

A drawback to the approach used is, that the feature was selected based
on the whole dataset, which can induce bias into the feature selection. One
way to solve this potential issue could be to divide the data set into three: a
training set, a test set, and a validation set. The model and feature selection
could then be performed based on the training set, tested on the test set, and
finally validated on the validation set. Keeping the validation data set hidden
when training the model, only using the test set to optimize the parameters
could potentially make the model more generalizable. To check for overfitting,
cross-validation was implemented, for K-fold cross-validation and leave one
subject out cross-validation. Both showed good results with the implemented
model, as reported in Section 5.3.

According to the Frank-Starling law, faster relaxation and increased di-
astolic filling would contribute to an increase in cardiac output and stroke
volume, and thus improvement in VO,max, highlighting the importance of
the improvement in the diastolic complex [29, 108-112]. This can be described
using the Fick equation, see Equation 7.1.

VO, =CO- (C, — Cy) (7.1)

Where CO is the cardiac output, C, is the oxygen concentration on the arterial
blood and Cj; is the oxygen concentration in the venous blood. Studies by
Sutten et al. and Hagberg et al. reports that peak difference in arterial and
venous oxygen concentration is not much different when comparing non-
athletes to elite athletes [113, 114]. Thus, the major factor of a higher VO,max
is caused by a larger CO [112]. The Fick equation can be re-written, in terms
of stroke volume (SV) and heart rate (HR), and further using end diastolic
volume (EDV) and end systolic volume (ESV), see Equation 7.2.

VO, = SV-HR- (C, — C,)

= (EDV —ESV) -HR - (C, — Cp) (7.2)

As the maximum heart rate for athletes have not been reported higher com-
pared to non-athletes and because ESV is slightly increased in athletes com-
pared to non-athletes, this leaves EDV as the most important factor contribut-
ing to a larger VO, [112]. Larger EDV can be achieved by enhanced cardiac
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chamber compliance. To fill the larger volume with blood at high HR, rapid
diastolic relaxation and suction must occur [112, 115].

The feature selected by the step-wise linear regression method is associated
with the aortic valve closure [53, 78]. Gledhill and co-workers and Matsuda
and co-workers showed that for athletes, ventricular relaxation is faster com-
pared to normal subjects, which could explain why the amplitude has a high
correlation to VO,max, [109, 116]. Faster relaxation would result in a faster
drop in pressure in the left ventricle, and thus a greater difference between
the left ventricular and ascending aortic pressure. This could result in a larger
amplitude in the area around the aortic valve closure derived from the SCG.

The model developed did not perform well in the estimation of changes
in the VOymax. Delta estimated VO,max had a non-significant correlation to
actual delta VO;max of only 0.22 [78]. The low correlation could be due to
the relatively short training period of two months, in which the heart muscle
might not have been able to adapt. The higher VO;max that is observed
post-training for most of the subjects could thus also be attributed to an
increase in blood volume, a response that has previously been documented to
happen within as little as eight days of consecutive training [117], again due
to the increased filling. Further, the overall change in VO,max is quite small:
2.6 mL-kg~!-min~!. The day-to-day variability of the measured reference
VO,;max measured with the Vyntus CPX has been reported to be 1.8 + 2.2
%, which is approximately 70 % of the observed change for our study [118].
A longer follow-up period for subjects that would keep exercising regularly
could be of interest, to investigate the potential long term changes to the
cardiac muscle.

An aspect to investigate in future studies is the repeatability of estimation
of VO,max with this method. For subjects/patients at risk of early death, it
may be more interesting to follow the trend and development in VO,max as
a result of increased exercise and change in everyday life habits, than it is
to know the exact VOymax. According to Ross et al., even a small and for
most persons achievable improvement of 1 metabolic equivalent (MET) (about
3.5 mL-kg~!-min~!) in CRF is associated with an improvement in survival
of 10-25 % [91]. Thus, being able to accurately track these small changes is
desirable for a clinical application.

In mid-2020 Shandhi and co-workers published the full article of an initial
conference abstract, demonstrating their approach for estimation of VO,
during a treadmill test on both healthy and heart failure patients [59, 60]. The
approach was slightly different compared to the one applied in Study III, as
Shandhi estimated the VO, with an SCG signal recorded in the upper part of
the sternum, while the subjects were in motion. Also, the study did not focus

54



7.5. Methodological Considerations

as much on VO;max and the model they developed did not perform well for
VO,;max estimation (correlation between estimated and actual VO,max: 0.5)
[60].

