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Summary

Heart sounds are a series of vibrations arising from impacts of blood
on cardiovascular structures including valves, myocardium and blood
vessels. The two most obvious heart sounds are: the first heart sound
(S1) occurring at end-diastole and the second heart sound (S2)
occurring at end-systole. S1 contains mitral and tricuspid components,
while S2 contains aortic and pulmonic components. Splitting of heart
sounds refers to a significant interval between the two components of
S1 or S2. Systolic time intervals derived from combined
electrocardiogram and heart sound analysis consist of QS1 (the interval
between onsets of QRS on the electrocardiogram and S1) and S1S2
(the interval between onsets of S1 and S2).

Heart sounds have been used in diagnosis for over two centuries,
boosted by the emergence of the stethoscope 200 years ago. Novel
developments like digital stethoscopes and advanced signal analysis
create new opportunities for the use of heart sounds. Heart sound-
derived parameters are likely useful for evaluation of heart failure with
reduced (HFrEF) and preserved ejection fraction (HFpEF).

HFrEF patients with interventricular dyssynchrony may need to be
treated with cardiac resynchronization therapy. Selection of candidate
and post-implant optimization of cardiac resynchronization therapy are
likely improved by using splitting interval of heart sounds for
adjustment of interventricular delay. In Chapter 2, a novel algorithm
has been developed to automatically identify splitting interval between
S2 components. The algorithm was tested in simulated signals and in
experimental studies that showed a good relation between S2 splitting
and an invasively measured indicator of interventricular mechanical
dyssynchrony.

In Chapter 3, we analyzed data from a combined experimental-
clinical study aiming to find the relationship between heart sound-
derived systolic time intervals and myocardial contractility. Varying
atrioventricular delays were induced using pacing and left ventricular
(LV) pressure was invasively recorded. VS1, an indicator close to QS1,
shortened as myocardial contractility improved during optimization of
atrioventricular delay, associated with prolongation of S1S2. Using VS1
and S1S2 to predict optimal atrioventricular delay resulted in a minor
loss of optimal hemodynamics judged by maximal LV pressure and
maximal rate of rise of LV pressure. These findings showed that heart
sound-derived systolic time intervals may be useful for optimization of
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atrioventricular delay in cardiac resynchronization therapy, possibly
performed using a microphone in the implanted device.

HFpEF is becoming an increasingly prevalent disease in ageing
population. However, discrepancies exist in current guidelines
regarding evaluation of diastolic dysfunction and elevated LV filling
pressure. In Chapter 4, we explored the relationship between heart
sounds and echocardiographic parameters in a group of outpatients
suspected of HFpEF. To reduce the confounding effects of sex, body
mass index and heart rate, these factors were first matched to result in
two groups of patients of similar baseline characteristics. Then heart
sounds and echocardiographic parameters were compared between
these two groups. The results showed that patients with a higher ratio
between early mitral inflow velocity and mitral annular early diastolic
velocity (E/e’) presented higher heart sound frequencies, a longer QS1
interval and a more frequent occurrence of S4. By assigning a score to
each of these factors, we proposed a combined score for differentiation
of E/e’ below and above 9. The combined score demonstrated better
performance than a common serological biomarker of elevated LV filling
pressure. The association between heart sounds and echocardiography
makes it likely to use heart sounds for simple non-invasive screening
of patients with HFpEF.

With the recent progress in sensor and communication technologies,
the smartphone becomes a potential candidate to help health
evaluation of the patients. Mobile health (mHealth) is increasingly
recognized as part of the healthcare system, boosted by the
coronavirus-19 pandemic. To enable large-scale application of heart
sounds for health purposes, we explored the feasibility of turning the
smartphone microphone to an electronic stethoscope in Chapter 5. An
App named Echoes was developed for iPhone and was distributed to
general users, which resulted in >1100 respondents with limited
advertisement. Heart sounds and basic information of the users were
collected anonymously. Visual assessment of quality of heart sound
showed that about 3 out of 4 recordings had clear S1 and S2. Most
users were able to make a good-quality recording of heart sounds within
the first 3 attempts. Factors that tended to negatively influence heart
sounds quality were age and body mass index. The findings suggest the
possibility of recording heart sounds by general users using their mobile
phone.

In Chapter 6, we summarized our findings and discussed the
scientific and societal impacts. In a history of over 200 vyears,
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auscultation has undergone three waves of research enthusiasm, along
with rapid development of measurement tools. Heart failure is one of
central research topics in heart sound, but little is known about how
splitting and frequency of heart sounds change during disease evolution.
More importantly, the relationship between heart sounds and patient
outcome needs to be clarified in more extensive follow-up studies.
Advancements in mobile phone technology enable turning the
smartphone microphone to a digital stethoscope for recording heart
sounds on a large scale, which has the potential to remotely monitor
the patients’ status. In the 21st century, signal processing techniques,
open-access heart sound datasets and machine learning algorithms are
laying foundations for the third wave of heart sound research and
applications.

