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Ballistocardiography to identify high left atrial pressure in patients 
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Background: Due to a high prevalence and morbidity rate, heart failure (HF) constitutes an 
immense economic burden on the global health care system. An increase in left atrial pressure (LAP) 
precedes the occurrence of any HF symptoms. In this study, we applied a novel non-invasive method of 
ballistocardiography (BCG) to extract early diastolic ventricular vibration waves [the BCG-B3 index, 
which corresponds to the third heart sound (S3) at the end of the rapid filling phase of diastole]. This study 
evaluated the predictive value of the BCG-B3 index for LAP in HF patients.
Methods: A total of 83 HF patients and 20 patients with underlying diseases were prospectively enrolled, 
and their cross-sectional BCG and echocardiography (ECHO) data were collected. BCG obtains a signal 
through a high-precision fiber-optic sensor placed on the patient’s back. LAP or pulmonary capillary wedge 
pressure (PCWP) was estimated by the ratio of mitral inflow peak early diastolic velocity to the early 
diastolic velocity of the mitral annulus (E/e’) or the Nagueh equation (LAP = 1.24 × E/e’ + 1.9). To evaluate 
the diagnostic efficacy of the BCG-B3 index, a receiver operating characteristic (ROC) curve was plotted, 
and the area under the ROC curve (AUC) was calculated. The best cutoff value for the BCG-B3 index was 
determined by the maximum Youden index.
Results: The correlation coefficient between the BCG-B3 index and E/e’ ratio was 0.51 (P<0.01). Under 
an optimal cutoff value of 55.13, the BCG-B3 index showed a positive consistency value of 0.93, a negative 
consistency value of 0.53, and an overall consistency value of 0.82 for identification of significantly elevated LAP.
Conclusions: The BCG-B3 index derived by noninvasive BCG using a built-in fiber-optic sensor has 
important diagnostic value for identifying significantly elevated LAP in HF patients with high accuracy. 
BCG examination is not limited by place or the doctor’s experience. Therefore, BCG can provide timely 
assessments for HF patients, enabling early diagnosis and treatment.
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Introduction

Heart failure (HF) imposes a heavy health burden on 
society. Currently, at least 26 million individuals have HF 
worldwide, and the prevalence rate is ≥10% among the 
population older than 70 years (1). In China, the latest 
epidemiological study of HF published in 2019 showed that 
there were 13.7 million patients with HF in residents aged 
≥35 years, and the prevalence rate is as high as 1.3%. The 
prevalence rate has increased by 44% in the past 15 years (2). 
The admission rate of HF patients is a strong independent 
predictor for the mortality of HF patients (3). Therefore, 
preventing rehospitalization and reducing the mortality rate 
of HF patients are very important (4).

Current out-of-hospital monitoring methods for HF 
patients include remote monitoring of patients’ self-
reported symptoms and signs, daily weight monitoring 
(5,6), natriuretic peptide level monitoring (7), noninvasive 
bioimpedance monitoring (8), implantable bioimpedance 
monitoring (9), and implantable hemodynamic sensors  
(10-12). Large randomized controlled trials have shown 
that only an implantable pressure sensor can directly assess 
left ventricular filling pressure (LVFP), and other methods 
cannot predict the prognosis of HF patients (13). However, 
pressure sensor implantation is an invasive operation, and its 
cost is relatively high, which limits clinical application (14). In 
addition to pressure sensor implantation to monitor filling 
pressure, clinicians have also tried to use the third heart 
sound (S3) to monitor LVFP in HF patients. Traditionally, 
S3 is assessed by experienced clinicians through cardiac 
auscultation with a stethoscope. Relevant studies have 
confirmed that the heart sound signals acquired by the 
accelerometer embedded in implantable cardiac devices are 
credible (15). In 2017, animal models confirmed that S3 
measured by implantable devices was significantly correlated 
with left atrial pressure (LAP) and had high specificity in 
identifying elevated LAP (16).

At present, the main indicator of HF management is 
monitoring the LVFP. The LVFP can be indicated by 
pulmonary capillary wedge pressure (PCWP), LAP, or 
left ventricular end-diastolic pressure (LVEDP). PCWP 
measured by floating catheter and LVEDP measured by 
left ventricular catheter are commonly used as the gold 
standard for evaluating LVFP in clinical practice (17). The 
elevated LAP usually occurs before any symptoms of the 
hemodynamic cascade, which ultimately aggravates HF (18). 
Therefore, early assessment of LAP in patients with cardiac 
insufficiency may contribute to early prediction of HF.

