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Aims Heart failure with preserved ejection fraction (HFpEF) is associated with stiffened myocardium and elevated filling pressure 
that may be captured by heart sound (HS). We investigated the relationship between phonocardiography (PCG) and echo
cardiography in symptomatic patients suspected of HFpEF.

Methods 
and results

Consecutive symptomatic patients with sinus rhythm and left ventricular ejection fraction >45% were enrolled. 
Echocardiography was performed to evaluate the patients’ diastolic function, accompanied by PCG measurements. 
Phonocardiography features including HS amplitude, frequency, and timing intervals were calculated, and their abilities to 
differentiate the ratio between early mitral inflow velocity and early diastolic mitral annular velocity (E/e′) were investigated. 
Of 45 patients, variable ratio matching was applied to obtain two groups of patients with similar characteristics but different 
E/e′. Patients with a higher E/e′ showed higher first and second HS frequencies and more fourth HS and longer systolic time 
intervals. The interval from QRS onset to first HS was the best feature for the prediction of E/e′ > 9 [area under the curve 
(AUC): 0.72 (0.51–0.88)] in the matched patients. In comparison, N-terminal pro-brain natriuretic peptide (NT-proBNP) 
showed an AUC of 0.67 (0.46–0.85), a value not better than any PCG feature (P > 0.05).

Conclusion Phonocardiography features stratify E/e′ in symptomatic patients suspected of HFpEF with a diagnostic performance similar 
to NT-proBNP. Heart sound may serve as a simple non-invasive tool for evaluating HFpEF patients.
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Introduction
Heart failure with preserved ejection fraction (HFpEF) accounts for 
∼50% of heart failure.1 It is associated with ageing, hypertension, and 
obesity and characterized by an elevated left ventricular (LV) filling pres
sure.2 Current HFpEF diagnosis mainly relies on echocardiographic 
parameters such as the ratio between early mitral inflow velocity and 
early diastolic mitral annular velocity (E/e′) and serological biomarkers 
such as N-terminal pro-brain natriuretic peptide (NT-proBNP).3 E/e′ 
has been recommended as a sensitive marker of LV filling pressure ele
vation in current European heart failure guidelines.3 N-terminal pro- 
brain natriuretic peptide is a highly sensitive but moderately specific 
marker of heart failure in acute settings.4 Its level is affected by multiple 
factors such as the patient’s age and kidney function. Neither E/e′ nor 
NT-proBNP can be used by patients at home, making early recognition 
of heart failure challenging.

Heart sound (HS) may serve as a simple non-invasive tool for home 
monitoring of heart failure with the recent emergence of portable digit
al stethoscopes and wearable acoustic sensing devices.5,6 The relation
ship between HS and heart failure has been widely investigated in both 
animal and human studies.7,8 However, these studies have focused on 
the third HS (S3) in systolic ventricular dysfunction. The changes in 
HS in diastolic ventricular dysfunction remain incompletely understood. 
Recently, several studies utilized machine learning to differentiate 
HFpEF from normal subjects by HS, but no relations between HS 
and echocardiography have been demonstrated.9–11 Considering the 
widespread use and importance of echocardiography nowadays, it 
may be valuable to link HS to echocardiographic parameters such as 
E/e′ for evaluation of LV filling pressure elevation.

This pilot study explores the association between phonocardiogra
phy (PCG) and echocardiography in a patient cohort suspected of 

HFpEF. We identified the HS features differing between low and high 
E/e′ patients, and tested their abilities to predict E/e′ > 9.

Methods
Study approval
This prospective observational study was approved by the medical ethics 
committee of Maastricht University Medical Center+ (MUMC+). Data 
were collected from consecutive patients suspected of HFpEF and referred 
to a diagnostic work up including echocardiography in the MUMC+ be
tween January 2020 and May 2021. All study participants provided written 
consent.

Patient inclusion and exclusion
Patients meeting the following criteria were included: (i) symptoms and/or 
signs of heart failure such as dyspnoea and lower-extremity oedema, (ii) si
nus rhythm, (iii) a preserved LV ejection fraction (LVEF, >45%) and E/e′ ra
tio evaluated by echocardiography, and (iv) serum NT-proBNP test 
performed during the hospital visit.

