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Background: Heart failure is a global health problem, and elevated left atrial pressure (LAP) is a precursor
to identifying decompensated heart failure. At present, out-of-hospital monitoring of patients with heart
failure is mostly based on the patient’s symptoms and signs, and the use of non-invasive technology is scarce.
In this study, a non-invasive ballistocardiography (BCG) device was used to collect thoracic vibration signals
generated by heartbeat. We collected these signals from more than 1,000 adults, including those with
different heart diseases, and used a sensor system and a composite index related to LAP recognition named
the LAP-index, to analyze them. This study aimed to verify the reliability and accuracy of the LAP-index in
identifying elevated LAP within heart failure patients.

Methods: We prospectively included 158 patients with various extent of diastolic function, some of whom had
various underlying diseases, and collected BCG and echocardiographic data using a cross-section methodology.
The BCG signal was recorded from multiple optical fiber vibration sensors placed on the back of each patient.
We adopted the 2016 ASE/EACVI echocardiography guideline as the standard for determining LAP level
from echocardiography parameters. To evaluate the diagnostic efficacy of the LAP-index, we drew a receiver
operating characteristic (ROC) curve and calculated the area under the ROC curve (AUC).

Results: The LAP-index of the 158 patients ranged from 6 to 32. Of them, 39 were diagnosed as high LAP
by echocardiography, and 119 cases had normal or slightly elevated LAP. Comparison of the LAP-index
results and echocardiographic results revealed the ROC c-statistic of the LAP-index for identifying high
LAP was 0.86 (95% CI: 0.79-0.93; P<0.0001). When the LAP-index was at the best cut-off value of 15.5, the
positive agreement rate between it and echocardiography LAP was 0.85, the negative agreement rate was 0.80,
and the overall agreement rate was 0.81.

Conclusions: The sensor system and the LAP-index, a composite index derived from BCG, have high
reliability and accuracy in identifying elevated LAP, which provides a novel possibility for the non-invasive

detection of hemodynamic congestion in heart failure patients.
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Introduction

Heart failure is a complex set of clinical syndromes and the
final stage of various cardiovascular diseases. Although the
past few decades have seen significant progress in drugs and
other equipment to treat the condition, the hospitalization
rate and rehospitalization rate remain high, and the 5-year
mortality rate is as high as 50% (1). The hospitalization
rate is a powerful independent predictor of mortality in
heart failure, as it often indicates patients have entered
a decompensation period when it is difficult to restore
heart structure and function, even with treatment (2,3) .
Therefore, it is crucial to reduce the hospitalization rate by
detecting various physiological parameters and assessing
the progress of heart failure at an early stage and establish
intervention measures in a timely manner (3).

"Traditional methods for assessing the disease progression
of patients with heart failure include monitoring symptoms
and signs and recording the daily weight (4,5), and
monitoring natriuretic peptide levels (6), noninvasive
bioimpedance (7), and implantable bioimpedance (8).
While the advantage of monitoring body weight to assess
acute decompensation in heart failure is easy to quantify,
the sensitivity is low (9,10). Compared with transthoracic
impedance (10), albeit a with a higher false-positive rate
in predicting acute heart failure events (10-12). The
monitoring and management of these traditional indicators
have a low sensitivity and high false-positive rate, and
relevant clinical trials have not confirmed their use results
in a reduction in hospitalization rates (13).

At present, the most well-recognized management
indicator of heart failure is the monitoring of ventricular
filling pressure. Left ventricular filling pressure (LVFP)
can be indicated by pulmonary capillary wedge pressure
(PCWP), left atrial pressure (LAP), or left ventricular
end-diastolic pressure (LVEDP) (14), and elevated LAP
is a precursor to decompensated heart failure. In the past,
filling pressure has been assessed by carotid pulsation,
edema, dyspnea, rales, the presence of a third heart sound,
pulse pressure, and other symptoms and signs (15). While
the use of right heart catheter to measure PCWP and left
heart catheters to measure LVFP are the gold standards,
invasive real-time measurement methods are limited to use

by professional medical hospital staff. The CHAMPION
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clinical trial in 2011 showed that the use of pulmonary
arterial pressure (PAP) detected by implantable devices in
the management of heart failure reduced its hospitalization
rate by 37% (10). By maintaining PAP in the target range,
patients can ultimately reduce the acute decompensation
events of heart failure (16). In addition to monitoring filling
pressure by implanted pressure sensors, the third sound (S3)
and a composite index combined with S3 to monitor the
LVEP of patients with heart failure has been used. In 2017,
Thakur et al. found that found that variations of heart sound
were highly correlated with LAP on animal models (17).
Researchers used multiple sensors on implanted devices to
build an algorithm involving the core parameter of heart
sounds and several other parameters related to heart failure,
including heart rate, respiration, transthoracic impedance,
and range of motion. The results showed that its sensitivity
for warning of impending acute decompensation of heart
failure was 70%, the number of false alarms per year was
1.4 times per person, and its ability to warn of the acute
worsening of heart failure could be determined on average
34 days in advance (18). However, implantation methods
are invasive, costly, and require highly trained professional
medical staff (16). Therefore, there is an urgent need for
alternative approaches, especially the use of non-invasive
devices.