Ballistocardiography (BCG) records chest vibrations 
when the heart beats and ejects blood to peripheral blood 
vessels (19,20). Electrocardiogram (ECG) records the 
electrical activity change during each cardiac cycle by the 
ECG machine (21). The optical fiber has the advantages 
of lighter weight, better ability of anti-electromagnetic 
interference and higher sensitivity (more than 3 magnitude 
higher than the piezoelectric sensor) (22). In this study, 
a novel fiber optic vibration sensor was used to record 
BCG signals generated by thoracic vibration in a non-
implanted way. This study is the first research using BCG 
technique to record BCG signals of diastolic hemodynamics 
of human heart through the thoracodorsal axis. Through 
acquisition and analysis of BCG signals of thoracic 
vibration in 103 adults (with different heart diseases), early 
diastolic ventricular vibration waves recorded by BCG (the 
BCG-B3 index, which corresponds to S3 at the end of the 
rapid filling phase of diastole) were extracted, which are 
physiologically related to S3. Previous studies have not 
shown whether the BCG-B3 index can effectively identify 
elevated LAP. The purpose of this study was to investigate 
whether the BCG-B3 index is related to LAP and whether 
it can effectively identify elevated LAP in HF patients. We 
present the following article in accordance with the STARD 
reporting checklist (available at https://dx.doi.org/10.21037/
apm-21-1840).

Methods

Study population

This research project was approved by the Ethics Review 
Committee of the First Affiliated Hospital of Shantou 
University Medical College (No. 2019071). All patients 
provided written informed consent before participating in 
this clinical single-center diagnostic trial. All procedures 
performed in this study involving human participants were 
in accordance with the Declaration of Helsinki (as revised 
in 2013).

From January 2019 to January 2020, 103 patients 
attending the echocardiography (ECHO) department of 
the First Affiliated Hospital of Shantou University Medical 
College were prospectively and continuously enrolled 
according to pre-established inclusion and exclusion 
criteria, and their cross-sectional BCG and ECHO data 
were collected. The flow chart of this study is shown in 
Figure 1.

The inclusion criteria were as follows: patients with 
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chronic HF and some patients with other underlying 
diseases. According to the 2016 European Society of 
Cardiology (ESC) guidelines for the diagnosis and 
treatment of acute and chronic HF (4), in addition to a 
relevant clinical history and signs, an HF diagnosis must 
also be confirmed by objective evidence, including at least 
one of the following: (I) an increased natriuretic peptide 
level; and (II) objective evidence of pulmonary or systemic 
congestion on imaging (e.g., high filling pressure by chest 
radiography or ECHO parameters) or by hemodynamic 
examination in the resting state or an active state [e.g., 
right heart catheterization (RHC) and pulmonary artery 
catheterization (PAC)].

The exclusion criteria were as follows: moderate or 
severe stenosis or insufficiency of a heart valve, patients 
with a prosthetic valve or mitral valvuloplasty; patients 
with severe mitral annulus calcification, patients with atrial 
fibrillation (AF) and congenital heart diseases. Changes 
in the size of and the pressure in the cardiac chambers of 
these patients were not caused by reduced diastolic function 

but by diseases in valves or structural changes in the heart. 
In AF patients, only the mitral inflow peak early diastolic 
velocity (E) can be obtained from transmitral blood flow, 
and relevant ultrasound parameters to evaluate diastolic 
function are lacking.

According to the study of Nagueh et al. and the 2016 
ASE/EACVI guidelines (17,23), LAP or PCWP can 
be calculated from the mean ratio of mitral inflow peak 
early diastolic velocity to the early diastolic velocity 
of the mitral annulus (E/e’) or the Nagueh equation  
(LAP = 1.24 × E/e’  + 1.9).  Eighty-seven patients 
were divided into the normal LAP group (E/e’ <10,  
LAP <14 mmHg), the mildly elevated LAP group (10≤ E/e’ 
≤14, 14 mmHg ≤ LAP ≤18 mmHg), and the highly elevated 
LAP group (E/e’ >14, LAP >18 mmHg).

BCG

Figure 2A is a schematic diagram of the optical fiber. In 
Figure 2B, the fiber-optic sensor is embedded in a small 

Patients enrolled (n=103)

E/e’ <10 10≤ E/e’ ≤14 E/e’ >14

16 patients excluded

(5 patients with medium to 

severe mitral valve stenosis; 

3 with severe mitral valve 

insufficiency; 2 with severe 

mitral calcification; 3 with 

valve replacement; 3 with 

atrial fibrillation)

The normal LAP

group (n=34)

The mild LAP

group (n=27)

The high LAP

group (n=26)

Patients included (n=87)

Categorized by average E/e’

Figure 1 Study flowchart. E/e’, mitral inflow peak early diastolic velocity to early diastolic velocity; LAP, left atrial pressure.
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mattress-like device under the patient’s back. The patient 
is lying flat for 1 minute, and the BCG signals recorded at 
the thoracodorsal axis are transmitted wirelessly from the 
communication box to the diagnostic terminal. In Figure 2C 
depicts the devices includes an electrocardiography (ECG) 
module, a phonocardiography (PCG) module, and a BCG 
module.

In the ECHO department, after communication with 
and obtaining informed consent from each patient, a 
5-minute BCG examination was performed with the built-
in fiber-optic sensor after an ECHO examination. The 
BCG device was placed on a bed, and the patient laid supine 
on a mattress with the BCG assessment device. The ECG 
wires were connected to the left and right upper limbs 
and chest of the patient, PCG wires were attached to the 
patient’s heart apex, and BCG sensors were attached to the 
patient's back. The BCG device simultaneously collected 
ECG, PCG, and BCG signals. The three signals are shown 
in Figure 3A,B.