Clinical data were obtained from routine clinical care blinded for HS re
sults (A.A., K.S., and J.W.). All patients underwent a systematic diagnostic 
work up for HFpEF as described before, including echocardiography and ex
tensive blood analysis.12 The final diagnosis of HFpEF was determined ac
cording to the European Society of Cardiology guideline in an expert 
panel meeting including heart failure cardiologists and echocardiographers.3

Echocardiographic examination
Echocardiographic examinations including two-dimensional measurements, 
Doppler and tissue Doppler imaging were performed using a Philips iE33 
system (Philips Medical Systems, Andover, MA, USA) with the patients in 
a resting supine position. Left ventricular function and structure, peak mitral 
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inflow velocity (E-wave and A-wave), deceleration time, isovolumic relax
ation time, early diastolic mitral annulus velocity (e′) at the septal and lateral 
aspects, and left atrial volume were assessed according to the American 
Society of Echocardiography and the European Association of 
Cardiovascular Imaging recommendations during routine clinical care.13

All stored image data were analysed by experienced sonographers using 
Philips IntelliSpace Cardiovascular echocardiographic analysis software dur
ing routine clinical care. The sonographers were blinded to the patients’ HS 
data.

Heart sound and electrocardiogram 
collections
Heart sounds were recorded on the left fourth intercostal space along mid
clavicular line while the patients were in sitting resting condition with the 
body leaning forward on the same day of the echocardiography. A digital 
stethoscope EKO DUO (frequency range: 20–2000 Hz; Eko Devices Inc., 
USA) was used to simultaneously record HS and single-lead electrocardio
gram (ECG) for 15–30 s. The collected data were transferred via Bluetooth 

from the EKO device to the cloud, from which data could be downloaded 
for further offline analysis. Heart sounds were collected by researchers 
(A.B., S.L., A.A., and K.S.) who were blinded to both echocardiographic 
and PCG features of the patients.

Location of heart sound components
Signal processing procedures are shown in Figure 1 and further described in 
the Supplementary material online, Methods. In brief, both ECG and PCG 
recordings were resampled to 1000 Hz. Then ECG was used as a reference 
to find S1 and S2. To identify the low-frequency S3 and S4, the raw HS re
cordings were low-pass-filtered with a cut-off frequency of 50 Hz. 
Occurrences of S3 (S3%) and S4 (S4%) among the 10–15 heartbeats ana
lysed were calculated.

Heart sound features
For each patient, HS features were calculated from the median value of 10–15 
consecutive heartbeats. S1 and S2 features were calculated after low-pass 
filtering the raw HS signals at 200 Hz, and S3 and S4 at 50 Hz.

Figure 1 Demonstration of signal processing procedures. Upper panel: reference points were identified for electrocardiogram QRS (blue dot), S1 
(red dot), and S2 (red dot), respectively. Onsets of electrocardiogram QRS, S1, and S2 were identified using a median signal (in blue) calculated from all 
heartbeats (in grey) aligned at the reference points. Lower panel: multiple heart sound features were calculated. ECG, electrocardiogram; HS, heart 
sound; S1, first heart sound; S1S2, timing interval from S1 onset to S2 onset; S2, second heart sound.

http://academic.oup.com/ehjdh/article-lookup/doi/10.1093/ehjdh/ztac073#supplementary-data
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Amplitude
Amplitudes of S1 and S2 were automatically identified as the maximal value 
within 80 ms following their onsets. Amplitudes of S3 and S4 were identi
fied as the maximal value within 60 ms around their respective locations.

Frequency
The dominant frequency was calculated for each HS component. For S1 and 
S2, a 60 ms segment after their onset was used for fast Fourier transform to 
avoid potential HS splitting occurring at a later time. For S3 and S4, the on
sets were generally difficult to be identified due to the low amplitude; there
fore a 60 ms segment around their envelope peaks was used for the 
calculation of dominant frequency based on a fast Fourier transform.

