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Abstract

Public expectations for healthcare in daily life using digital technologies are increasing. With this in
mind, we first focused our research on biomedical informatics related to the human heart. We have been
experimenting with ways to observe the acoustical and electrical signals generated by the living body
and how to replicate, in a computer, the state and function of a person’s heart at a particular point in time.
In this article, we introduce new technologies for measuring and estimating the activity of the human

heart.

Keywords: biomedical informatics, healthcare, mobile sensing

1. Personalized biomedical modeling

Even in the fields of medicine and health, the tradi-
tional limitations of physical location, time, and dis-
tance are giving way to continuous advances in sens-
ing, communications, artificial intelligence (Al), and
other information-processing technologies. An
increasing number of people use wearable devices,
such as smartwatches, for their personal health man-
agement. Further utilization of biometric information
in daily life will enable continuous healthcare, useful
not only when ill but also before and after treatment,
and personalized healthcare, not just patterned treat-
ments for diseases. Research and development and
practical applications in this field is very active
worldwide.

As part of NTT’s Medical and Health Vision, a
simulator called the Bio-Digital Twin is being devel-
oped to support risk control and improved wellness
[1] by predicting future physical and mental condi-
tions of a person. The Bio-Digital Twin is a computa-
tional model that captures a wide variety of biomedi-
cal information, from molecular and cellular scales to
organs and their interconnections, even the environ-
ment in which a person lives, expressing those con-
nections as a network. One of the components of the
Bio-Digital Twin is personal heart modeling. Per-
sonal heart modeling means measuring the operation
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and condition of an individual’s heart then mathemat-
ically and logically representing the person’s heart in
a computer in such a way that allows simulation
under various assumptions.

Our research team aims to obtain more detailed
biometric information than with conventional wear-
able devices such as smartwatches, while still
enabling measurement in daily life without any undue
burden [2].

2. New sensing

One of our prototype biometric sensing instruments
is a wearable electrocardiogram (ECG) device. Elec-
trocardiography, as commonly used in medical insti-
tutions, uses 10 electrodes placed on the arms, legs,
and chest to obtain 12 potential differences. Smart-
watches that obtain a simple ECG measuring the
potential difference just between a person’s two
hands are becoming popular. In contrast, our proto-
type is centered on the apical region of the chest
where the heart is closest to the rib cage as a reference
point with opposite electrode poles in three nearly
orthogonal directions to capture the electrical activity
of the heart in three dimensions (Fig. 1(a)). In our
prototype, the electrodes and wiring are integrated
with a stretchable shoulder belt, making it easy to fit
to any sized adult by adjusting the shoulder and waist
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Fig. 1. Wearable ECG device (a) and Al Telestethoscopes (wearable type (b), handheld type (c)). Prototypes for research

purpose.

straps [3].

Another prototype biometric sensing instrument is
what we call the “Al Telestethoscope,” which is
capable of measuring multi-channel acoustic signals
simultaneously with an ECG. We prototyped both a
wearable-type (Fig. 1(b)) and handheld-type
(Fig. 1(c)) Al Telestethoscope. They both enable
sensed data to be transmitted in real time to a remote
location where a doctor or nurse can listen to the
sound coming from specific locations on the body
surface by interactively selecting them on a terminal
screen. Unlike conventional wireless electronic
stethoscopes that use a single microphone, our Al
Telestethoscopes use multiple microphones to simul-
taneously capture sound signals at multiple locations
to capture the sounds of the heart’s activity in three
dimensions.

3. Information processing of signals to explore
inside a living body

Information processing is key to estimating the
internal state and functioning of a living body from
biomedical signals measured on the surface of the
body. The novel sensing instruments introduced in
the previous section are designed to capture precise
biometric information for personal heart modeling.

The heart works in accordance with the cyclical
activity of heart muscle cells called cardiomyocytes.
There are two types of cardiomyocyte activity: elec-
trical and mechanical. An ECG generally shows the
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combined effects of the actions of many cardiomyo-
cyte cells in the heart that can be observed as electri-
cal potential differences on the body surface. On the
other hand, heart sounds are mainly caused by the
mechanical activity of the heart, especially the open-
ing and closing of the four valves inside the heart.
Abnormalities in the heart can also generate distinc-
tive sounds, such as the vibrations caused by turbu-
lent blood flow which can be heard as a so-called
“heart murmur.”

Both the bio-electrical and bio-acoustic signals that
can be observed on the surface are the result of a mix-
ture of many factors. It is not easy to estimate the
cause backwards from the effect. That is, to under-
stand the condition of the heart inside the body by
tracing its physical mechanism in reverse from sur-
face observations.

We are approaching this seemingly ill-posed prob-
lem by using three-dimensional (3D) electrical and
acoustical information to derive 3D location clues,
and by introducing various information-processing
techniques such as the use of physical constraints and
machine learning [4].