Ballistocardiography (BCG) is a non-invasive technique
for monitoring cardiovascular function. By using a novel
fiber-optic multi-sensor device to collect BCG signals,
this technology can effectively record the heartbeat and
the thoracic vibrations it produces during different cardiac
phases and heart function can be evaluated by analyzing the
amplitude and frequency of the vibrations (19). There is no
report of a non-invasive product or technology for evaluating
filling pressure based on BCG signals previously. Prior to
this study, another study has been reported by our team in
July 2021 (20), demonstrating the amplitude of the S3 in
BCG signal collected by fiber optic sensors can be used to
identify patient with elevated filling pressure determined by
echocardiography parameters. In that observational study, a
single signal feature of S3 amplitude is studied and evaluated,
demonstrating feasibility of using the S3 signal feature
derived from BCG signal to identify elevated filling pressure.
After that feasibility study, more BCG data were collected
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Patients were recruited (n=166)
From June 1, 2020 to August 31, 2020
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Ballistocardiography (BCG) test
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According to the 2016 ASE/EACVI guidelines
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The BCG-
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evaluated by Echo.

>
>

8 cases were excluded (1 case with
artificial mechanical valve; 1 case
with severe calcification of mitral
valve annulus; 1 case with pulmonary
atresia, big ventricle septal defeat,
and patent ductus arteriosus; and in
5 cases, LV filling pressure could not
be assessed by echocardiography

due to insufficient parameter)

Statistical analysis

Figure 1 Study flowchart. ASE, the American Society of Echocardiography; LAP, left atrial pressure; The BCG-LAP index, physiological

parameters related to left atrial pressure by ballistocardiography; ECHO, echocardiographic.

from over 1,000 patients with corresponding comprehensive
echocardiography reports. This generated a data base for
us to development an algorithm, which can automatically
identify multiple feature parameters from BCG signal and
calculated an estimated filling pressure, named the LAP-
index. In this study, the sensors system and the algorithm is
studied to verify the reliability and accuracy of the LAP-index
output in identifying high LAP status in patients with various
cardiac diastolic function compared with echocardiography.
We present the following article in accordance with the
STARD reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-5161).

Methods
Study population

All procedures performed in this study involving human
participants were in accordance with the Declaration of

© Annals of Translational Medicine. All rights reserved.

Helsinki (as revised in 2013). The research project was
approved by the Ethical Review Committee of the First
Affiliated Hospital of Shantou University Medical College
(No. 2019071). Before participating in the clinical study, all
patients signed informed consent. This was a prospective,
single-center diagnostic study conducted to verify the
accuracy and reliability of the LAP-index derived from
the BCG signal in identifying the LAP. From June 1,
2020, to August 31, 2020, we enrolled 166 subjects in the
echocardiography room of the First Affiliated Hospital
of Shantou University Medical College and collected the
BCG and echocardiographic parameters from the patients
by cross-section. A flow chart of this research is shown in
Figure 1.

Inclusion criteria: age >18 years; inpatients in cardiology,
including patients with heart failure and other heart diseases;
other non-cardiac inpatients, including corresponding
internal and surgical specialist diseases and/or patients
with combined heart disease; and some outpatients. In
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Phono sensor

BCG sensors placed
under the patient's back

User interface

ECG leads

Figure 2 Patients lay flat on a BCG sensor module containing
fiber optics, with a traditional heart sound sensor attached to their
chest. The ECG leads contact the patient’s upper limbs by clips.
BCG, ballistocardiography; ECG, electrocardiogram.

this study, the definition of heart failure is based on 2021
Universal Definition and Classification of Heart Failure (21):
(I) symptoms and or signs caused by a structural and/or
functional cardiac abnormality (as determined by an EF
of <50%, abnormal cardiac chamber enlargement, E/¢’
of >15, moderate/severe ventricular hypertrophy or
moderate/severe valvular obstructive or regurgitant lesion);
(I) and corroborated by at least one of the following: (I)
elevated natriuretic peptide levels; (II) objective evidence of
cardiogenic pulmonary or systemic congestion by diagnostic
modalities, such as imaging (e.g., by chest radiograph
or elevated filling pressures by echocardiography) or
hemodynamic measurement (e.g., right heart catheterization,
pulmonary artery catheter) at rest or with provocation (e.g.,
exercise).

