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ABSTRACT

INTEGRATING DEEP LEARNING FOR HEART AND VASCULAR
ACOUSTIC ANALYSIS IN CARDIOVASCULAR HEALTH ASSESSMENT

Ozcil, Ceyda
M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. Yigit Yazicioglu

December 2023, 90| pages

Atherosclerosis, a cardiovascular disease, disrupts blood flow due to occlusions. The
transformation from laminar into turbulent flow produces an acoustic phenomena
known as bruits. In this study, heart sounds recorded by phonocardiography were
classified as normal and abnormal using different combinations of feature extraction
and classification techniques. An experiment-based model was employed to generate
pulsating flow sound at different stenosis levels. Deep learning and feature compari-
son methodologies were applied to explore the correlation between phonocardiogra-
phy and vascular sounds. Beyond promising results in heart sound classification, the
study demonstrated an apparent relationship between phonocardiography recordings
and 50-90% stenosed vascular sounds. This outcome highlights that coronary artery

disease could be detected by utilizing the phonocardiography.

Keywords: Heart Sound Classification, Phonocardiography, Stenosis Detection
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KARDIYOVASKULER SAGLIGIN KALP VE VASKULER AKUSTIK
ANALIZINE DERIN OGRENME ENTEGRE EDILEREK
DEGERLENDIRILMESI

Ozcil, Ceyda
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Yigit Yazicioglu

Aralik 2023 ,[90]sayfa

Kardiyovaskiiler bir hastalik olan ateroskleroz, tikanikliklar nedeniyle kan akisini bo-
zar. Laminerden tiirbiilansh akisa doniisiim, ugultu olarak bilinen bir akustik feno-
mene neden olur. Bu calismada fonokardiyografi ile kaydedilen kalp sesleri, 6zellik
cikarma ve siiflandirma tekniklerinin farkli kombinasyonlari kullanilarak normal ve
anormal olarak siniflandirildi. Farkli darlik seviyelerinde pulsatil akis sesi tiretmek
icin deney bazli bir model kullanildi. Fonokardiyografi ile vaskiiler sesler arasindaki
korelasyonu arastirmak i¢in derin 6grenme ve 0zellik karsilagtirma yontemleri uygu-
landi. Kalp sesi siniflandirmasinda umut verici sonuclarin 6tesinde, fonokardiyografi
kayitlar1 ile %50-90 darlikli vaskiiler sesler arasinda agik bir iliski oldugunu ortaya
koydu. Bu sonug, koroner arter hastaliginin fonokardiyografi kullanilarak tespit edi-

lebilecegini vurgulamaktadir.

Anahtar Kelimeler: Kalp Sesi Siniflandirilmasi, Fonokardiografi, Stenoz Tespiti
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CHAPTER 1

INTRODUCTION

Non-communicable diseases (NCDs) are commonly called chronic diseases, includ-
ing cancers, diabetes, respiratory and cardiovascular diseases which have long-term
consequences. They arise from lifestyle, genetic factors, and environmental condi-
tions. Excessive alcohol intake, tobacco consumption, physical inactivity, and bad
eating habits increase the probability of developing diseases. According to World
Health Organization (WHO), the prominent mortality rate percentage belongs to car-
diovascular diseases, and they mention that the number of deaths is approximately

17.9 million annually [1].

Atherosclerosisa type of cardiovascular disease, is a signi cant contributor to these
deaths. It is a condition that progressively causes the buildup of substances in artery
walls resulting in plaque formation. These plaques can eventually limit blood ow to
essential organs such as the heart, brain, and kidneys. It leads to vital health issues
like heart attacks and strokes. Contrary to what was known before, the prevalence of
atherosclerotic cardiovascular diseases is no longer con ned to industrialized nations

but it has escalated into a worldwide concern [2].

The following section will provide a detailed description, blockage mechanism, and
diagnosis methods of atherosclerosis. It is essential to clearly understand these as-
pects to develop effective approaches to detect and treat this common and potentially
lethal disease. After clarifying the disease, there will be a literature survey section to

gain insight from the latest studies.



1.1 Problem De nition

1.1.1 Atherosclerosis

Atherosclerosifias a Greek-based etymology, which means hardening of the vessels.
Although cholesterol is the leading cause of atherosclerosis, there is a more compli-

cated mechanism than commonly known.