By collecting and analyzing the BCG signals of 103 
adults (with different heart diseases), we extracted the 
BCG-B3 index. In Figure 2, the fiber-optic vibration sensor 
(Figure 2A) is placed on the patient’s back (Figure 2B). The 
fiber-optic vibration sensor obtains a composite signal of 
the patient’s chest vibration from the back, which contains 
the chest vibration caused by the patient’s respiration and 
the patient’s BCG signal [Figure 2C (upper)]. The composite 
superimposed signal is preliminarily filtered to obtain the 
vibration signal of standard respiration [Figure 2C (middle)] 
and the BCG signal [Figure 2C (lower)]. The BCG signal 
is further filtered, and the R peak of the QRS of the ECG 
signal is used as a reference point to divide the signal of 

multiple consecutive cardiac beats into multiple segments, 
and each segment contains only one cardiac beat. The BCG 
signal in each segment is normalized, i.e., the maximum 
amplitude of the systolic phase (between R and S2) in the 
segment is set to 100%, and the amplitudes of the signal at 
other positions are correspondingly normalized (between 0 
and 100%), thus yielding multiple normalized amplitudes 
of the heartbeat signal in segments. After normalization, 
multiple heartbeat signals are superimposed to obtain the 
average signal of multiple heartbeats. Next, the R peak in 
the QRS signal in the ECG signal of each heartbeat is used 
as a reference time point, and the BCG signals of multiple 
heartbeats are superimposed to obtain average ECG, PCG, 
and BCG curves, as shown in Figure 3A,B. From the average 
BCG curve, the typical QRS signal can be identified, and 
the S1 and S2 signals can be identified from the PCG curve. 
The characteristics of three main signals can facilitate 
the division of cardiac cycle intervals. According to a 
physiological description, the period after S2 and before 
the ECG P wave belongs to early diastole. The maximum 
amplitude in early diastole is extracted and marked on the 
BCG curve, which is defined as the BCG-B3 index. After 
normalization, the amplitude of BCG-B3 is between 0 and 
100%. BCG-B3 is the ratio of the amplitude of the position 
of B3 to the maximum amplitude of the systolic phase, and 
is a dimensionless relative value. The BCG-B3 index was 
automatically output by the BCG device, and the data were 
recorded and analyzed by a technician who did not have 
access to the clinical data and other hemodynamic data of 
the patients.

During early diastole, the heart completes early filling 
followed by a short rest period. The length of the rest 

Figure 2 BCG equipment and signal based on optical fiber sensor. (A) Fiber-optic cables. (B) A patient lying on the device with the fiber-
optic sensor and processor embedded. (C) Signal from the fiber-optic sensor. (C) Upper trace, a combination of respiratory movement 
and heartbeat signals; middle trace, isolation of the respiratory signal; and lower trace, signal of vibrations from heartbeats. This image 
is a simple depiction of the signal. Through amplification and other processes, more details can be observed from the signal. BCG, 
ballistocardiography.

A B C
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Figure 3 The BCG-B3 index identify high LAP. (A) Signal from a healthy subject with a lower BCG-B3 amplitude on the BCG signal. (B) 
Signal with higher BCG-B3 on BCG from a patient with high LAP. (C) Comparison of the BCG-B3 index among the three study groups. 
(D) Comparison of the BCG-B3 index between the HFrEF group and HFpEF group. (E) Relationship of the BCG-B3 index with the E/e’ 
ratio. (F) ROC curve for the detection of high LAP (test 1) and mild LAP (test 2) using the BCG-B3 index. LAP was estimated by ECHO. 
BCG-B3, early diastolic ventricular vibration waves recorded by ballistocardiography; LAP, left atrial pressure; BCG, ballistocardiography; 
HFrEF, heart failure with a reduced ejection fraction; HFpEF, heart failure with a preserved ejection fraction; E/e’ ratio, mitral inflow peak 
early diastolic velocity to the early diastolic velocity of the mitral annulus; ROC, receiver operating characteristic; ECHO, echocardiography; 
ECG, electrocardiogram; PCG, phonocardiography.

period is related to the total duration of heartbeats. The E 

of transmitral blood flow and the early diastolic velocity of 

the mitral annulus (e’) in early diastole were recorded by 

ECHO.

ECHO

In the ECHO department, ultrasound images were 
collected using a Philips Sonos 5500 Ultrasound System 
and Doppler tissue imaging (DTI) software. ECHO image 
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acquisition was performed in an offline analysis platform 
(MedEx) equipped with two-dimensional (2D) and Doppler 
by a technician who did not know the clinical data and 
hemodynamic data of the patient. The specific measurement 
methods are as follows.