Exclusion criteria: patients with severe mitral valve
annulus calcification; patients with prosthetic valves or
annulus; patients with congenital heart disease; and patients
whose LAP could not be graded because some parameters
of echocardiography could not be obtained.

BCG

Introduction to equipment principle

During the BCG examination, the patient was supine, with
the BCG sensors containing optical fiber placed under
their back. Chest vibration caused by the movement of
the patient’s heart and the blood flow in the large blood
vessels causes the optical fiber to produce slight bending
and deformation, and by analyzing variations in the light
signal caused by this deformation, we obtained the BCG
signal trace. Since the optical signal is not interfered with

© Annals of Translational Medicine. All rights reserved.

Zhang et al. BCG to identify high LAP

by external electromagnetic signals, it can be amplified as
extremely subtle variations can be detected. Figure 2 shows
the detection scenario.

The BCG signal acquisition system was designed and
developed by the Shenzhen DARMA Technology Co. Ltd,
and the optical fiber sensor components manufactured by
the Shenzhen Fiber Medical Technology Co. Ltd. Part
of the algorithm was jointly developed by the Shenzhen
DARMA Technology Co., Ltd. and Cardiostory Inc.,
Delaware, USA.

Stability and repeatability of BCG signal

This research was based on sensor technology which can
obtain highly repeatable BCG signals. Figure 34 shows a
subject with eight consecutive heartbeat signals, in which
the electrocardiogram (ECG), phonocardiography (PCG),
and BCG were collected simultaneously, and reveals the
signals between multiple heartbeats had a high degree
of similarity. Figure 3B illustrates the trajectory diagram
formed by superimposing the BCG signals of multiple

cardiac cycles.

Core technology

The core technology of this research was an optical fiber
sensor based comprehensive algorithm, which uses the third
heart sound as the major parameter. Based on non-invasive
hemodynamic information, the comprehensive algorithm
LAP-index was developed and refined based on the BCG
signals of over 1,000 patients with different heart diseases in
multi-centers. The LAP-index ranged from 5 to 32, and the
larger the value, the larger the estimated LAP.

Stability of the BCG signal acquisition system and LAP
calculation algorithm

To avoid selection bias, we collected BCG signals from
15 patients with heart disease, including different underlying
diseases, on the same day in the cardiology inpatient ward
in sequence of bed numbers. After continuously recording
the BCG signal from the patients for 10 minutes in a quiet
and supine position, we divided the data into different
time lengths, including the first 1, 2, 3, 5 and 8 minutes to
analyze the stability.

Repeatability of BCG signal acquisition system and
LAP calculation algorithm

After verifying the stability of the acquisition time, we then
verified the repeatability of the BCG signal acquisition
system and algorithm. For four consecutive days, we

Ann Transl Med 2021;9(20):1587 | https://dx.doi.org/10.21037/atm-21-5161



Annals of Translational Medicine, Vol 9, No 20 October 2021

Ai

Page 5 of 14

Figure 3 The stability and the repeatability of BCG signal. (A) The signal shape of BCG is shown in the three traces from top to bottom:

ECG, PCG, and BCG; (B) the BCG signal is a trace formed by the superposition of 100 beats. The solid line represents the average trace

after superposition. BCG, ballistocardiography; ECG, electrocardiogram; PCG, phonocardiography.

collected BCG signals from 30 patients with heart disease,
including different underlying diseases, in the cardiology
inpatient ward in sequence of bed numbers. The signals
of each patient were collected for 1 minute in a quiet and
supine position, five times in a row.

Accuracy verification of the system and algorithm

We recruited 158 patients as a test set to independently
validate the performance of the sensor system and the LAP-
index. BCG signals were acquired with 5 minutes right after
an echocardiographic examination, and we compared the
collected LAP-index results with the LAP evaluation results

© Annals of Translational Medicine. All rights reserved.

from the echocardiographic parameters. The team members
operating BCG measurement and recording the LAP-index
result are blinded to echocardiography parameters and result.

Echocardiography

We used a Philips5500 and Doppler tissue imaging (DTT)
device equipped with a multi-frequency transducer to collect
ultrasound images of patients in the echocardiography
clinic. A standard view was used to perform a comprehensive
examination with all Doppler echocardiogram and DTI
records were obtained during normal breathing. The pulse-
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Doppler sampling volume was placed at the apex of the
mitral valve and recorded 5-10 cardiac cycles from the apical
window. The DTT program was set to pulse wave Doppler
mode and the filter was set to exclude high-frequency signals,
with the Nyquist limit adjusted to the speed range of -15
to 20 cm/s. To obtain a clear tissue signal and minimum
background noise, the gain was minimized, and a sample with
a volume of 5 mm was placed on the inner side (or interval)
of the mitral annulus on the four-chamber heart section
under the xiphoid process.