Timing intervals
The following HS-derived systolic time intervals were analysed: (i) QS1: 
from the onset of the Q-wave to the onset of S1; (ii) S1S2: from S1 onset 
to S2 onset; and (iii) QS2: from QRS onset to S2 onset. In analogy to QT, we 
also applied the Fridericia equation to correct QS2 for heart rate (HR) as 
follows: QS2c = QS2/RR1/3, in which QS2 and QS2c are in units of millise
conds and RR in seconds.14,15

Statistical analysis
The overarching goal of the statistical analyses was to investigate the rela
tionship between PCG and echocardiography while reducing the effects 

of confounders as much as possible. To this purpose, a matching procedure 
was applied as described in the literature.16 The steps are as follows 
(Figure 2): 

(1) Each patient was matched to the other(s) if both had the same sex and 
similar body mass indexes (BMIs, difference ≤3 kg/m2) and HRs (differ
ence ≤5 b.p.m.). Doing so, a patient might be matched with multiple pa
tients who satisfied the three conditions above.16 On the other hand, a 
patient might also not be matched with any other patients and thus be 
classified into ‘unmatched’ group.

(2) Identification of E/e′-related PCG features: For each match, the two pa
tients were assigned by E/e′ ratio to either low or high E/e′ group. After 
assigning all patients, the two groups were compared for the PCG fea
tures. The features showing a P-value ≤0.10 in the comparison were 
defined as E/e′-related.

(3) Prediction of E/e′ > 9 using PCG features: The selected PCG features 
were tested for their performance to predict E/e′ > 9 in the matched 
patients. The E/e′ cut-off was set at 9 because a higher value at rest 
generally indicates LV diastolic dysfunction and raised LV filling pres
sure according to current heart failure guidelines.3 Receiver operat
ing curve analysis was performed, and sensitivity, specificity, and area 
under the curve (AUC) were calculated. The optimal cut-off value 
was identified at the maximal Youden’s index (= sensitivity + specifi
city − 1).17

Continuous and normally distributed data were expressed as mean ± 
standard deviation and skewed data as median (interquartile range). 

Figure 2 Illustration of statistical analyses. All patients were matched by sex, body mass index, and heart rate and divided into low and high E/e′ 
groups. Phonocardiographic features were compared between the two groups, and the ones showing a significant difference were identified for 
the prediction of E/e′ > 9. AUC, area under the curve; BMI, body mass index; E/e′, the ratio between early mitral inflow velocity and early diastolic mitral 
annular velocity; HR, heart rate; QS1, Q to S1 onset; QS2c, QS2 corrected for RR interval; ROC, receiver operating curve; S1f, S1 dominant frequency; 
S4, fourth heart sound.
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Count data were expressed as numbers (%). χ2 test was performed to com
pare the difference in count data between the two groups. Independent 
sample t-test was used to compare normally distributed continuous vari
ables, while the Wilcoxon rank-sum test was applied for comparison of 
skewed continuous data. The AUCs and 95% confidence intervals were cal
culated and compared with the DeLong test using MedCalc (MedCalc 
Software Ltd, Belgium). Statistical significance was defined as a two-tailed 
P-value of <0.05. All analyses were performed using MATLAB R2018b 
(MathWorks Inc., USA).

Results
Baseline characteristics
A total of 61 patients were screened in our study. After excluding 11 
patients with atrial fibrillation (AF) during echocardiographic or phono
cardiographic measurement, two patients without E/e′ data, one pa
tient without NT-proBNP data, and two patients with too-noisy HS 
recordings, the remaining 45 patients were matched according to 
sex, BMI, and HR, resulting in 25 patients that gave rise to 32 matched 
pairs.

Baseline characteristics of the low and high E/e′ groups did not signifi
cantly differ regarding age, sex, BMI, HR, blood pressure, history of 
hypertension, and history of AF or PR interval (Table 1). One patient 
had heart failure with recovered LVEF. No patients had prior heart fail
ure hospitalization. The N-terminal pro-brain natriuretic peptide was 
significantly higher in the high E/e′ group. Significantly more patients 
were diagnosed with HFpEF in the high than low E/e′ group. 
Regarding echocardiographic parameters, mean E/e′ was 8.3 and 13.9 
in the low and high E/e′ group, respectively. The E/A ratio was similar 
in both groups.

Phonocardiographic characteristics
Figure 3 shows examples of HS and ECG recordings from patients of 
the low and high E/e′ groups. Although QS1 did not markedly differ be
tween low and high E/e′, QS2 was longer in the latter (355 vs. 424 ms), 
even after correcting for RR interval (QS2c: 405 vs. 461 ms), accom
panied by a higher S1 frequency (39 vs. 42 Hz) and S2 frequency (42 
vs. 53 Hz) in the high E/e′ patient.