When testing for heart abnormalities, it is not
uncommon for a typical ECG to show nothing more
than irregularity in a few waveforms. To solve this
problem, we attempt to visualize, from the ECG
waveforms, the electrical action potential of localized
groups of cardiomyocytes by estimating statistical
parameters related to changes in cardiomyocyte
populations (tensor ECG) [5]. Visualization of action
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Fig. 2. Estimation of S1 and S2 segments.

potential information at various locations in the heart
is expected to help with early detection of arrhyth-
mias associated with heart failure, ischemic heart
disease, and sudden cardiac death because abnor-
malities can be more clearly expressed than with
standard ECGs.

We also expect to be able to estimate what sounds
are coming from which locations in the heart by cap-
turing heart sounds in three dimensions. The location
of the sound, its tone, and its acoustic characteristics
are known to be important clues for determining the
presence and severity of heart disease. Historically,
sounds have been captured on the surface of the body
using a manual stethoscope or phonocardiograph,
and there has been no better way to listen to particular
sounds within the body in a non-invasive manner.

To this end, we developed a novel oscillator decom-
position technique for heart sounds that can estimate
internal sound sources from sounds observed on the
body surface, called PCUSD (Physically Constrained
Unsupervised Signal Decomposition) [6]. PCUSD
focuses on the periodicity of heart movement and the
mechanism of heart-sound generation. Normally, the
heart moves periodically, going through four stages
(cyclical phases) in sequence: S1, systolic, S2, and
diastolic, where S1 corresponds to the first sound of a
heartbeat and S2 corresponds to the second sound.
Different heart valves open and close during each
stage, and their vibrations generate heart sounds. We
can assume there are multiple vibrational compo-
nents to the sounds made by each valve and that their
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Table 1. S1 and S2 segment estimation accuracy of
PCUSD and baseline method [7]. F1 score is an
accuracy measure, the larger the better.

F1 score PCUSD Baseline
S1 96.1 86.5
S2 96.4 85.7

amplitudes change in accordance with the condition
of the heart during the sequential phases of the car-
diac cycle. This led us to construct a probabilistic
generation model of the mechanisms of heart sounds
based on physical modeling of the heart valves.

Figure 2 shows an example of applying PCUSD to
a single channel of heart sound. We examined the
estimation accuracy of the S1 and S2 intervals. The
figure shows a case of mitral regurgitation with asso-
ciated heart murmur. The presence of a heart murmur
(in this case, between S1 and S2) generally makes it
even more difficult to estimate the heart’s condition.
The right panel shows the results from a conventional
method [7] that does not use a generation model. It
shows that it is sometimes prone to estimation errors.
In contrast, the left panel shows our PCUSD’s results,
indicating improved estimation accuracy for the same
S1 and S2 intervals. Table 1 shows this improvement
numerically.

It is straightforward to apply PCUSD to multi-
channel heart sounds. Figure 3 shows four acoustic
channels (Fig. 3(a)) observed on the body surface of
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Fig. 3. Sounds captured on the body surface (a) and estimated in-body vibration waveforms (b).

a patient with aortic stenosis and eight internal sound
source waveforms (Fig. 3(b)) estimated with PCUSD
from the four acoustic channels. Because PCUSD
uses a physical model of valve vibration, all (or
almost all) these components are assumed to origi-
nate from the four valves of the heart. Each of these
components can be heard as sound. Al analysis of
each waveform is expected to make it possible to reli-
ably diagnose the condition of a malfunctioning heart
valve and its progressive deterioration from heart
sounds—acoustic biomedical information—captured
on the body surface.

4. Toward utilization

The new sensing and estimation technologies
described above can potentially provide a more
detailed understanding of heart activity than standard
ECG and electronic stethoscope technologies cur-
rently available. Some heart abnormalities are more
likely to cause electrocardiographic abnormalities
and be detected using an ECG. Others are more likely
to cause heart sound abnormalities and be detected
through auscultation. There is yet another set of
abnormalities detectable by comparison of the heart’s
output of electrical and acoustic signals.

We aim to actualize our vision of personal heart
modeling by integrating our new technologies to esti-
mate the condition of the heart based on real-time
biomedical data capture and information processing
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with other relevant patient information such as their
electronic health records, family medical history,
recent blood tests, pre-existing medical imaging, and
current public health status. This approach can poten-
tially help people adopt a healthier lifestyle more
appropriate for their personal risks of heart disease
and lead to earlier detection of any heart abnormali-
ties if they occur.

When discussing the usefulness of new technolo-
gies for medical and healthcare applications, solid
research and validation is of paramount importance.
Therefore, we are collaborating with multiple medi-
cal institutions, research institutions, and specialized
hospitals to assess the potential of our technologies to
meaningfully improve early detection of certain types
of heart diseases, provide useful support for people
suffering from heart failure, serve as a tool for
patients and doctors during cardiac rehabilitation.
Together with our collaborators, we will continue to
actively verify the feasibility of this ongoing research.
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