Echocardiography image acquisition and analysis were
performed by a technician, using an offline analysis station
(MedEx) equipped with Doppler software. Personnel
involved in the collection of ultrasound data and in the
collection of BCG data were mutually blinded to the
process. The end-diastolic and end-systolic volumes were
calculated using the two-plane method and these volumes
were then used to calculate the left ventricular ejection
fraction (LVEF). A four-chamber view of the apical heart
was used to measure the volume of the left atrium, and
the tricuspid regurgitation velocity (VTR) to estimate
the pulmonary artery systolic pressure. The mitral inflow
peak early diastolic velocity (E) and mitral inflow peak late
diastolic velocity (A) were recorded, then using DTI, the
early diastolic velocity of the mitral annulus (e’-septal) and
late diastolic velocity of the mitral annulus (a’) in the mitral
annulus interval, which was and measured three to five
cardiac cycles to obtain an average value. In this study, the
parameter ¢’ is the septal ¢’.

We adopted the 2016 ASE/EACVI guidelines as the
basis for the assessment and classification of LAP (14). If the
mitral valve blood flow spectrum showed that the E/A ratio
was <0.8, and the peak E wave velocity was <50 cm/s, it
indicated that the average LAP was normal or low, and the
corresponding diastolic dysfunction was graded 1. An E/A
ratio >2 indicated the average LAP was significant elevated,
and the abnormal diastolic function was graded as III. For
patients with a transmitral blood flow E/A ratio <0.8 and E
wave peak velocity >50 cm/s, or the E/A ratio >0.8 but <2,
other indicators were consulted to further evaluate diastolic
function. The expert group recommends the following
indicators and their cut-off values. (I) Peak velocity of
tricuspid regurgitation (VIR) >2.8 m/s; (II) mean E/e’ ratio
>14; (III) maximum left atrium volume index (LAMVI)
>34 mL/m’. If all three indicators can be measured, and
only one is abnormal, it indicates that the LAP is normal,
and the diastolic dysfunction is grade I. If there are two
abnormalities in the three, or all three indicators are

© Annals of Translational Medicine. All rights reserved.
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abnormal, an increase in LAP is indicated, and the diastolic
dysfunction is grade II. For patients in whom only one index
is measured, and in those who have two indexes measured
but the results of the two indexes are inconsistent, the LAP
should not be reported, nor should the diastolic dysfunction
be classified. In this study, e’ is taken from the septum.
According to the 2016 ASE/EACVI guidelines, when only
septum ¢’ is available or effective, the ventricular septum
E/e’ >15 is considered abnormal clinically.

Based on the LAP-index results, patients were divided
into three tertiles (E/e’ <8; 8< E/e’ <15; E/e’ >15) for
comparison between groups.

Statistical analysis

This study is a preliminary study on the recognition of
high LAP by BCG equipment; the specific sample size
cannot be calculated by statistics. All statistical analysis
was performed by IBM SPSS 22.0. The statistical graph
was drawn by GraphPad Prism 8.3. Continuous variables
are expressed as mean = standard deviation and categorical
variables and constituent ratios as percentage N (%). Before
comparison, each group of continuity variables was tested
for normality and homogeneity of variance, and when
n>50, the Kolmogorov-Smirnov (K-S) method was adopted
for the normality test, and when n<50, the Shapiro-Wilk
(S-W) method was adopted. One-way ANOVA analysis
was adopted to compare the variables of the three groups,
and the LSD test in the post hoc analysis was adopted to
compare the differences between the groups. "To explore the
diagnostic efficacy of the LAP-index, the receiver operating
characteristic (ROC) curve was used, and the area under
the ROC curve (AUC) was calculated. The cut-off value of
the LAP-index was determined by the maximum value of
the Youden index, and a paired four-grid table was adopted
to compare the consistency of the LAP-index with the
comprehensive interpretation method of echocardiography.
When P value <0.05, the difference was considered

statistically significant.