The initial growth of atherosclerotic lesions are referred to as atherogenesis or patho-
genesis. Figurel.l shows the evolution of pathogenesis progress in years. It was
considered a lipid storage-based disease in the beginning. Through further research
and investigation, it is realized that immune response, endothelial dysfunction, and

in ammation could be the reason for the plaque accumulation [3].

Figure 1.1: Evolution of Atherosclerotic Pathogenesis adopted from [3]

Figure 1.2 is an illustration of the stages in the development of atherosclerotic lesions.
The disease starts with damage to the inner layer of an artery called the endothelium.
Normally, this layer prevents molecules to pass through to the inner layers in healthy
conditions. However, high blood pressure, high cholesterol levels, or in ammation

can weaken the integrity of the endothelium layer. This makes it more permeable,
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allowing lipids and immune system molecules to enter the artery wall.

Low-density lipoprotein (LDL), known as bad cholesterol, penetrates through the
damaged surface and accumulates in the artery wall's intima layer. Also, the mono-
cytes in the blood attach to the endothelium, pass through the intima layer and turn
into macrophages. The new form of monocytes swallows the LDL molecules. They

evolve to foam cells and create fatty streaks after accumulation.

Figure 1.2: Stages in the Development of Atherosclerotic Lesions adopted from [4]

The long-term development of the streaks results in atheromatous plaques with a
lipid-rich core and a brous cap. Depending on unstable brous surfaces, vascular
plaques are more prone to rupture. When a plaque bursts, a lipid-rich content mixes

into the bloodstream, which triggers thrombosis(blood clots) formation.

In ammation plays a critical part in the entire process. Plagues cause an immunolog-
ical reaction, which attracts in ammatory cells, such as T cells, to the artery wall and

aids in the growth and instability of plaques.

As a result, the blood ow regime is altered by expanding plaques and narrowing
the artery lumen. Accordingly, the vital organs cannot receive enough oxygen from
the blood. If vessels feed the heart, these conditions lead to angina or myocardial

infarctions. In carotid arteries, it can increase the probability of strokes.
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This disease progresses gradually at a slow pace. Typically, atherosclerosis does not
produce symptoms until an artery is either completely blocked or signi cantly nar-
rowed [5]. There can be irreversible effects on the vital functions of humans, or it
may result in death. Therefore, diagnosing and treating atherosclerosis immediately

will have remarkable results.

1.1.2 Diagnosis Methods

The early diagnosis of atherosclerosis has the utmost importance in preventing irre-
versible and permanent consequences. The methods focus on assessing narrowing or
occlusion in the artery lumen. There are standard methods to diagnose the disease,
such as invasive and noninvasive techniques. The decision depends on where the

blockage is suspected, the patient's health status, and the severity of the conditions.

The most reliable and suitable method for high-risk patients is coronary angiography
which is in vivo [6]. The procedure employs a special dye and X-rays. The dye,
visible by X-ray, is injected into the blood from the groin or arm of the patient with

a catheter, so it is an invasive method. The image retrieved from the X-ray shows the
details about narrowing, occlusion, or abnormalities of arteries. The technique has
excellent spatial and temporal resolution but could not contribute information about

small lesions [7].

The next gold standard techniques seem like Intravascular Ultrasound (IVUS) and
Optical Coherence Tomography (OCT). They both have better performance to qualify
the artery dimensions [8]. IVUS employs sound waves to evaluate soft vascular tissue.
A tiny piece of equipment captures real-time images piece by piece from veins and
is mainly used for coronary arteries. Similarly, OCT is a tool to visualize lesions of
veins with microscopic precision by the light beams to evaluate the tissue rather than
sound [9]. If there is a lipid accumulation with high cholesterol, IVUS, and OCT are
not good at imaging plaques.

Near Infrared Spectroscopy (NIS) is an alternative intravascular imaging method in
this case. Since cholesterol molecules absorb infrared light, occlusion appears from

the yellow to red spectrum. The practitioners can combine these intravascular meth-
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ods to utilize superior properties for accurate and precise results [10].

Intravascular methods are not only helpful in imaging the artery and discretization of
differentlesions, but also itis useful for applications like stent implantation. Although

these methods are quite reliable, they have limitations and risks to be considered [11].