Measurement method for the left ventricular ejection 
fraction (LVEF): the left ventricular endocardial margin was 
delineated on the four-chamber and two-chamber views of 
the heart, and the end-diastolic volume (EDV) and end-
systolic volume (ESV) were calculated by the modified 
Simpson method (biplane method of disks). The LVEF 
was calculated using the EDV and ESV, and the formula 
is LVEF = (EDV − ESV)/EDV. Measurement method for 
mitral valve flow: in the apical four-chamber view, pulse 
Doppler was used to measure the forward flow velocity 
at the mitral valve orifice to assess left ventricular filling. 
During diastole, a sampling volume of 1 to 3 mm was placed 
on the cusps of the mitral valve to record a clear blood 
flow velocity profile, and the main measurement indicators 
included E, mitral inflow peak late diastolic velocity (A), 
and the E/A ratio. DTI of the mitral annulus: pulsed DTI 
was used to measure mitral annulus velocity at the apical 
section. The sampling volume was placed at or within 1 
cm of the attachment position of the ventricular septum 
in the mitral valve and the lateral wall. The measurement 
indicators included e’ and the late diastolic velocity of the 
mitral annulus (a’). Measurement method for the left atrial 
volume index: the 2D method was used to delineate the 
blood-tissue interface on the apical four-chamber view or 
two-chamber view, and the left atrial volume was calculated 
using the biplane method of disks. Measurement method 
for peak tricuspid regurgitation velocity (VTR): continuous 
Doppler was used to measure the peak VTR during systole. 
In this study, the parameter e’ is the average e’ and E/e’ is 
the average E/e’.

Statistical analysis

This study was a preliminary study of LAP identification 
by a BCG device; thus, a specific and accurate sample size 
cannot be calculated. Statistical analysis was performed 
using IBM SPSS 22.0. GraphPad Prism 8.3 was used to 
draw statistical graphs. Continuous variables are expressed 
as the mean ± standard deviation (SD); categorical variables 
are expressed as n (%). The Kolmogorov-Smirnov (K-S) 
test (n>50) and the Shapiro-Wilk (S-W) test (n<50) were 
used to test the normality of the continuous variables in 
each group. Before comparison, all variables in each group 

were tested for normality and homogeneity of variance. 
When comparing variables between two groups, if groups 
satisfied the tests of normality (α=0.05) and homogeneity of 
variance, the t-test was used; if one group showed a skewed 
distribution, the Mann-Whitney U test was used. When 
comparing variables among three groups, if groups met the 
tests of normality (α=0.05) and homogeneity of variance, 
one-way analysis of variance (ANOVA) was used. The 
least significant difference (LSD), Student-Newman-Keuls 
(SNK) test, and Dunnett test for post-hoc analysis were 
used to compare differences between groups. The Kruskal-
Wallis H test was used to compare differences among the 
three groups if any one variable did not pass the normality 
test. Pearson correlation analysis was used for the BCG-B3 
index and the E/e’ ratio since both variables showed a 
normal distribution. To investigate the diagnostic efficacy 
of the BCG-B3 index, a receiver operating characteristic 
(ROC) curve was used, and the area under the ROC curve 
(AUC) was calculated. The cutoff value of the BCG-B3 
index was determined by the maximum Youden index. 
The consistency between the BCG-B3 index and ECHO 
parameters in identifying elevated LAP was measured using 
a matched fourfold table. P<0.05 was considered statistically 
significant.

Results

Patient population and clinical characteristics

Among 103 patients, 16 were excluded (five with moderate 
and severe mitral stenosis, three with severe mitral valve 
insufficiency, two with severe mitral annulus calcification, three 
with valve replacement, and three with AF) since BCG and 
ECHO cannot evaluate them correctly. Finally, 87 patients 
were fully assessed with BCG and ECHO. Thirty-four patients 
were included in the normal LAP group, including 14 patients 
with the New York Heart Association (NYHA) functional class 
I/II HF. None of these patients showed signs or symptoms of 
HF. The mildly elevated LAP group included 27 patients with 
NYHA functional class I–IV HF. These patients did not have 
pulmonary congestion-related symptoms. The significantly 
elevated LAP group consisted of 26 patients with NYHA 
functional class III–IV HF and pulmonary congestion-related 
symptoms or signs of varying degrees. All hypertension 
patients received β-blockers, calcium channel blockers, or 
both; patients with coronary heart disease (CHD) were treated 
with nitrate esters; and patients with diabetes were treated with 
hypoglycemic therapy.
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The demographic and clinical characteristics of the three 
groups are shown in Table 1. No significant differences in 
sex composition, heart rate, and body mass index (BMI) 
were noted among the three groups (Table 1). Both the 
mildly and significantly elevated LAP groups had a high 
prevalence of clinically relevant diseases (P<0.01). Diastolic 
blood pressure (DBP) in the mildly elevated LAP group 
was higher than that in the other two groups (P<0.01). In 
the significantly elevated LAP group, the patients were 
older (P<0.01), and the ratios of heart failure with a reduced 
ejection fraction (HFrEF) patients and NYHA IV patients 
were higher than those in the other two groups (P<0.01).