Results

Stability of the BCG signal acquisition system and LAP
calculation algorithm

The LAP-index of different time lengths from 15 patients
is listed in Table 1. Statistics show that the average intra-
group correlation coefficient (ICC) was 0.98 (95% CI: 0.95,
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Table 1 Stability of the BCG signal acquisition system and LAP calculation algorithm

ltems 1 minute 2 minutes 3 minutes 5 minutes 8 minutes
Subject 1 10 10 10 9 9
Subject 2 17 17 18 18 18
Subject 3 17 20 20 17 17
Subject 4 15 14 14 14 14
Subject 5 11 11 11 11 11
Subject 6 11 10 11 12 12
Subject 7 12 12 12 20 17
Subject 8 13 13 13 13 13
Subject 9 13 14 13 14 14
Subject 10 17 17 17 17 17
Subject 11 19 19 19 19 19
Subject 12 16 16 16 16 16
Subject 13 14 15 15 13 13
Subject 14 12 12 12 12 12
Subject 15 31 30 30 30 22
Mean + SD 15.20+5.13 15.33+5.10 15.40+5.08 15.67+5.05 14.93+3.45

BCG, ballistocardiography; LAP, left atrial pressure.

Table 2 Repeatability test results of LAP-index

ltems Test 1 Test 2 Test 3 Test 4 Test 5
Subject 1 21 22 22 20 20
Subject 2 27 27 27 27 27
Subject 3 21 21 20 21 22
Subject 4 17 18 18 18 18
Subject 5 13 13 13 13 14
Subject 30 10 12 13 10 13
Mean + SD 16.77+5.59 16.90+4.86 17.00+4.96 17.00+4.96 16.80+4.97

LAP, left atrial pressure.

0.99), P<0.0001, and the reliability analysis revealed that the (95% CI: 0.95, 0.98), P<0.0001, and the reliability analysis

Cronbach’s alpha coefficient was 0.98. revealed the Cronbach’s alpha coefficient was 0.97.
Repeatability of the BCG signal acquisition system and Accuracy of the BCG signal acquisition system and LAP
LAP calculation algorithm calculation algorithm

The 1-minute LAP-index obtained from 30 patients is Of the 166 recruited subjects, eight were excluded
shown in Table 2. Statistics showed the average ICC is 0.97 (one case with an artificial mechanical valve, one with
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Table 4 Echocardiographic and ballistocardiography characteristics

Variable N=158 Variable N=158

Age (yr) 59.6+15.0 LVEF <50% 26 (16%)

Male, n [%] 85 [53] e’ septal available 153 (96.8%)

BMI (kg/m?) 23.0+13.0 e’ septal <7 cm/s 78 (49%)

SBP (mmHg) 130+19 E/e’ available 153 (96.8%)

DBP (mmHg) 77.8x12.2 E/e’ septal <8 30 (18.9%)

Heart rate (beats/min) 76.5+9.7 8< E/e’ septal <15 90 (56.9%)

Clinical characteristics, n [%] E/e’ septal =15 40 (25.3%)
Coronary artery disease 31[19] VTR available 90 (56.9%)
Hypertension 66 [41] VTR =280 cm/s 28 (17.7%)
Hyperlipidemia 12 [7] LAMVI available 153 (96.8%)
Diabetes mellitus 35 [22] LAMVI >34 mL/m? 86 (54.4%)

Chronic kidney disease 53] No. of patient with elevated filing 39 (24.6%), (17 with LVEF
i Of - i 0,
Baseline medical therapy for GHF, n [%] pressure by echocardiography <50%; 22 with LVEF >50%)
No. of patient with non- 119 (75.4%), (7 with EF <50;
Beta-blockers 36 [22] elevated filling pressure by 112 with EF >=50)
ACE-| or ARB 41 [25] echocardiography
ARB/neprilysin inhibitor 9 [5] Single cross mitral inflow peak 21 (13.2%)
Aldosterone receptor blocker 21 [13] (suspected to be AF)

o LVEF, left ventricular ejection fraction; E, mitral inflow peak early
Diuretics 33 [20] diastolic velocity; e’, early diastolic velocity of mitral annulus; E/e’
Digoxin 6 [3] ratio, mitral inflow peak early diastolic velocity divided by early

. diastolic velocity of mitral annulus; VTR, tricuspid regurgitation
Other vasodilators o[l velocity; LAMVI, left atrial maximal volume index; AF, atrial

HF n [%)] 59 [37] fibrillation.

