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ABSTRACT

Today, a wide range of heart conditions can be monitored remotely with relatively inexpensive pas-
sive sensing technologies, enabling the potential for long-term monitoring and prognosis of patient
state under representative environmental stimuli. A medical telemetry system that can incorpo-
rate such passive measurements and provide key diagnostic information to medical professionals
would provide tremendous value to patients via quantitative and personalized healthcare. This pa-
per presents an overview of passive sensing methods that could be utilized in a medical telemetry
system for remote heart monitoring of patients. While active systems are another attractive option,
they impose additional constraints on the system that require careful calibration, expert control,
and more complex instrumentation. The methods presented here are based on low-cost, sensor
technology with the potential to greatly improve long-term non-invasive, heart-health monitoring.

INTRODUCTION

The concept of medical telemetry has been a topic of research for over 30 years, and has been
proposed for variety of different healthcare applications. The impact of the technology has shown
great potential for improving patients’ care and experience. Although initial work in this area was
limited by low-data rates of commercial telecommunications, recent developments in communi-
cation, computing, and sensor electronics has renewed interest in the field. The miniaturization
of low-cost, high-speed communication electronics has allowed for deployment of monitoring in-
struments in patient’s homes in small, compact form-factors. Through these systems, high-quality
medical data can be delivered to primary care specialists, who in turn can leverage powerful com-
putational techniques along with past data to better understand and study patient health.

With these benefits and capabilities in mind, new research has centered around developing tech-
nology on medical telemetry platforms. One medical application that we identified as the focus of
this paper, is Remote Heart Monitoring. Poor cardiac health remains one of the most serious risks
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facing patients today and, as a result, monitoring of the heartbeat and other related bio-physical
signals has become one of the most successful telemetry applications in healthcare [1]. Due to
the availability of commercial heart-rate sensors and the low data-rate required for transmission
of heartbeat signals, these systems are now widespread. However, full utilization of these sensor
systems remains elusive, primarily due to the lack of source localization capabilities in popular
styles of non-invasive wrist-based sensors. In the following sections, we provide historical context
for medical telemetry, as well as some of the motivations for our investigation. We then explore
cardiac monitoring technologies in more depth, and additionally propose using joint acoustic and
electronic cardiac recordings for enhanced and spatially-localizized assessment of the heart.

BACKGROUND

Medical telemetry, sometimes referred to as telemedicine, encompasses a wide array of medical
services and treatments that are provided over long distances to patients and communities [2, 3].
These services can include professional consultation, instrumentation and monitoring, and even
the application of a medical procedure or test. The goal of medical telemetry is the delivery of
high-quality healthcare to anyone in need, especially for those who face difficulties getting in-
person healthcare due to long travel distances or limited mobility. Two general categorizations
of these methods are passive and active telemetry. Passive telemetry involves sensors that only
record bio-physical signals of a patient, and transmits them to data storage for either short or
long term analysis. Active telemetry involves real-time interactions with patients such as doctor
examinations, medical imaging, or the use of robotic instruments. Passive telemetry tends to be
used for long-term patient monitoring that can flag serious medical conditions.

Early research in medical telemetry focused on active systems. Specifically, a major effort
was spent on the development of surgical telemetry, where a surgeon can remotely operate on
patients [4]. These systems are comprised of carefully controlled tools and cameras that allowed
surgeons to perform complex procedures hundreds of miles away. Advanced robotics and high-
speed telecommunications made this possible, however, unavoidable, real-time delays limited the
appeal to the surgical profession, given the precise timing and feedback they require for complex
operations. Other active telemetry systems are also are limited by real-time delay issues and often
require operator expertise, which increases the cost and difficulty for in-home care.

Passive medical telemetry is an area that can not only help improve access to healthcare, but
it also has the potential to improve the quality of healthcare as well and lead to better patient out-
comes. For example, in convetional in-person healthcare, experts are only able to interact and ex-
amine patients in a very limited time frame. However, with the advancement of wearable sensors
passive monitoring systems can be deployed with patients for easy use in their everyday activi-
ties. These systems can measure and detect anomalous signals that would otherwise be missed,
and transmit this data to medical practitioners for further diagnostics. A variety of different pas-
sive medical sensors that can measure heart-rate, blood oxygen, body temperature, respiration, and
many other physiological signals have been deployed commercially as portable and wearable prod-
ucts. The sensors, typically connect over a short-distance communication links such as Bluetooth
or WiFi to a device, that will then transfer the medical data over long-distance communication sys-
tems to a larger healthcare network. Given their availability, passive telemetry systems can provide
numerous benefits to patients through in-home, individualized care.
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PASSIVE CARDIAC MONITORING

Heart monitoring systems have emerged as key technologies in medical telemetry, one major rea-
son being that heart-related diseases are major health risks for a large portion of the population
[5]. Serious issues can arise from diseases like stroke, heartbeat arrhythmia, cardiac arrest, and
heart-attacks. Additionally, if the diseases go undiagnosed and untreated the severity of the reper-
cussions increase to dangerously high-levels. Preventative monitoring systems that can detect and
characterize problematic issues before they become dangerous would therefore have the potential
to greatly improve patients health, and potentially save them from serious conditions in later life.