The BCG-B3 index and ECHO variables

The distribution characteristics of the BCG-B3 and ECHO 

parameters in the three groups are shown in Table 2. The 
distribution of the BCG-B3 index among the three groups 
is shown in Figure 3C. No statistically significant difference 
in the BCG-B3 index was found between the normal and 
mildly elevated LAP groups (P=0.607). The difference in 
the BCG-B3 index between the normal and significantly 
elevated LAP groups was statistically significant (P<0.001). 
The difference in the BCG-B3 index between the mildly 
and significantly elevated LAP groups was statistically 
significant (P=0.001). Compared with the significantly 
elevated LAP group, the other two elevated LAP groups 
had significantly higher BCG-B3 indexes, E values, E/
A ratios, and E/e’ ratios (P<0.01), and the LVEF and a’ 
were significantly lower (P≤0.001). The e’ followed the 
order of the normal LAP group > the mildly LAP group 
> significantly elevated LAP group, and the differences 

Table 1 Clinical characteristics in the study groups

Items Normal LAP (n=34) Mild LAP (n=27) High LAP (n=26)

Age (yr) 62±12.7 60±10.1 71±9.6*

Male, n [%] 24 [71] 11 [41] 14 [54]

BMI (kg/m2) 23.4±1.7 23.8±2.2 22.7±4.7

SBP (mmHg) 124±9.8 129±10.3 123±9.9‡

DBP (mmHg) 78±10.7 86±9.1$ 83±9.7

Heart rate (beats/min) 76±10.3 78±12.5 74±10.6

Clinical characteristics, n [%]

Coronary artery disease 3 [9]# 20 [74] 21 [81]

Diabetes mellitus 1 [3]* 11 [41] 9 [35]

Hypertension 2 [6]# 18 [67] 21 [81]

Hyperlipidemia 3 [9]# 20 [74] 19 [73]

CHF category, n [%]

HFpEF 13 [38] 26 [96]# 13 [50]

HFrEF 1 [3] 1 [4] 13 [50]#

NYHA category, n [%]

NYHA I 9 [26] 4 [15] 0

NYHA II 5 [15] 8 [30] 0

NYHA III 0 13 [48] 13 [50]

NYHA IV 0 2 [7] 13 [50]#

The mean ± SD or the number of patients. #, P<0.001 compared with the other two groups; *, P<0.01 compared with the other two groups; 
$, P<0.01 compared with the normal LAP group; ‡, P<0.05 compared with the mild LAP group. LAP, left atrial pressure; BMI, body mass 
index; SBP, systolic blood pressure; DBP, diastolic blood pressure; CHF, congestive heart failure; HFpEF, heart failure with a preserved 
ejection fraction; HFrEF, heart failure with a reduced ejection fraction; NYHA, New York Heart Association; SD, standard deviation.
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were statistically significant (P ≤ 0.001). No significant 
differences in the e’/a’ ratio were found among the three 
groups. The distribution characteristics of the BCG-B3 
index (Figure 3D) between the HFrEF group (58.72±5.80) 
and heart failure with a preserved ejection fraction (HFpEF) 
group (39.00±2.32) showed that the BCG-B3 amplitude in 
the HFrEF group was significantly higher than that in the 
HFpEF group, and a significant difference was identified 
between the two groups (P=0.0004).

Relationships of the BCG-B3 index with ECHO variables

The correlations between the BCG-B3 index and 
the ECHO parameters are shown in Table 3, and the 
distribution of r is wide. The BCG-B3 index [38.54±20.40 
(range, 4.44 to 100.00)] had the best correlation with the 
E/e’ ratio, with an r value of 0.51 (P<0.01) (Figure 3E), 
followed by the E/A ratio, with an r value of 0.50 (P<0.01), 
and the largest negative correlation was found for a’, with 
an r value of -0.43 (P<0.01). No correlations were found 
between the BCG-B3 index and the e’/a’ ratio, pulmonary 
artery systolic pressure (PAsP), and LAMVI.

Diagnostic test characteristics of the BCG-B3 index

As shown in Table 4 and Figure 3F, when the BCG-B3 index 
identified significantly elevated LAP, under a best cutoff 

Table 2 BCG-B3 and echocardiographic variables in the study groups

Items Normal LAP (n=34) Mild LAP (n=27) High LAP (n=26)

BCG-B3 index (%) 31.6±17.3 34.1±13.6 52.0±23.7*

LVEF (%) 65±5.4 67±7.3 52±16#

E (cm/s) 66±14.9 71±12.9 103±32.1#

A (cm/s) 87±17.6 93±16.0 96±28.3

E/A ratio 0.80±0.2 0.78±0.2 1.18±0.5#

e’ (cm/s) 8.1±2.1# 6.3±1.2# 4.7±1.3#

a’ (cm/s) 11.2±2.2 10.9±1.9 8.2±2.6#

e’/a’ ratio 0.7±0.2 0.6±0.1 0.6±0.2

E/e’ ratio 8.3±0.9‡ 11.1±1.0 22.8±8.1#

The data presented are the mean ± SD. #, P ≤0.001 compared with the other two groups; *, P<0.01 compared with the other two groups; 
‡, P<0.05 compared with the mild LAP group. BCG-B3, early diastolic ventricular vibration waves recorded by ballistocardiography; LAP, 
left atrial pressure; LVEF, left ventricular ejection fraction; E, mitral inflow peak early diastolic velocity; A, mitral inflow peak lte diastolic 
velocity; E/A ratio, early to late transmitral flow velocity; e’, early diastolic velocity of the mitral annulus; a’, late diastolic velocity of the 
mitral annulus; e’/a’ ratio, mitral annulus early diastolic velocity to late diastolic velocity; E/e’ ratio, mitral inflow peak early diastolic velocity 
of the mitral annulus.