NT-proBNP, n [%] 46 [29]

NT-proBNP (pg/mL) 2,046+4,767

Data presented are mean + SD or number of patients. BMI, body
mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; ACE-I, angiotensin-converting enzyme inhibition; ARB,
angiotension receptor blocker; CHF, congestive heart failure; HF,
heart failure; NYHA, New York Heart Association; NT-proBNP,
NT-proB-type natriuretic peptide.

severe calcification of the mitral valve annulus, one with
pulmonary atresia, big ventricle septal defeat, and patent
ductus arteriosus, and five cases, LV filling pressure could
not be assessed by echocardiography due to insufficient
parameter). Finally, 158 patients were evaluated with BCG
and echocardiography, and Table 3 shows their demographic
data, clinical history, and drug treatment history. Tuble 4
shows the echocardiographic and BCG characteristics
of the patients, in whom the LAP-index ranged from
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6 to 32. Based on the LAP-index results, patients were
then divided into three groups (E/e’<8, 8< E/e’ <15, and
E/e’ >15) (Figure 4). Comparisons were made for the three
groups and showed that compared with the E/e’ <8 group
(13.10+3.74) and the 8< E/e’ <15 group (13.13+4.06), the
E/e’ >15 group (18.73+6.37) was significantly higher than
the other two groups (P<0.0001). There was no significant
statistical difference between the E/e’ <8 group and the 8<
E/e’ <15 group (P=0.9992). According to the 2016 ASE/
EACVI guidelines (14), among the 158 patients, 39 were
diagnosed as high LAP, in whom the LAP-index of 29 >18,
and in 10 cases <18. Among the 10 patients with an LAP-
index <18, 3 were 17, 1 was 16, 1 was 15, and the other
5 were <15. Comparison of the LAP-index results and
echocardiographic results revealed that the ROC c-statistic
of the LAP-index for identifying high LAP was 0.86 (95%
CI: 0.79-0.93; P<0.0001) (Figure 5). When the cut-off
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Figure 4 Comparison of BCG-LAP index among the three study
groups. BCG-LAP index, parameters related to LAP derived
by ballistocardiography; E/e’, mitral inflow peak early diastolic
velocity divided by early diastolic velocity of mitral annulus; BCG,
ballistocardiography; LAP, left atrial pressure.
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Figure 5 ROC for detection of elevated LAP by BCG-LAP index;
LAP was estimated by echocardiography. ROC, receiver operating
curve; BCG, ballistocardiography; LAP, left atrial pressure.

Table 5 Accuracy for diagnosis of elevated LAP by BCG-LAP
index (n=158)

BCG-LAP index  BCG-LAP index
(cut-off value 15.5) (cut-off value 18)

0.85(0.69, 0.94) 0.74 (0.52, 0.83)
0.80 (0.71,0.87)  0.86 (0.81, 0.93)

ltems

Positive consistent rate

Negative consistent rate

Overall agreement 0.81 0.83
PPV 0.58 0.63
NPV 0.86 0.91

BCG-LAP index, parameter related to LAP derived by
ballistocardiography; NPV, negative predictive value; PPV,
positive predictive value.
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value of the LAP-index was 15.5, the positive agreement
rate between it and echocardiography LAP was 0.85, the
negative agreement rate was 0.80, the overall agreement
rate was 0.81, the positive predictive value (PPV) was 0.58,
and the negative predictive value (NPV) was 0.86. Further,
when the cut-off value of the LAP-index was 18, the
positive agreement rate between it and echocardiography
LAP was 0.74, the negative agreement rate was 0.86, the
overall agreement rate was 0.83, the PPV was 0.63, and the
NPV was 0.91 (Tuble 5).

Discussion

Stability and repeatability of the BCG signal acquisition
system and LAP calculation algorithm

The results showed that the output results of THE
five different acquisition times were highly consistent.
Although subjects 7 and 15 showed varying degrees of body
movement in the latter part of the continuous acquisition
and recording for 10 minutes, resulting in large variations in
the outputs of LAP-index, when observed from the original
data, the data during the first 3 minutes of BCG collection
was highly stable and reliable. On this basis, prolonging the
acquisition time was considered to have a detrimental effect
on the stability of the data, so the routine acquisition time
for BCG was placed as 1 minute. The test results of the
acquisition system between different patients demonstrated
that the LAP-index output using the BCG signal acquisition
system had reliable repeatability.

Accuracy of the BCG signal acquisition system and LAP
calculation algorithm

Typically, patient with heart failure may be in acute
decompensated status or in chronic stable status. Most of
HF patient present elevated filling pressure in an acute
decompensated status, while in a stable status, the patient’s
filing pressure may be normal or modestly elevated. The
technology here is supposed to detected the significantly
elevation of filling pressure, in order to predict an acute
decompensated event, before symptom presents. This is the
most meaningful clinical value.