Passive telemetry systems that monitor the bio-physical signals of the heart, sometimes re-
ferred to as cardiac monitoring systems, have grown rapidly in response to this problem [6, 7].
These systems tend to be low-power and can monitor patients throughout their daily lives. Many
commercial devices store data on a smart device or personal computer, and only allow for per-
sonal health tracking and assessment. However, other medical-grade systems will transmit data
periodically to medical facilities for expert analysis and evaluation in coordination with a prescrib-
ing physician. The latter of these tend to be deployed in cases where doctors suspect serious and
potentially imminent heart risks.

Figure 1: Examples of commercial heart rate monitors and products currently available.

There are a variety of different heart monitoring sensors available today, and due to strong
demand they are both technologically mature and low-cost. Many commercial systems today use
optical sensors that measure the heartrate of the patient through a technique called Photoplethys-
mography (PPG). PPG allows for the indirect measurement of heartrate by detecting the change
in blood oxygen levels. Optical sensors can detect this signal by measuring the change in color of
skin or tissue that is illuminated by a bright Light-Emitting Diode (LED). Voltage sensors based
on Electrocardiography (ECG) measure the bio-potential signals generated from the electrical sig-
nalling that controls the contraction and beating of the heart. Acoustic sensors measure the sound
and pressure generated from the heart muscle movement during the cardiac cycle, a technique
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known as Phonocardiogrpahy (PNG). These sensors record sounds in a manner similar to stetho-
scopes, however, the sounds are recorded digitally for further processing.

The different sensing methodologies described here have various trade-offs in comparison to
one another. PNG-based optical sensors are usually reliable, minimally invasive, and extremely
cost effective. However, the signal measured through PNG yields little information beyond the
fundamental period and frequency of the patients heart-rate. Electrical and acoustic sensors in
contrast, provide much more information on the anatomical movement and position of the heart
throughout the cardiac cycle. This is due to the fact that the voltage and acoustic signals are directly
related to the motion of the cardiac cycle, and can also be measured to a much greater precision.
These sensors usually require large front-end electronics, however, and can therefore be higher
cost.

The advantages afforded by the electric and acoustic sensor measurements outweigh the costs
associated with them. Specifically, their ability to capture anatomical information about the heart’s
cardiac rhythm provides much greater diagnostic capability for practitioners to understand the
patient’s health. Additionally, these sensors will also benefit when constructed as an array, which
will provide greater spatial-temporal resolving capabilities over a single sensor configuration. As a
result, we propose a joint acoustic-electrical sensor array for passive heart monitoring, to measure
the internal physiological behavior of the heart during the cardiac cycle (i.e. heart-beating). A
description of the prototype design and theory, along with some initial experiments are described
in the next section.

ECG AND ACOUSTIC RECONSTRUCTION OF CARDIAC CYCLE

The data acquisition and processing of electrical and acoustic signals produced by the heart during
the cardiac cycle (one full heartbeat) has many advantages over utilizing only one sensing modal-
ity. These two signals together provide complementary features to help study the heart in a more
intuitive and hollistic manner. Properly extracting and utilizing this information in a physically
meaningful way does require careful system and algorithm design. If done properly, however, it
is possible to reconstruct internal electrical activity on the surface of the heart. Knowledge of the
local electrical activity of the heart is pivotal to understanding serious conditions such as atrial
fibrillation as well as overall cardiovascular health.

