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Introduction
Since the invention of the stethoscope by René Laënnec in 1816, car-
diac auscultation has become an essential component of bedside phys-
ical examination. It can be perceived as a form of art in which the 
conclusions of the examiner are heavily dependent on the acuity of 
hearing, the sense of timing, and the appreciation of the tonal quality 
of complex transient noises.1 Although most physicians agree that car-
diac auscultation is a skill to be mastered and still represents an import-
ant source of clinical information, it receives less and less emphasis in 
both teaching and clinical practice, which is mostly attributable to its 
limited diagnostic accuracy and the fact that similar information can 
be acquired using less subjective diagnostic tools. Although the ob-
tained information is highly dependent on the examiner’s expertise, 
the improper interpretation of auditory information does not emanate 
entirely from the lack of experience, as even highly trained physicians 
often disagree about heart sounds.2 This fact exposes certain human 
auditory limitations, including but not limited to its notorious insensitiv-
ity to low frequencies, slow responses to rapidly occurring, brief sonic 
events, and limited ability to detect certain sounds in the presence of 
loud sounds or high ambient noise.3

To transcend the aforementioned imperfections of human hearing, it 
would be highly desirable to capture and record acoustic data graphic-
ally that can be analysed free from the subjective distortion of hearing. 
Motivated by this, phonocardiography was proposed, enabling the de-
tection of abnormal patterns by visual inspection and the extraction of 
objective features such as amplitudes, frequencies, and time intervals. 
Phonocardiography not only serves as a vehicle for teaching cardiac 
auscultation but is also a cost-effective method to identify patients 
who already have or are at risk of left ventricular (LV) dysfunction, myo-
cardial ischaemia, valvular heart diseases, or congenital heart disease.4,5

Heart sound recordings can also be synchronized with electrical signal 
tracings of an electrocardiogram, and several additional parameters can 
be computed that enable the comprehensive and simultaneous 

assessment of the mechanical and electronic function of the heart. 
This technique is referred to as acoustic cardiography and has recently 
attracted increasing attention in heart failure (HF) research (Figure 1).4,6

In the present issue of the European Heart Journal – Digital Health, Luo 
et al.7 presented a pilot study investigating the relationship between 
acoustic cardiography-derived features and echocardiography-derived 
E/e′ in patients with suspected HF and preserved ejection fraction 
(HFpEF). To reduce confounding, the authors performed variable 
matching with replacement, which resulted in 32 pairs with similar 
sex, body mass index, and heart rate but different E/e′ values. In each 
pair, one of the patients was assigned to the low E/e′ group and the 
other to the high E/e′ group. Due to the inherent nature of the applied 
matching procedure, the 32 pairs comprised only 25 unique patients, 
and the same patient might have been assigned to the low E/e′ group 
in one pair while to the high E/e′ group in another pair. In the high 
E/e′ group, higher S1, S2, and S4 frequencies, more frequent occurrence 
of S4, and longer QS2 and QS2c were observed. Based on receiver op-
erating characteristic (ROC) analysis, QS1 was identified as the best 
marker of E/e′ higher than 9 [0.72, 95% confidence interval (CI): 
0.51 – 0.88] and exhibited an area under the ROC curve (AUC) similar 
to N-terminal pro-brain natriuretic peptide (0.67, 95% CI: 0.46 – 0.85).

Discussion
Luo et al.’s study7 exemplifies how acoustic cardiography could be used 
to detect elevated LV filling pressures in patients with suspected HFpEF. 
By providing acoustic biomarkers in a non-invasive and cost-efficient 
fashion, acoustic cardiography can serve as a screening tool to facilitate 
HF diagnosis, especially when echocardiography and other advanced 
diagnostic tools are out of reach (Table 1). Thus, studies accumulating 
evidence on the potential role of acoustic cardiography in this patient 
population may have a high clinical impact.