Table 3 Relationships of the BCG-B3 index with 2D, Doppler 
echocardiographic, and DTI variables

Items r P value

LVEF (n=87) 0.39 <0.01

Mitral E velocity (n=87) 0.46 <0.01

Mitral A velocity (n=87) –0.19 <0.01

Mitral E/A ratio (n=87) 0.50 <0.01

E/e’ ratio (n=87) 0.51 <0.01

e’ (n=87) –0.25 0.01

a’ (n=87) –0.43 <0.01

e’/a’ ratio (n=87) 0.15 0.16

VTR (n=51) 0.31 <0.01

LAMVI (n=37) 0.10 0.53

PAsP (n=51) 0.26 0.06

BCG-B3, early diastolic ventricular vibration waves recorded by 
ballistocardiography; 2D, two-dimensional; DTI, Doppler tissue 
imaging; LVEF, left ventricular ejection fraction; E, mitral inflow 
peak early diastolic velocity; A, mitral inflow peak late diastolic 
velocity; E/A ratio, early to late transmitral flow velocity; E/
e’ ratio, mitral inflow peak early diastolic velocity to the early 
diastolic velocity of the mitral annulus; e’, early diastolic velocity 
of the mitral annulus; a’, late diastolic velocity of the mitral 
annulus; e’/a’ ratio, mitral annulus early diastolic velocity to late 
diastolic velocity; VTR, tricuspid regurgitation velocity; LAMVI, 
left atrial maximal volume index; PAsP, pulmonary artery systolic 
pressure.
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value of 55.13, the positive consistency value between the 
BCG-B3 index and the E/e’ ratio in identifying LAP was 
0.93, the negative consistency value was 0.53, the overall 
consistency value was 0.82, the positive predictive value 
(PPV) was 0.78, the negative predictive value (NPV) was 
0.83, and the AUC was 0.73 [95% confidence interval (CI): 
0.60–0.86; P=0.0005]. When the BCG-B3 index identified 
mildly and significantly elevated LAP, under a best cutoff 
value of 48.96, the positive consistency value between the 
BCG-B3 index and the E/e’ ratio in identifying LAP was 
0.29, the negative consistency value was 1.0, the overall 
consistency value was 0.36, the PPV was 1.0, the NPV was 
0.15, and the AUC was 0.64 (95% CI: 0.52–0.76; P=0.03). 
In summary, the diagnostic efficacy of the BCG-B3 index in 
identifying significantly elevated LAP was higher than that 
of the BCG-B3 index in identifying mildly elevated LAP.

Discussion

In this study, for the first time, the BCG-B3 index 
extracted by a BCG device using a fiber-optic sensor was 
compared with ECHO parameters, which are currently 
frequently used in clinical practice, and the BCG-B3 index 
showed a strong ability to identify high LAP. The current 
identification results of this study (only the BCG-B3 index 
was used) showed that the BCG-B3 index performed well, 
and the correlation coefficient between the BCG-B3 index 
and the E/e’ ratio was 0.51. Compared with the E/e’ ratio 
in identifying LAP (17), the BCG-B3 index had a good 
identification ability for significantly elevated LAP, with 
an AUC of 0.73. Under the optimal cutoff value of 55.13, 

the positive consistency value between the BCG-B3 index 
and the E/e’ ratio in identifying LAP was 0.93, the negative 
consistency value was 0.53, and the overall consistency value 
was 0.82.

To better explore the diagnostic efficacy of the BCG-B3 
index in identifying high LAP, an individual sign or 
symptom commonly used in the clinical assessment of 
volume overload and an individual ECHO parameter 
were used for comparison. Studies have shown (24) that 
in the clinical assessment of elevated filling pressure, an 
invasive right atrial pressure (IRAP) >7 mmHg is used as 
the standard. When jugular venous pulsation (JVP) >8 cm  
is used as the cutoff value, the sensitivity is 48% and the 
specificity is 78%; when the presence of jugular vein 
reflux is used as the threshold, the sensitivity is 50% and 
the specificity is 75%; when liver enlargement is used, 
the sensitivity is 51% and the specificity was 62%; and 
when edema in the legs is used, the sensitivity is 94% and 
the specificity was 10%. The above methods have certain 
limitations. For example, observation of the jugular vein and 
physical examination of the liver are prone to the influence 
of obesity; for physical examination of liver enlargement 
and bilateral leg edema, false-positive identification may 
increase due to noncardiogenic reasons. PCWP >18 mmHg 
is used as the gold standard. When dyspnea at rest is used 
as the threshold, the sensitivity is 50% and the specificity is 
73%; when dyspnea during exercise is used, the sensitivity 
is 66% and the specificity is 52%; when orthopnea is 
used, the sensitivity is 66% and the specificity is 47%; and 
when rales on auscultation is used, the sensitivity is 13% 
and the specificity is 90%. These methods are susceptible 