We compared results using the LAP-index, a composite
index derived from a BCG device with a fiber-optic sensor,
with those of echocardiography, which is commonly
used in clinical practice. The accuracy to evaluate filing
pressure and prognosis performance of comprehensive
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echocardiography is reported to be the best among other
non-invasive modalities (22). The results showed that the
LAP-index and echocardiography have definite consistency
in evaluating LAP, which means that the LAP-index could
potentially identify elevated LAP. The LAP-index of the
158 patients ranged from 6 to 32 and compared with the
comprehensive evaluation by echocardiography (14), the
ROC c-statistic of the index for identifying elevated LAP
was 0.86. Further, when the LAP-index was at the best cut-
off value of 15.5, the positive agreement rate between it and
echocardiography LAP was 0.85, the negative agreement
rate was 0.80, the overall agreement rate was 0.81, the PPV
was 0.58, and the NPV was 0.86.

"To better explore the potential diagnostic capabilities of
this non-invasive BCG device we compared the composite
LAP-index with the method that is commonly adopted
in clinical practice in evaluating LAP and left ventricular
filling pressure. A study by Andersen et a/. found that (23),
compared with the gold standard results of the PCWP,
the accuracy of the clinical comprehensive evaluation of
pulmonary congestion in patients with heart failure was
72%, the sensitivity was 74%, and the specificity was
69%. In clinical practice, PCWP >18 mmHg is usually
used as a threshold for evaluating the risk of pulmonary
congestion (24). In our study, when the cut-off value of the
LAP-index was 18, the positive agreement rate between
it and echocardiography LAP was 0.74, the negative
agreement rate was 0.86, the overall agreement rate was
0.83, the PPV was 0.63, and the NPV was 0.91. Since this
study adopted the comparison standard of the 2016 ASE/
EACVT ultrasound guidelines (14) to comprehensively
evaluate LAP, rather than comparison with the gold
standard (PCWP or LVDP), the recognition performance
of the LAP-index may be affected. Therefore, the
conclusions of this study need to be applied cautiously. We
also compared the results of our study with other emerging
technologies for monitoring pulmonary congestion.
Boehmer ez al. reported the diagnostic performance of the
HeartLogic device (18) (Boston Scientific), which identifies
the efficacy of acute heart failure by comparison with N'T-
proBNP, to monitor and manage patients with heart failure.
In that study (18), all 76 subjects received HeartLogic and
NT-proBNP diagnosis within 48 hours of admission, and
the results revealed that the AUC was 0.809 (P<0.0001),
and when the cut-off value was 1, the NPV was 0.778.
In our study, when the LAP-index was at the best cut-off
value of 15.5, the positive agreement rate between it and
echocardiography LAP was 0.85, the NPV was 0.86, the
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PPV was 0.58. Although the NPV of the BCG-based LAP-
index was higher than the HeartLogic device, it must be
noted that the comparison standard used in the HeartLogic
study was inconsistent with this study.

In this study, the LAP-index was divided into three
intervals according to the E/e’ ratio (E/e’ <8, 8< E/e’ <15,
E/e’ >15). The E/e’ >15 group’s LAP-index was significantly
higher than that of the other two groups and there was no
statistical difference between the E/e’ <8 group and the
8< E/e’ <15 group. These results indicate that the
recognition performance of the LAP-index in recognizing a
significant increase of LAP is better than that in recognizing
a slight increase of LAP. The ultrasound index E/e’ is the
most feasible and reproducible method for estimating LVFP
(14,25). In clinical practice, LAP or PCWP can be estimated
by [LAP = (E/¢’) + 4] or the Nagueh formula [LAP = 1.24 x
(E/e’) + 1.9] (23,26). While the results of this study revealed
that when recognizing LAP>18 mmHg, the LAP-index
had a significant recognition effect, when recognizing LAP
in a slight increase (12-18 mmHg), there was no obvious
difference compared with normal LAP (LAP <12 mmHg).
These results suggest that a promising use scenario for
the LAP-index is in identifying the acute decompensation
of heart failure. However, in some clinical situations, E/¢’
may not be a reliable method for predicting LVFP. Long-
term HErEF patients who have experienced left ventricular
remodeling may already have left ventricular dilatation and
functional regurgitation of the mitral valve, which leads
to an increase in mitral valve inflow, an increase in peak
E, and a decrease in the systolic divided by diastolic (S/D)
ratio of pulmonary venous blood flow (27). In patients with
decompensated heart failure or cardiac resynchronization
therapy (CRT), due to obvious mitral regurgitation and
abnormal movement of the ventricular septum caused by
wide QRS waves, the E/e’ has a poor correlation with LVFP.
In addition, the tissue Doppler velocity of the mitral valve
annulus is affected by heart transplantation or conditions
such as mitral valve repair or replacement, severe mitral
valve calcification or mitral valve stenosis. Therefore, E/¢’
is not the best indicator for estimating LAP in subjects with
mitral annulus calcification (28). Even in the subgroup with
E/e’ <8, patients who have a certain degree of underlying
cardiac disease usually have mild to moderate signs of
diastolic weakening. Thus, a comprehensive evaluation
parameter such as VIR and LAMVI is required. In our
study, to avoid the influence of the above situations, most of
the situations which may significantly affect the accuracy of
E/e’ have been excluded.