Table 2 summarizes the phonocardiographic characteristics of the 
patients in the two groups. Heart sound amplitude was not significantly 
different between the two groups, except for a significantly higher S4 
amplitude in the high E/e′ group. Frequencies of S1, S2, and S4 were sig
nificantly higher in the high than the low E/e′ group. The occurrence of 
S4 and combined S3 and S4 was higher in the high E/e′ group, but the 
occurrence of S3 did not differ between the two groups. Regarding tim
ing intervals, the RR interval was nearly identical between the two 
groups. QS1 tended to be longer in the high E/e′ group (P = 0.10). 
QS2 and QS2c were longer in the high than low E/e′ group.

Prediction of E/e′ using phonocardiography 
features
Phonocardiography features that differed between low and high E/e′ 
groups with a P-value of ≤0.10 in Table 2 were included in E/e′ classifi
cation with a cut-off value of 9. Of note, QS2c instead of QS2 was cho
sen to correct the effect of HR. Table 3 summarizes the optimal cut-off 
values and diagnostic performance of eligible PCG features and 
NT-proBNP in predicting E/e′ > 9 in matched patients. The sensitivity 
was the same (0.83) for all S4-related features including S4 amplitude, 
S4 frequency, S4% and S3 and S4%, while the specificity was the highest 
for S4% (0.77). Both S4 amplitude and frequency were dependent on 
S4% because both were set to 0 when S4 was undetected for a heart
beat. S1 frequency was the most specific feature for E/e′. QS1 had the 
highest sensitivity (0.83) and AUC (0.72) among all features. N-terminal 
pro-brain natriuretic peptide showed a similar diagnostic performance 
to any eligible PCG features (P > 0.05).

Discussion
The main findings of this pilot study on the relationship between HS and 
echocardiography in patients suspected of HFpEF are as follows: (i) 
higher HS frequencies (S1, S2, and S4), S4 amplitude and occurrence, 
and a longer QS2c were related to elevation of LV filling pressure 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Population and echocardiographic 
characteristics

Low E/e′ High E/e′
(n = 32) (n = 32) P-value

Patient
Age, years 72 ± 7 74 ± 5 0.11

Female, n (%) 27 (84) 27 (84) 1.00
BMI, kg/m2 27.5 ± 3.1 27.9 ± 3.0 0.63

Heart rate, b.p.m. 71 ± 9 71 ± 8 0.85

PR interval, ms 185 ± 31 183 ± 26 0.75
Systolic BP, mmHg 146 ± 17 150 ± 18 0.30

Diastolic BP, mmHg 78 ± 14 76 ± 13 0.70

NYHA Class ≥ III, n (%) 16 (50) 9 (28) 0.07
NT-proBNP, pg/mL 211 ± 172 367 ± 291 0.01

Hypertension, n (%) 24 (75) 20 (63) 0.28
History of AF, n (%) 14 (44) 12 (38) 0.61

Diabetes, n (%) 2 (6) 6 (19) 0.13

Chronic kidney disease, n (%) 1 (3) 5 (16) 0.09
COPD, n (%) 4 (13) 2 (6) 0.39

HFpEF diagnosis, n (%) 21 (66) 30 (94) 0.005

Echocardiography
LV mass, g 123 ± 33 158 ± 46 <0.001

LVMI, g/m2 67 ± 14 83 ± 17 <0.001

LAV, mL 60 ± 20 78 ± 19 <0.001
LAVI, mL/m2 33 ± 10 41 ± 9 <0.001

LVEF, % 58 ± 4 62 ± 5 <0.001

LVEDD, mm 44 ± 4 49 ± 5 <0.001
LVESD, mm 30 ± 5 31 ± 6 0.19

Peak E-wave, cm/s 66 ± 19 87 ± 31 0.001

Peak A-wave, cm/s 63 ± 21 83 ± 23 <0.001
E/A 1.15 ± 0.59 1.15 ± 0.62 1.00

e′ lateral, cm/s 10.0 ± 4.0 6.8 ± 2.6 <0.001

e′ septal, cm/s 6.5 ± 2.1 5.9 ± 1.5 0.21
E/e′ average 8.3 ± 2.2 13.9 ± 3.4 <0.001