Table 4 Accuracy of diagnosing high LAP: total population

Items
Test 1: BCG-B3 identification  

(high vs. normal LAP)
Test 2: BCG-B3 identification  
(mild + high vs. normal LAP)

Best cutoff 55.13 48.96

Positive consistency rate 0.93 (0.84–0.98) 0.29 (0.19–0.41)

Negative consistency rate 0.53 (0.33–0.73) 1.00 (0.73–1.00)

Overall agreement 0.82 0.36

PPV 0.78 1.00

NPV 0.83 0.15

AUC 0.73 (0.60–0.86) 0.64 (0.52–0.76)

Values with 95% confidence intervals are shown. LAP was estimated by ECHO. LAP, left atrial pressure; BCG-B3, early diastolic ventricular 
vibration waves recorded by ballistocardiography; PPV, positive predictive value; NPV, negative predictive value; AUC, area under the ROC 
curve; ECHO, echocardiography.
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to interference from other confounding factors, and 
dyspnea may be caused by noncardiac factors. In daily 
clinical practice, physicians strongly rely on ECHO to 
assess whether a patient has volume overload (25). In the 
assessment of filling pressure by ECHO, IRAP >7 mmHg 
is used as the gold standard. When inferior vena cava 
(IVC) collapse rate ≥50% is used as the cutoff value, the 
sensitivity is 12% and the specificity is 27%; and when an 
IVC diameter <12 mm is used, the sensitivity is 67% and 
the specificity is 91%. This type of method is not suitable 
for patients with positive-pressure ventilation. PCWP 
>18 mmHg is used as the standard. When E >50 (cm/s) 
is used as the cutoff value, the sensitivity is 92% and the 
specificity is 28%; when a lateral E/e’ ratio >12 is used, 
the sensitivity is 66% and the specificity is 55%; when an 
E-wave deceleration time ≥130 ms is used, the sensitivity 
is 81% and the specificity is 80%; when a ratio of peak 
pulmonary venous flow velocity during ventricular systole 
to that during ventricular diastole (S/D) <l is used, the 
sensitivity is 83% and the specificity is 72%; and when the 
presence of diffuse B-lines on lung ultrasound is used as 
the threshold, the sensitivity is 85.7% and the specificity 
is 40%. In summary, based on the results of this study, the 
identification ability of the BCG-B3 index is superior to 
that of clinically used individual symptoms or signs. Because 
a non-gold standard was used as the reference in this study, 
the identification performance was reduced to some extent, 
and an accurate comparison of the BCG-B3 index with 
other individual ECHO parameters in identifying volume 
overload could not be performed.

According to the BCG characteristic curve, BCG-B3 
occurs after S2 and before the ECG P wave, thus 
physiologically belonging to early diastole. The maximum 
amplitude recorded in this segment is defined as the 
BCG-B3 index. The BCG-B3 index substantially overlaps 
with S3 in the time phase. Regarding whether the BCG-B3 
index recorded on and extracted from BCG traces belongs 
to S3, this study elaborated only the possibility of this 
parameter, and the specific mechanism requires further 
elucidation in subsequent animal experiments. S3 occurs 
in early diastole. At the end of rapid ventricular filling, 
mechanical vibration (including the ventricular wall, blood 
flow in the ventricular cavity, and adjacent structures) 
is generated due to rapid blood flow deceleration (26). 
When HF worsens, due to increased ventricular filling 
pressure and decreased myocardial compliance, S3 can 
be heard clearly (26,27). S3 has moderate sensitivity and 
high specificity in identifying elevated LVFP (28,29). S3 

is considered one of the earliest symptoms of HF (26,27). 
Patients with S3 on auscultation during hospitalization 
have high all-cause and cardiogenic mortality (30). 
Clinical studies have shown that when S3 heard through 
a stethoscope by human ears is used to identify patients 
with elevated filling pressure, the sensitivity is 0.73 and the 
specificity is 0.42. The positive consistency value between 
the BCG-B3 index and the E/e’ ratio was 0.93, the negative 
consistency value was 0.53, and the overall consistency 
value was 0.82. Although the standard used was ECHO 
(which is widely used in clinical practice) rather than the 
gold standard, the current results showed that the BCG-B3 
index performed well in identifying high LAP, suggesting 
the potential value of noninvasive wearable devices.

First, the good performance may benefit from the 
recorded low-frequency part of S3. S3 includes the 
audio part and infrasound part (low-frequency part) (31). 
Cardiac auscultation has been a useful clinical examination 
method for a long time. Traditionally, the audio frequency 
of S3 and other pathological heart sounds are usually 
determined by clinicians using a stethoscope. However, 
with the development of medicine, auscultation seems to 
be increasingly underused (32). The main reasons are as 
follows:
 Clinical experience: heart sound signals are complex 

and require well-trained professional medical 
personnel for accurate medical interpretations.