7.5 Methodological Considerations

For all the studies performed as part of this thesis, mean beats have been
used when deriving cardiac timing intervals and amplitudes from the SCG.
This approach was applied to ensure that the beat was representative for the
whole SCG recording, in some cases consisted of two to three minutes of
recording. The approach ensures that the beat is less polluted with noise,
without the use of much filtering. Changes to the signal due to for instance
respiration, involuntary muscle contractions and peristaltic sounds are also
mitigated. One downside to this approach is that potentially valuable beat-to-
beat variations are also lost. For future studies, examinations of the individual
cycle could bring information about cardiac contraction and relaxation. For
instance, Dehkordi applied a method for recording echocardiogram, ECG,
and SCG simultaneously being able to identify the same individual beats in
all the modalities [12]. This approach is a good alternative to the method
applied for Study I, where SCG and echo were not recorded simultaneously
but consecutively.

Study II and, especially, III are explorative, investigating a number of
features in the SCG signal for potential clinical application. The number of
subjects in these studies, and especially study II, is limited and these studies
require further research to validate whether or not the observed clinical
benefits also apply to the general population.

In Study II we found that the correlation to the fiducial point associated
with AO changed based on pacemaker setting. This is naturally of concern,
and highlights the still present limitations of using the fiducial points in the
SCG.

7.6 Scientific Contribution

The studies presented in this Ph.D. thesis contributes to both the fundamental
understanding of the SCG signal, with Study I describing the fiducial points
in the normal SCG and studies II and III concerning two clinical applications.

Study I contributes with knowledge about the manifestation of the SCG
signal, contributing to previous work from Mounsey, Zanetti, Crow and most
recently Dehkordi [12, 19, 27, 28]. Alongside the article from Dehkordi in 2019
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(that includes a long list of co-authors within the SCG field) Study I is one
of the newer studies that thoroughly describes the origin of the SCG signal.
Based on papers like these, one common robust framework for annotation
of the SCG signals could facilitate the use of the method, possibly even with
automatic segmentation and annotation [72, 119, 120]. Study I separates itself
from other studies by including all the fiducial points in the SCG signal and
correlating them to the events in the echocardiographic images, regardless of
previous literature. The study presents a transparent framework for annotation
of the fiducial points that can be used by other researchers.

Study II elaborated on the work of Frank Marcus from 2007 by also
investigating the amplitudes of different features of the SCG signal in CRT
patients [46]. We found that the amplitudes in the SCG signals for the CRT
patients were generally significantly smaller compared to healthy subjects.
IVCT was, as also demonstrated by Marcus, significantly longer for the CRT
patients when the pacemaker was turned off compared to a group of healthy
subjects. Turning on the pacemaker shortened the IVCT to be no different
than the healthy subjects. The study adds knowledge and insight into heart
failure SCG signals and demonstrates a possible clinical application for SCG.

Study III demonstrates the correlation between the amplitudes of the SCG
and cardiorespiratory fitness. This has, to the best of my knowledge, not been
done yet. Shandhi and co-workers did examine how SCG could be used in the
estimation of VO, and VO,max, but the approach for analyzing the SCG signal
was based on features of the signal, not the simple amplitude measure that we
present [60]. The amplitudes of the SCG are not commonly investigated and
research papers are often more concerned about the timing intervals derived
from the SCG. Only a few studies have been examining the amplitudes and
morphology of the signal, for instance, Salerno and Wilson proposed criteria
for detecting CAD using exercise SCG based on the morphology of the signal
[32, 33]. Inan and co-works investigated how the graph-similarity score can be
used to assess the clinical status of heart failure patients [35]. The semi-novel
approach of using the amplitudes of the SCG signal can hopefully be adopted
by other researchers.

7.7 Future Perspectives for Seismocardiography

The use of SCG as an easy, in-expensive and non-invasive method for estima-
tion of cardiac timing intervals and even overall assessment of cardiac healthy
seems promising. The number of published articles is currently increasing
and more researchers are taking advantage of the relatively cheap equipment
that is available.
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Even though the technique is not new the very fundamental research is
still lagging, compared to technologies such as ECG or echocardiography.
As much as we do understand about the signal, there is still a lot we do
not understand. The origins of the most common fiducial points are well
documented, but the slope or fiducial point related to the mitral valve opening
is not concurrent among researchers - making it difficult to derive cardiac
timing intervals that involve this physiologic event.

With a consensus about how to label the fiducial points or the slopes of
the SCG signal, comparing results across research articles would most likely
be easier allowing for further research into the different use cases of SCG.
Having a common way of interpreting the signal is also, in my opinion, the
only way to eventually convince clinical staff to implement the use of SCG in
the clinic. Even though the signal is very deterministic it is also very complex
and, as stated previously, not all the deflections in the signal are yet related to
their underlying physiology.
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Conclusion

In conclusion, this thesis presents a study that investigates the underlying
physiologic origin of the signal with echocardiographic images as the reference
to gain a better understanding of the signals physiologic origin. Using this
knowledge, two studies demonstrate potential clinical use cases for the SCG.
Study II documents how the SCG manifests in patients with LBBB and how the
SCG can be used to assess the bi-ventricular pacemaker treatment. Study III
investigates and documents how the signal correlates to VO,max and demon-
strates a novel use for SCG in the non-exercise estimation of cardiorespiratory
fitness.
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