E-wave DT, ms 212 ± 38 209 ± 30 0.81

A-wave DT, ms 102 ± 19 118 ± 18 0.004
IVRT, ms 96 ± 20 114 ± 24 0.007

AF, atrial fibrillation; A-wave, peak velocity of mitral valve inflow after atrial contraction; 
BMI, body mass index; BP, blood pressure; COPD, chronic obstructive pulmonary 
disease; DT, deceleration time; e′, early diastolic mitral annulus velocity by Doppler 
tissue imaging; E-wave, peak velocity of early diastolic mitral inflow; HFpEF, heart 
failure with preserved ejection fraction; IVRT, isovolumic relaxation time; LAV, left 
atrial volume; LAVI, left atrial volume index; LV, left ventricle; LVEDD, left ventricular 
end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular 
end-systolic diameter; LVMI, left ventricular mass index; NT-proBNP, N-terminal 
pro-brain natriuretic peptide; NYHA, New York Heart Association.
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indicated by E/e′ and (ii) QS1 was the best marker for E/e′ > 9. Our find
ings provide clues for using HS to assess HFpEF patients.

Heart sound as a novel marker of heart 
failure with preserved ejection fraction
Our findings support HS as a novel simple marker of E/e′ elevation in 
patients suspected of HFpEF. The higher S1 and S2 frequencies in the 
patients with an elevated E/e′ ratio are consistent with the idea that stif
fened ventricles are linked to higher HS frequencies.18 Further evidence 
came from the more frequent occurrence of S4 which has been well 
established as a marker of less compliant ventricles.19–21

The reasons for the stiffened ventricles are multifaceted. Firstly, the 
structural cause may come from myocardial hypertrophy. In our 
matched patients, the LV mass and mass index were significantly higher 
in the patients with a high E/e′ ratio. Secondly, the higher stiffness may 
relate to an increased ventricular wall tension, as suggested by a larger 
end-diastolic diameter and left atrial volume in the patients with a high 
E/e′. A high E/e′ per se also indicates an increased LV filling pressure.22

This relationship has been supported by a recent open-chest porcine 
study in which ventricular vibrations were collected using an epicardially 
attached accelerometer.23 The study demonstrated a close relationship 
between changes in S1 frequency and changes in end-diastolic volume 
during fluid administration to alter ventricular preload and myocardial 
tension. Compared with hypertrophy, wall tension is likely reversed 
as the patients’ conditions are improved with treatments, indicating 
the value of HS frequency in monitoring the patients’ disease condi
tions, yet this idea awaits further investigation.
Causes of longer QS1 and QS2 in E/e′ 
elevation
Another finding of the present study was that HFpEF patients with a higher 
E/e′ also tended to have longer QS1 and QS2 intervals. QS1 reflects the 
time required for the ventricles to build up sufficient intracardiac pressure 
to close the atrioventricular valves. Thus, prolongation of QS1 is associated 
with slower myocardial force development and/or elevated atrial pressure. 

Weakened myocardial force does not seem to be a major contributor of a 
longer QS1 in the high E/e′ group because this group had a higher LVEF 
compared with the low E/e′ group (62 vs. 58%). Therefore, the prolonged 
QS1 interval in patients with high E/e′ is most likely related to an increased 
left atrial pressure. The elevated left atrial pressure not only increases the 
trans-atrioventricular valve pressure gradient but also widely separates 
the atrioventricular valves at the moment of ventricular electrical activation. 
Prolongation of QS1 may also come from a shortened PR interval, but this 
possibility seems unlikely because the matched groups had similar PR inter
vals.24 Therefore, QS1 may be a marker tailored for differentiating HFpEF 
patients who are characterized by an increased LV filling pressure rather 
than a weakened myocardial force. This hypothesis is confirmed by the 
highest diagnostic performance of QS1 among all PCG features and 
NT-proBNP for prediction of E/e′ over 9.

A longer QS2 in the high E/e′ group indicates a delayed total electro
mechanical systolic time. QS2 lengthening appears to be the result of 
both prolonged QS1 and S1S2 intervals. While the prolongation of 
QS1 has been discussed previously, the prolongation of S1S2 is likely 
caused by longer ejection time, supported by the higher LVEF in the 
high E/e′ group. Another cause of a longer QS2 and QS2c may be 
hypertrophy which has been shown to prolong QT interval on 
ECG.25 However, this relationship needs to be further investigated.