 Interobserver variation (33,34): the interpretation 
of heart sounds involves significant interobserver 
variation.

 Human hearing limitations (35): human can hear 
sound only between 20 Hz and 20 kHz. The 
frequency of diastolic vibration signals often exceeds 
this range; therefore, the human ear cannot hear 
them.

Although human ears cannot hear these vibrations due 
to physical limitations, these vibrations can be captured by 
sensors. Recent studies (31) have shown that the sensors 
in implanted cardiac devices can be used to monitor S3 
amplitudes continuously (both audio and infrasound 
components) and provide objective quantification of S3, 
which can help remedy the aforementioned deficiencies. 
Thakur et al. reported that in animal models (16), the 
S3 intensity read by an implanted device was correlated 
with changes in LAP, and the correlation coefficient 
was 0.62. The results of another study also showed that 
the S3 amplitude read by PCG had high specificity in 
identifying elevated LVEDP (28). In this study, the 
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correlation coefficient between the BCG-B3 index and the 
E/e’ ratio was 0.51, which is a higher than those in animal 
experiments, and no invasive procedures are required.

Second, the good performance of this noninvasive device 
was due to the use of fiber-optic sensors. BCG uses high-
sensitivity fiber-optic sensor technology, which prevents 
interference from light on surrounding electromagnetic 
waves. Even extremely weak signals can be converted 
into effective electrical signals by increasing the light  
intensity (36). Therefore, compared with an ordinary sensor, 
fiber-optic sensors have higher sensitivity. In addition, most 
current devices for filling pressure monitoring must be 
implanted. For devices from traditional large medical device 
companies, such as Medtronic’s cardiac resynchronization 
therapy (CRT) device Optivol (37) and Abbott’s CRT 
device CorVue (38), transthoracic impedance (37,39-41) is 
often measured to understand pulmonary congestion, and 
then the occurrence of HF decompensation events can be 
predicted before symptom onset. However, these devices 
require patients to meet the indications for CRT and must 
be implanted. These devices are very expensive (the price 
can be hundreds of thousands of dollars), and the suitable 
patient population is small. The implantable cardioverter 
defibrillator/CRT with a defibrillator (ICD/CRT-D) 
belonging to the RESONATE family of Boston Scientific 
received US approval in 2017 and includes the HeartLogic 
function to warn of the onset of HF decompensation events, 
which is calculated using a series of composite parameters. 
Among the parameters, the two most important are S3 
and the respiration rate. A follow-up of 900 HF patients 
with the Boston Scientific ICD/CRT-D was conducted 
for 1 year. The HeartLogic function could provide early 
warnings of HF decompensation events by an average of  
34 days in advance (42). However, the complications of 
ICD/CRT-D implantation include lead displacement, 
bleeding or infection of pacemaker sac,  infective 
endocarditis, and inappropriate electric shock. For 
other minimally invasive implantable devices, such as 
CardioMEMS, 155 complications occurred from May 28, 
2014, to May 28, 2017, including pulmonary embolism, 
device detachment, a need for reimplantation, pulmonary 
artery injury, and even death (43).

Finally, because of the enormous impact of HF on 
medical and health expenditures and quality of life, 
although the correlation coefficient between the BCG-B3 
index and the E/e’ ratio was 0.51, the positive consistency 
value between the BCG-B3 index and the E/e’ ratio was 
0.93, the negative consistency value was 0.53, and the 

overall consistency value was 0.82, this wearable device 
still has certain application prospects, which may generate 
significant benefits for the overall disease burden. In this 
study, the fiber-optic sensor-based BCG device measured 
and extracted the BCG-B3 index, which enables accurate 
and independent LAP determination in HF patients. This 
novel fiber-optic sensor-based device offers an opportunity 
for remote monitoring of HF patients using a continuous, 
objective, and reliable alternative method rather than 
hemodynamic examination.

Study limitations

At present, it’s a novel method that we record BCG-B3 
index by BCG technology with optical fiber sensor. 
Therefore, the BCG-B3 index has not been widely used 
in clinical practice. The main reasons are as follows. 
First, this study used the E/e’ ratio (an ECHO parameter 
frequently used in clinical practice) as the reference rather 
than the gold standard, thus reducing the clinical value of 
the study results to some extent. Second, considering the 
complex pathophysiology of HF, the manifestations of any 
special signs or symptoms are very different. An individual 
parameter may not be sufficient to assess the clinical status 
of a patient. In future studies, using the fiber-optic sensor-
based BCG device, the BCG-B3 index will be combined 
with other physiological parameters, such as heart rate 
and respiratory rate, to establish a set of algorithms for 
comprehensive identification of elevated LAP, and the 
diagnostic value of an integrated algorithm for identifying 
elevated LAP in HF patients will be investigated.

Conclusions

The BCG-B3 index recorded by noninvasive BCG 
technology with a built-in fiber-optic sensor has important 
diagnostic value for identifying elevated LAP, and the 
accuracy is relatively high. BCG examination is not limited 
by venue and the doctor’s experience. BCG can provide 
timely remote assessments for HF patients.
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