Firstly, Atherosclerotic diseases should be diagnosed to treat as soon as possible, but
intravascular techniques have cumbersome procedures that take a long time. The
next disadvantage is that quali ed professionals must handle the operations. It is
also necessary to consider the initial costs of imaging devices that affect patients
and medical staff by emitting radiation. In addition to them, there can occur clinical
complications. Inserting a catheter into the blood vessel damages the vessel wall.
According to coronary health, the effect of damage can be either minor or signi cant.
Paradoxically, these techniques could cause the disease trying to detect by triggering
the formation of blood clots or leading to the spread of plaques through the body
and leading to another occlusion. Further, blood pressure drops could change normal
heart functioning. Also, bruises on the skin surface have always been a risk source
of infections. Therefore, taking preventive cautions to avoid risks and evaluating

conditions thoroughly before application is essential.

The risks of invasive methods and the silent progression of the disease call for new
noninvasive instruments. Magnetic Resonance Imaging (MRI) Angiography has a
different procedure than conventional invasive angiography. Although a contrast dye
is injected into the vessel, there is no catheterization. It employs powerful magnets

and radio waves to create high-resolution blood vessel images.

Computed Tomography Angiography (CTA) can also image the cross-sectional ar-
eas of blood vessels with various images collected from distinct body angles. This
technique is more applicable in detecting calcium accumulation and provides more

information than direct X-ray images due to computer support [12].

Conventional ultrasound applications are very rapid and cost-ef cient solutions. Doppler
ultrasound is a type that uses sound waves to distinguish the speed and direction
of blood ow, which identi es areas of narrowing, blockages, and the presence of

atherosclerotic plagues. Bright mode ultrasound can visualize the thickness and shape



of the artery as well as the presence of abnormalities. Combining these two methods

results in a comprehensive image of the vascular system [13].

Non-invasive methods also carry risks and potential dangers, just like invasive ones.
Although they are relatively safer, being aware of any potential risks is crucial. The
most prominent consideration is the radiation exposure from X-ray-based tool be-
cause it has an ionizing nature that can disrupt normal chemical reactions and dam-
age the cellular structure. Prolonged or frequent exposure leads to cell mutations,
tissue deterioration, and, eventually, cancers. The other aspect is the contrast agents.
Despite the image-enhancing effect of dyes, they can harm kidneys and exacerbate
preexisting conditions. Also, an allergic reaction can occur, even if it is rare. In ad-
dition to the high initial cost and the necessity for skilled professionals, non-invasive

methods result in a false-negative or false-positive case.

The last but not the least non-invasive diagnosis method is phonocardiography. The
technique involves recording and analyzing heart sounds. It is able to identify ab-

normalities that may indicate underlying cardiovascular issues. Phonocardiography
offers a non-invasive, clear, and cost-effective means to evaluate cardiac functions by
catching distinct sound patterns. Since the process is very proper for data collection,
machine learning algorithms can utilize them to detect abnormalities without well-

skilled professionals. This approach complements other diagnostic tools and helps
clinicians in early detection, accurate assessment, and punctual intervention for coro-
nary artery disease. In this way, this method reduces potential complications and

enhances the healthcare management.

1.1.3 Acoustic Phenomena in Atherosclerosis

Under normal conditions, blood ow is laminar. It moves smoothly and steadily.
However, when blood encounters a narrowing in a blood vessel, this laminar ow is
disrupted, which causes a signi cant pressure drop within the artery. This pressure
drop is particularly critical in the coronary artery system, where there is a direct pro-
portional relationship between the drop in pressure and the heart's energy demands.
A higher pressure drop means the heart's muscle must work harder to maintain a

consistent blood ow to the organs. The pressure decrease through a simpli ed rep-
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resentation of the occluded coronary artery model can be expressed with following

expression:

LA T dv

’B’A_O’E’e’a (1.1)

Poiockage= f  Re
In the equation labeled (1.1),P stands for the pressure drop in an artery with a spe-
ci c length L and internal diametdd. The termRe refers to the Reynolds number,
expressed by equation 1.2, is a measure of the ow type of the blood. TheAgeas
andA; are the cross-sectional areas of the artery where there is no blockage and the
narrowest part of the blockage, respectively. The length of the blockage is given by
ande s its eccentricity, which describes how off-center the blockage is. Lastly,

the speed of the blood ow in the artery without blockage.

(1.2)

Reynolds number(Re) involves the density of the blogdthe average velocity,g)
in the part of the artery without any blockage, and the blood's viscosity (

The blood ow Re range in the body varies from 1 in small arterioles to approxi-
mately 4000 in the largest artery. At a Reynolds number of 2000, steady laminar ow
in a circular pipe becomes unsteady. Transition into fully turbulent ow occurs at
approximately 4000. [14] Nevertheless, Yongchareon and Young [15] proposed that

turbulence could emerge at even a lower Reynolds number due to ow disruptions.