In conclusion, this thesis explored the relationship between heart
sounds and hemodynamics using animal and human studies, and
preliminarily investigated the potential to use heart sound recordings
for mHealth applications. These findings help facilitate the use of heart
sounds as a simple, non-invasive and low-cost tool for monitoring
patients remotely and in hospital.
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FR3CHE

OEEmRPEOMERXBRBIERER. OIMIMES EA—RIIRE.
ODENRPNERRDSZEF—OE (S1) ME0F (S2) . AERERL=ETFIK
KB, BEREEOEWGERE. S1ATRIBI=XBo 21k, S2 HERKIR
MtaEKRo EHRk. S1 8 S2 AN BNSRALERERIERIT, WFE0E
DE. WA, OEFULESOERHTON, HP&RELNEREREESH,
EEERNER, 2512 QST (WOEBE QRS KEInE0E S1 EInAYRTEZE)
FMS1S2 (1LOE ST #EA=E S2 BIRRIRTIEE) .

N_BERFRE, EEFRAOERNENZETRRE. ME, T2t
Bt 7 OSEIRAR LANA. FEHMA—E5R, B FIm2asii=E
SAERA, FEOENRENOITENERE. FMEXEERTOSEXSHE
HEONRE, BESMOEFEFRAOHRIS (HFEF) FSFMoEERENOH
=8 (HFpEF) "RAINAL.

HFrEF BENMRFEEHNOEREARL, WEUTREFERZ OEBRL
wialy. EXMERT, OERREPATLUURMNNOCEREARRLSHINIE, BB
FiEROEBRSWETRIAFUNABAGEERSH., £FABBFF, &K
MRET—MIFEEEMIHE S2 NORE., (ESIHESLIRMYISLIRERISIE
LT ZEEEER S2 SREHEMERAESENEHNNO =N GEER RS ZE,
FHERFHIEXM,

HER=EY, BRIKETHIZRAIGKRAR, RTOBRENESHSO
B DRIX R, BETEENSABRSEROE-OERBGHE, FREINE
EOE (V) RE. BEERESOSOBE, HITET VST a8, BINO=ER]
HEEAFHAE0E S1 FERREE. EREA, ZiErEETEIRET, Ol
EENEMEF LSRR, RS S1S2 BERERLIER, H—Eo1RE, XA
MERG DB - DEMGEE ST HIRESHZMAINRER/), RNRIHFES
HOMNMEERS. ZANEMTEHOERENESHERERaT S8t
RN A,
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ITLeEE, HFpEF BIRITEREEH LF, 1BIREEER A+, (BR, BRIEZ
ERXTIZRAVERITE, LA EEFIKINEERSERSH] LV WEASHFRIANILR. &
FMEF, FAWSIRI T OSMRETTE HFpEF SMUEE T EEEFEEX
., ATIROMR. AEBHFIORXLRRAERZNM, BIISENE TIX=
MEER, NMRERAELLIERUNEE, BERXRABENOSHEE
iR, BIAMEBENEFKEIRE SRR MRRARE/ R R ARENLY
& (E/e' thE) &=, WOSiEtRs, i QST AR, FNOEHR
AR, BEXEERHTIMG FARE T —HETRONGIEKX S E/e’
EEREBAT 9. ZHALEMMEFEETERMR LV EBEELFAR. ZHARE
MROSHE@EEXMY, IH—PRROSRTIEwE HFpEF B2 7 Eit,

BELFERRATIBERANRERRE, BEFNETRA— MERIT
WIE, BaIEF (mHealth) BHEZEIEN, SR ELSEARFEHESEENNA
BT, ATHOEAMERATEEREN, FONMSRTTBAFNEZRXKUE
OSHETREM (SBAE) . FKITETF iPhone EEFAT—2X App (Echoes) |,
FEHEHDREEERF. RINXUAFECSRELE, FHREFSRNMASUE.
BEfE, FRAIOHTTHEID 1100 BRI 7500 &0 EE0R. ERKE, XX 3/4 8
EZHOSHIEREREF, TUBFO S1 1 S2, MSEHEETLUERT 3 RALH
RELVE., FRERAMAEESRENEE, VERERE. XLERIER, B
BAFE LB EREFIRREDE.

ESBARETR, RINBETABNRI, Hoth 7 XELIMORZNEIIHS
E, LEM2EE 200 SENHE, HIEELEHE=EHRRH. XERES
F T CRERNOEUERA, OHRBE2OSHARNPOERZ—, BE
A FOBREROERRNARE D NRIBEWN, BHZEL. EEENE,
BRIRZEILARRKIESEXEOEFSHEBRENEZEANRR. BEBIRAN
RE, SeFNILUEREBFITZEE, KEPAMEREOTHE, Finil
MEERREAEE. EERNESROSHRESS, = XEGPIRRTE
S, FFROSHUREMATEREEE,
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ERART OSEBNETTENONA, A%, OSEYURIEA—MER, £
BIFBRINAI TR, BTERAMRESRE N,
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