Another appealing aspect of acoustic cardiography is that the re-
ported alterations in acoustic features can be directly linked to patho-
physiological processes characteristic of HF, such as frequencies of S1 
are directly proportional to LV elasticity and inversely proportional 
to LV mass,8 the prolongation of QS1 implies slower myocardial force 
development and elevated atrial pressure, and an audible S4 usually in-
dicates a forceful left atrial contraction combined with reduced LV 
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compliance and hence provides a direct clue of diastolic dysfunction.9,10

Thus, acoustic cardiography has a true potential to detect not only LV 
systolic dysfunction11,12 but also Doppler-based13 and invasively mea-
sured elevated filling pressures.12,14 Nevertheless, the diagnostic power 
of most parameters is still far from perfect.12

Likewise, the results of the current study should be taken with a grain 
of salt. First, given the single-centre design and the small sample size, the 
findings should be confirmed in larger, preferably multi-centre studies. 
These studies would also provide an opportunity to investigate the 
prognostic value of the proposed acoustic biomarkers. Second, the 
AUCs of the individual features are rather low and have wide confi-
dence intervals with lower bounds often below 0.5, implying that not 
a single parameter but rather a combination of multiple features should 
be used to estimate E/e′. Nevertheless, constructing multivariable mod-
els was not possible due to the low number of patients enrolled. Third, 
it should also be noted that high E/e′ values might not necessarily indi-
cate backward failure in this patient cohort as the correlation of E/e′ 
with invasively measured filling pressures is rather modest in HFpEF pa-
tients.15 Therefore, the associations between the proposed biomarkers 
and the invasively measured filling pressures should be investigated in 
future studies.

Despite the intriguing results of recent studies, technical shortcom-
ings of acoustic cardiography should also be acknowledged, including its 
inability to differentiate between separate frequencies of various 
sounds, the frequent presence of endogenous and exogenous noises 
and artefacts that may visually mask weak heart sounds, and the diffi-
culty of identifying the exact onset, peak, and end of heart sounds. In 
theory, machine learning (ML) is well suited to tackle these technical 
challenges and has the potential to tap into diagnostic capabilities un-
reachable with the conventional interpretation of acoustic signals.6

Either using manually extracted heart sound features or automating fea-
ture extraction with deep learning techniques, ML can facilitate the 
identification of patients with HFpEF and HFrEF,16,17 may perform 
HF stage classification,18 and may be used for several tasks within or 
even outside the realm of HF, such as for the detection and grading 
of valvular heart disease19 or screening for congenital heart disease in 
paediatric patients.20 Although there is little doubt that ML will increase 
the diagnostic accuracy of acoustic cardiography, there is still a long way 
to go before such tools will permeate clinical care.

In summary, acoustic biomarkers have great potential in the cost- 
efficient and prompt identification of patients with HFpEF. Thus, the 
time has not come to discard the stethoscope, but this time-honoured 
examination technique should keep pace with more advanced modal-
ities by adopting the latest technological advancements.
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Table 1 Comparison of cardiac auscultation, acoustic 
cardiography, and echocardiography

Cardiac 
auscultation

Acoustic 
cardiography

Echocardiography

Device cost $ $$ $$$$

Required level of 

experience

↑↑↑ ↑ ↑↑↑↑

Diagnostic 

accuracy

↓ ↑ ↑↑↑↑

Interobserver 
agreement

↓↓ ↑↑ ↑↑↑

Established 

prognostic 
value

↑↑ ↑↑ ↑↑↑↑

Option to save 
data

No Yes Yes

Use in clinical 

practice

↑↑↑ ↓ ↑↑↑↑
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Figure 1 Potential applications of acoustic cardiography in heart 
failure. Multiple approaches exist that can harness the information en-
compassed by acoustic cardiography recordings. Features (e.g. ampli-
tudes, frequencies, and time intervals) can be extracted manually and 
analysed using conventional statistics or supplied to classical machine 
learning or deep learning models. Recordings can also be analysed 
without manual feature extraction using deep learning. Of note, 
only a few examples are provided in the figure, and acoustic cardiog-
raphy might be used for several other tasks within or even outside the 
realm of heart failure. ECG, electrocardiogram; HF, heart failure; ML, 
machine learning.
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