Fredberg [16] proposed that, right after the occlusion site, the blood ow separates
from the walls since it can not overcome the adverse pressure gradient. The conse-
guence of this detachment is the creation of a high-velocity jet stream. A shear layer
is created when this jet stream interacts with the slower recirculating uid in the recir-
culating separation zone. This particular layer is highly susceptible to uid-dynamic
instabilities, which are commonly referred to as shear instabilities. Within this shear
layer, turbulence occurs as the instabilities grow and extract energy from the mean
ow. The visual representation of the blood ow through the obstructed region is

given in Figure 1.3.



Figure 1.3: Stenosis Flow Diagram retrieved from [17]

The resulting pressure uctuations cause tissue vibrations and generate vascular sounds.
Figure 1.4 shows how turbulence after a stenosis generates sound and how this sound
is transmitted to the skin surface. These sounds were rst attributed as bruits by René
Laennec, who invented the stethoscope. Lees and Dewey [18] introduced a new di-
agnostic approach depending on these acoustic vibrafinmsjoangiographyThey
suggested that these waves on the body's surface can be detected using tools such as a
stethoscope or a device that measures skin movement. By doing this, we can measure
and record these sounds' strength and range of frequencies. The use of quantitative

analysis can help investigate uid movement in atherosclerotic arteries.

Figure 1.4: Acoustic Vibration Generation of Atherosclerotic Artery retrieved from
[18]



1.2 Literature Survey

The practice of listening to the heart, known as auscultation, dates back to the ancient
civilizations of Greece and Egypt. Laennec invented the stethoscope in 1816, and
it was the initialization of dedicated research into understanding heart sounds. [19]
There have been many fundamental studies that explain the theoretical background of
our research, as well as the technological advancements that have encouraged further
study in this eld. The valuable studies can be categorized as analytical, experimental,
and numerical studies, technological advancements, and the contributions of arti cial

intelligence.

1.2.1 Analytical, Experimental and Numerical Studies

The multifaceted approach to understanding the dynamics of coronary artery diseases
contains analytical, experimental, and numerical studies. Each of them gives unique

insights into the complexities of blood ow and associated pathologies.

Yaz c aglu et al. [20] analyze vibrations in a thin-walled, viscoelastic tube experi-
encing turbulent ow caused by an axisymmetric constriction. They aim to provide
insights into the dynamics of vascular systems and enhance noninvasive diagnostic
techniques through acoustic measurements. The experiment setup mimics the condi-
tions of a vascular system with internal uid dynamics in uenced by a constriction. It
resembles an occlusion in a blood vessel. In addition to the experiment, an analytical
and theoretical model was studied to analyze how turbulence in the tube causes vi-
brations in the surrounding materials. These results were veri ed against experiments
using Laser Doppler Vibrometry (LDV), which measures how much the tube and the
surrounding materials vibrate. Moreover, the pressure of the uid inside the tube is
also measured. Although the experimental results generally aligned with the theoret-
ical model, some discrepancies originated from the linear structural models and the

nonlinear characteristics of tissues and turbulence.

Tobin and Chang [21] have an experimental study that measures the pressure on the
walls of a tube at different points after placing cylindrical blocks inside it, which

mimics the blood ow in stenosed vessels. Their goal was to identify the severity of
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blockages in blood vessels by analyzing the sounds these blockages make, so they
utilized different sizes of blockages with a constant ow of water. Particularly at high

ow rates, they noticed a jet of water shooting from the narrowest part of the blockage
and merging back to the tube wall within a short distance. They discovered consistent
patterns between the frequency and intensity of the pressure changes and the blockage
size. By introducing new variables, they standardized the pressure uctuation data at
the point of highest difference. They also compared this standardized data with the
root mean square (RMS) pressure values and noticed that they were similar but not

exactly the same.

Plague morphology could be described by the artery shape and degree of blockage.
Freidoonimehr et al. [22] suggested that the morphology considerably in uence ow
behavior and pressure drop. The stenosis degree is de ned as the percentage of the
arterial cross-section blocked due to plaque formation. The plaque can occupy either
the entire artery cross section in a severe case or just a tiny part. Stenosis can be
characterized by its geometrical shape, eccentricity, and edge sharpness. Figure 1.5
shows circular stenosis from a to e, elliptic stenosis from f to j and sharp-edge stenosis

from k to o.