Advantages of heart sound for heart 
failure with preserved ejection fraction
Our findings show that PCG features are non-inferior to NT-proBNP 
in differentiating E/e′ ratios. In the matched patients, S4% and QS1 
showed the same sensitivity as NT-proBNP. However, HS is advanta
geous in its non-invasiveness compared with serum NT-proBNP meas
urement. Secondly, HS measurement is time-efficient. In our study, an 
HS recording took 15–30 s. This short time enables a simple evaluation 
of E/e′ elevation in an acute setting feasible. Thirdly, HS measurement is 
cost-effective. The device used for HS collection such as the EKO digital 
stethoscope in the current study costs only a few hundreds of dollars 

Figure 3 Examples of electrocardiogram and heart sound in patients with low vs. high E/e′ Both examples were aligned at QRS onset at 250th ms. 
Note the sharper S1 and S2 morphologies in the lower than the upper panel, indicating higher frequencies at a higher E/e′ ratio. BP, blood pressure in 
unit of mmHg; ECG, electrocardiogram; EDT, E-wave deceleration time; Q, QRS onset; QS1, Q to S1 onset; QS2, Q to S2 onset; S1, first heart sound; 
S1f, S1 dominant frequency; S2, second heart sound; S2f, S2 dominant frequency.
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and can be used as long as the device is charged. In comparison, 
NT-proBNP measurement requires buying the detection kit, while an 
echocardiography machine is generally sold at a much higher price 
than a digital stethoscope. Finally, the EKO device can be used by pa
tients at home to record ECG and HS which may be remotely inter
preted by the cardiologist/nurse, reducing hospital visits and thus 
healthcare costs. The above advantages make HS a promising tool for 

HFpEF evaluation. Hence, future studies focusing on implementing 
digital stethoscopes for HFpEF diagnosis are warranted.

Current heart sound studies of heart 
failure with preserved ejection fraction
Overall, studies of HS in HFpEF patients have been clearly overlooked 
considering the long history of studying HS in patients with ventricular 
systolic dysfunction. Recent popularity of machine learning has enabled 
the data-driven studies of HS for the classification of heart failure by 
LVEF (i.e. normal, reduced, and preserved).9–11,26 Early machine learn
ing studies relied on the manual extraction of HS features for training 
the algorithm. For example, extreme learning machines trained by HS 
features such as diastolic-to-systolic duration ratio showed high sensi
tivity (95%) and specificity (97%) in classification between HFpEF pa
tients and healthy controls.9 Deep learning takes the advantage of 
automatic feature extraction from raw HS signals for training the mod
el. A gated recurrent unit has been used to automatically learn the deep 
features from the raw signals and shown an accuracy of 99% in classi
fication among HFpEF, HFrEF, and normal controls.11 Convolutional 
neural network trained with a short-time Fourier transform spectrum 
is reported to show 99% of sensitivity and specificity in distinguishing LV 
diastolic dysfunction (n = 30) from healthy controls (n = 41).10 The LV 
diastolic dysfunction group was a mixture of HFrEF and HFpEF patients 
(LVEF: 45% ± 16%) with a high E/e′ ratio (18.6 ± 6.7).

Although machine learning is not investigated in our present study, 
given its high accuracy reported in other studies, it will conceivably fur
ther improve the prediction power of our proposed HS features. Our 
findings on the relationship between HS and echocardiography provide 
interpretable PCG features as inputs for training machine learning mod
els. Deep learning takes the advantage of automatic feature extraction 
and may be another promising approach for the prediction of E/e′ and 
classification of HFpEF from the normal. In this case, time–frequency re
presentation of HS helps better visualize HS patterns and serves as an 
input to the deep learning model. However, deep learning requires a 
larger sample size in future studies.