Ann Transl Med 2021;9(20):1587 | https://dx.doi.org/10.21037/atm-21-5161



Annals of Translational Medicine, Vol 9, No 20 October 2021

BCG is a non-invasive technique for monitoring
cardiovascular parameters which collects chest vibrations
caused by the heartbeat and ejection of blood to the
peripheral blood vessels (19). BCG technology was
reported as early as the end of the 19" century (19,29),
and numerous studies were conducted from the 1940s
to the 1980s (30,31). However, due to the limitations of
computer and sensor technology, it was difficult to detect
and analyze BCG waveforms, which limited further study,
and after the 1950s, with the rise of other alternative
technologies such as echocardiography, BCG technology
was gradually abandoned (32). Nowadays, the appearance
of smaller, lighter, and more sensitive accelerometers
greatly simplifies the measurement and evaluation of
BCG signals and opens up new prospects for its clinical
applications (19). In 2015, Inan et 2/ demonstrated that
by synchronizing with echocardiography, the waveform of
SCG corresponds to valve opening and closing events (19).
In 2018, Serensen et al. reported the vital features of SCG
signals, and their relationship with essential demarcation
points of the cardiac cycle (33). In the present study,
we regarded SCG as a BCG signal measured with an
accelerometer, making the SCG signal equivalent to the
BCG signal. There have been no reports of a non-invasive
product or technology based on BCG for evaluating filling
pressures. A possible reason for this is that commonly used
BCG/SCG sensor technologies, such as accelerometer
chips, may not adequately obtain high-reliability and high-
repeatability BCG/SCG signals from the body surface.
Our research used a new fiber optic vibration sensor to
collect BCG signals. Optical fiber with an outer coating of
glass fiber is widely used in communication, and the optical
signal is input from one end of the fiber. Under regular
circumstances, as a small amount of energy is lost due to
the propagation of light in the optical fiber, the optical
signal at the output end is almost the same as that at the
input end, even when the propagation distance is large.
However, if a certain position of the optical fiber creates
a bending deformation, the optical signal will be lost at
that position and the signal output will be correspondingly
weakened. By detecting changes to the optical signal, the
bending deformation and changing intensity of the optical
fiber can be analyzed (34).

Finally, the core technology of this research is optical
fiber sensor based comprehensive algorithm technology,
which uses the third heart sound as the major parameter (18).
Based on non-invasive hemodynamic information, the
comprehensive algorithm (LAP-index) was developed and
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refined based on the BCG signals from over 1,000 heart
disease patients with different ages and underlying diseases
in multiple centers. The LAP-index has high reliability
and accuracy in identifying elevated LAP, which provides a
novel possibility for the non-invasive detection of patients
with heart failure. The LAP-index based on fiber optic
sensors provides a novel non-invasive option for the remote
monitoring of heart failure patients by using hemodynamics
instead of monitoring methods, especially for those who
need to optimize home management.

Limitations

"To build the algorithm, in the training phase and the testing
phase, we separated data in a chronological order rather
than a randomized manner. In the training phase, patients
with different underlying diseases came from multiple
centers in China, and many basic data were missing, while
in the testing phase, patients came from a single center, and
their basic data were more complete, which may have led
to population heterogeneity. However, this heterogeneity
is more likely to have reduced the test efficiency of the test
set (because it was generated from a different development
set), and from this perspective, it may have strengthened the
result verification.

In this study, the LAP-index was compared with the
2016 ASE/EACVI ultrasound guidelines for the evaluation
of LAP, rather than the gold standard of PCWP or
LVEDP. We will verify the composite index and the gold
standard in further study. We also believe this device has
prospects for use as a medical care device. Combining the
diagnosis and clinical evaluation of BCG and natriuretic
peptides (NPs), may identify pulmonary congestion in
patients with heart failure in emergency situations. Further
research is needed to verify this and other potential uses,
and to assess its application value in different clinical
environments.

Conclusions

The LAP-index, a composite index derived from BCG
and has high reliability and accuracy in identifying
elevated LAP. The diagnostic efficacy of the LAP-index
in identifying LAP is close to that of the comprehensive
evaluation of echocardiography. BCG has the advantages
of being non-invasive and easy to operate, which provides a
novel possibility for the non-invasive detection of patients
with hemodynamic congestion or elevated filling pressure.
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