Figure 1.5: Cross-sections of Occluded Coronary Arteries in Different Morphology

retrieved from [22]
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Salman [23] conducted computational analyses and experimental studies to nd the
relationship between stenosis level, vessel parameters and corresponding vibration
responses. Arteries, blood, muscles, fat, and bones have been modeled in computa-
tional study. The study investigates the effects of turbulence-induced dynamic pres-
sure uctuations on the arterial wall by means of the radial displacement, velocity,
and acceleration responses on the skin surface. To perform this task, different ow
rates, stenosis severities, and structural material properties are considered. The results
obtained from the computational analysis align well with the experimental observa-

tions.

Vibrations on phantom tissue were measured using a microphone, electronic stetho-
scope, and laser Doppler vibrometer. As a result, a 70% blockage level is a signi cant
threshold, as levels above 70% have shown a marked increase in vibration amplitudes.
Moreover, if the blockage level increases from 70% to 90%, then the vibration ampli-

tudes on the outer surface of the artery increase by more than tenfold.

In their numerical analysis, Ozden et al. [24] explored how the shape of a stenosis
affects pressure oscillations and sound emissions in stenosed blood vessels. Open-
FOAM is used to perform Large Eddy Simulations (LES) under pulsatile ow con-
ditions with a non-Newtonian uid blood model. The results show that a sharp rise

at the start of the blockage and overlapping blockages can make the blood ow more
chaotic right after the blockage, creating more swirls and energy in the ow and mak-
ing the pressure change more dramatically. These blockage characteristics also make
the sound louder, especially during the heart's systolic phase. However, if the block-
age is uneven, it has the opposite effect. The pressure on the blood vessel walls also
shows that the blockage's shape changes how loud and what pattern the heart mur-
murs have. This study demonstrates that the shape of the blockage is a crucial detail

in generated sound.

1.2.2 Technological Advancements

There has been a signi cant evolution in technological capabilities in the pursuit
of non-invasive methodologies for monitoring heart health. Traditional auscultation

methods provided the foundation for understanding cardiac acoustics. Building upon
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this, advancements in acoustic technology and analyzing methods have led to the
development of sophisticated devices capable of capturing cardiac sounds with pre-
cision beyond the human ear. These devices leverage digital signal processing to
analyze heart sounds. Also, recent innovations have led to the miniaturization and
optimization of acoustic sensors, allowing their integration into wearable devices.

These wearables offer continuous monitoring of heart sounds in real-world settings.
The evolution of this technology re ects a collaborative effort across decades, with

incremental improvements contributing to the current state of the art.

Heart sounds originate from speci ¢ thorax locations and travel at a unique speed
through different body tissues. Cardiac acoustic mapping leverages the spatial de-
tails captured on the chest surface to understand heart sound origins and pathways.
Stethovest, designed by Sapsanis et al. [25], is a wearable device tailored for the up-
per body. The vest is equipped with 12 PCG sensors (microphone array), enabling it
to capture heart sounds from multiple locations simultaneously and map the heart's
acoustic activity. It is especially useful for doctors to detect abnormalities or issues

with the heart by comparing sounds from different parts of the thorax all at once.

Klum et al. [26] presented a pioneering device for auscultation. It is a wearable patch
that uses Bluetooth 5.0 LE to combine ve different functions: a micro electrome-
chanical system (MEMS) stethoscope, noise detection, ECG, impedance pneumog-
raphy (IP), and 9-axial actigraphy. Its key benet is its ability to replace multiple
separate sensors, making long-term health monitoring more accessible and comfort-
able. This patch is especially useful in monitoring patients after surgery and during
sleep studies. It helps identify important health events, enhances patient comfort,
and reduces costs. Typically, monitoring requires several sensors placed all over the
body, and the procedure can be inconvenient and uncomfortable. This compact patch
(70 mm by 60 mm) integrates all these functions into one small, easy-to-wear de-
vice. Figure 1.6 demonstrates the prototype of the device. The patch has proven to be
highly effective in monitoring heart and lung sounds and recording ECG and IP sig-
nals. It accurately measures breathing patterns and correlates closely with standard
references. This indicates its precision and suitability for situations where discreet
yet high-quality monitoring is needed. Its ability to process data at high speeds and

synchronize it online further improves its function and reliability.
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