Limitations
Several limitations need to be addressed in the future. Firstly, this single- 
centre pilot study had a small sample size which limited the generaliz
ability of our findings. A larger-scale study helps enrol a more represen
tative group of patients, thus allowing constructing an HS score to 
better classify the patients. It would also allow revealing the relationship 
between PCG features and patients’ outcomes. Secondly, a cut-off va
lue of 45% rather than 50% was chosen for LVEF in this study to include 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Comparison of phonocardiographic features 
between low and high E/e′

Low E/e′ High E/e′
(n = 32) (n = 32) P-value

Total heartbeat, n 410 390

Avg. heartbeat, n 13 12

Amplitude, ×10−4

S1 243 (105–322) 184 (138–220) 0.14

S2 101 (73–151) 100 (57–224) 1.00

S3 16 (8–24) 16 (10–23) 0.99
S4 6 (0–20) 15 (8–21) 0.03

Frequency

S1, Hz 42 ± 3 46 ± 8 0.003
S2, Hz 48 ± 6 55 ± 14 0.008

S3, Hz 34 (32–34) 33 (32–34) 0.17

S4, Hz 28 (0–34) 34 (31–34) 0.02
Occurrence

S3, % 93 ± 18 91 ± 14 0.67

S4, % 58 ± 34 78 ± 29 0.01
S3 and S4, % 54 ± 34 71 ± 30 0.04

Time interval

RR, ms 860 ± 115 861 ± 104 0.98
QS1, ms 69 ± 23 78 ± 19 0.10

S1S2, ms 320 ± 36 333 ± 47 0.21

QS2, ms 389 ± 42 412 ± 48 0.05
QS2c, ms 410 ± 33 433 ± 41 0.01

Avg., average; QS1, Q to S1 onset; QS2, Q to S2 onset; QS2c, QS2 corrected for RR 
interval; S1, first heart sound; S1S2, S1 to S2 onset; S2, second heart sound; S3, third 
heart sound; S3%, percentage of heartbeats with S3; S3 and S4%, percentage of 
heartbeats with both S3 and S4; S4, fourth heart sound; S4%, percentage of 
heartbeats with S4.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Phonocardiography for prediction of E/e′ > 9 in matched patients (n = 25)

Cut-off value Sensitivity Specificity AUC

S4 amplitude 6.6 × 10−4 0.83 0.62 0.69 (0.47–0.86)

S1 frequency 46.9 Hz 0.50 0.92 0.68 (0.47–0.85)
S2 frequency 45.9 Hz 0.67 0.54 0.56 (0.35–0.76)
S4 frequency 31.3 Hz 0.83 0.69 0.69 (0.48–0.86)

S4% 73 0.83 0.77 0.69 (0.48–0.86)
S3 and S4% 53 0.83 0.62 0.70 (0.48–0.86)
QS1 64 ms 0.83 0.69 0.72 (0.51–0.88)
QS2c 415 ms 0.67 0.77 0.67 (0.46–0.85)
NT-proBNP 152 pg/mL 0.83 0.54 0.67 (0.46–0.85)

Phonocardiographic features deemed predictive of E/e’ > 9 are shown in bold. See the main text for more explanations. AUC, area under the curve; NT-proBNP, N-terminal pro-brain 
natriuretic peptide; QS1, Q to S1 onset; QS2c, Q to S2 onset corrected for RR interval; S1, first heart sound; S2, second heart sound; S4%, percentage of heartbeats with S4.
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patients suspected of HFpEF who, in the end, appeared to have heart 
failure with midrange ejection fraction in a borderline region with 
HFpEF. In fact, only one patient had an LVEF between 45 and 50% 
(48%), and the patient was not different from the other patients regard
ing baseline characteristics, echocardiographic parameters, or PCG fea
tures and did not lead to notably different diagnostic performances. 
Thirdly, the patients included in the current study appeared to have a 
mild degree of diastolic dysfunction, while HFpEF patients of an ad
vanced stage or during a decompensated state may present an E/e′ 
over 15.27 However, the fact that HS can differentiate ‘borderline’ E/e′ 
values may also prove valuable for preliminary assessment of the patients. 
Moreover, considering E/e′ as a continuous rather than dichotomous 
variable is likely more valuable to clinical practice but also requires a larger 
sample size. Lastly, although E/e′ is reported as the best-established echo
cardiographic diastolic parameter, the correlation between E/e′ and inva
sive filling pressures may not be perfect in HFpEF patients.28 A proper 
approach would be to simultaneously measure heart sounds and LV 
pressure during invasive procedures.

Conclusions
Phonocardiography features such as HS frequency and timing intervals 
are related to E/e′ in patients suspected of HFpEF. The associations be
tween heart sounds and diastolic dysfunction need to be further clari
fied in future studies.
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