An array of acoustic sensors positioned on the torso of a patient that simultaneously measures
the pressure waveform from the heart, can capture enough information to localize the heart’s posi-
tion and motion relative to the array. This methodology is similar to the techniques used to create
spatial images of the heart in ultrasound beam-forming systems, except the waveform in the passive
case is produced by the heart itself. Past work in the area of passive acoustic imaging has shown
promising results in heart localization[7]. The heartbeat produces acoustic waveforms in the range
of 1-1000 Hz in comparison to the probing waveforms in ultrasound which tend to occupy frequen-
cies of 1MHz-10MHz for standard echocardiograms. Given the much lower bandwidth available
to passive acoustic sensors, the localization accuracy is at a much coarser resolution level. The
low-resolution information is still important for cardiologists in studying the deformation and ex-
pansion of the heart tissue when evaluating the cardiac rhythm. Additionally, the spatial-position
information can aid in better estimating electrical activity as discussed next.
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ECG analysis can also be improved by combining multiple electrical sensors in an array con-
figuration. During one cardiac cycle, the electric signals present on the torso of the patient are
directly generated from electrical currents flowing on the surface of the cardiac tissue. Being able
to estimate and localize the electric potentials on the heart’s surface, typically referred to as car-
diac potentials, has a high-level of diagnostic value to practitioners. A significant research effort
has been spent on how to estimate the cardiac potentials from measurements captured by an array
of ECG sensors on a patient’s torso. This research area is generally referred to as Electrocar-
diographic inversion (ECGi) and early results have been promising [8]. However, for accurate
results high-resolution CT-MRI segmentation maps of a patients torso is often required prior to
ECG recordings. The acoustic array could potentially serve as a low-resolution substitute to the
CT-MRI imagery to perform coarse ECGi reconstructions, that are still diagnostically relevant.

Figure 2: Passive Heart Monitoring System Concept Diagram.

The multi-mode, passive heart monitoring system proposed here will be comprised of: (1) an
array of passive acoustic sensors placed over the torso’s patient, (2) an array of ECG leads co-
located with the acoustic sensors, (3) a data acquisition unit that synchronously samples and stores
the signals and then transmits the data, and (4) a remote processing system that can incorporate
apriori information from patients and present the information to practitioners for analysis. An illus-
tration of this concept is displayed in Fig. 2 The processing system will jointly process the acoustic
and electric signals acquired by the sensor arrays. The acoustic array can produce a coarse local-
ization estimate of the heart position, that can be used with the ECG signals to estimate internal
cardiac potentials. Improvements to the positioning of the heart and cardiac mappings can be made
by incorporating prior information on the patient such as body size, anatomy, and other medical
imagery. The end-user interface would then present diagnostic information of the heartbeat and
cardiac rhythm of the remote patient for analysis. Processing and fusion of the various sensor
and image data for diagnostic analysis is a complicated task. However, advancements in machine
learning and computing technologies provide a path forward to achieve this goal, although more
research and development in this vein is required.

In the following subsections, we describe early work on analyzing the key system design issues
for the proposed system. First, a scheme for coarse heartbeat localization using a passive acoustic
array is presented. After this, a short overview of ECGi reconstruction of cardiac potentials is
discussed along with some preliminary results from a clinical data-set processed with novel non-
linear techniques to significantly improve the reconstruction accuracy. Lastly, a prototype system
developed for this research featuring a single, dual acoustic-electric sensor pair is described.

5



A. Passive Acoustic Heartbeat Localization

For proper ECG inverse imaging, the key component needed is the location of the heart relative
to the torso and sensor array. In electrocardiology, the torso and heart are typically modelled as
a two layer volume conductor, and the current density on the surface of the heart is modelled as
a dipole source. This simple model provides a powerful framework to relate the ECG signals
measured on the patients torso to the electrical currents on the hearts surface. Specifically, given
the geometric structure and conductivity of the torso σT and heart σH , the voltage potentials on
the torso UT can be related to the potentials on the heart UH through a Boundary Element Method
(BEM) formulation. That relationship has shown to be related through a series of linear equations

UT = A · UH (1)

where the matrix A can be computed from the geometric and physical relationship between heart
and torso.

The transfer matrix A is typically computed using some internal imaging technique such as
CAT or MRI scan. From this imagery a heart and torso geometric model can be segmented, and
the tissue conductivity can be estimated. This approach produces a high resolution reconstruction
of the internal workings of the heart, however, it requires significant resources and patient time
utilizing expensive medical equipment. Instead, the passive acoustic array can produce an estimate
of the heart’s position, which can be used to initialize a coarse model of the overall heart/torso
geometry that may be sufficient for the inverse ECG reconstruction.

Figure 3: Passive acoustic Heart-Torso monitoring system

To demonstrate a heart localization procedure for the passive acoustic array, we provide an
example of a simple 2D-model of the problem shown in Fig. 3. Suppose the passive array is
comprised ofN discrete sensors positioned about the outside of the torso, which record the acoustic
wavefront produced by the beating of the heart. Each ith sensor will detect a time-delayed version
of the heartbeat acoustic signal s(t− ti) where the time delay is determined by the relative position
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of the heart’s spatial position (xh, yh) to each sensor position (xi, yi):

ti =

√
(xh − xi)2 + (yh − yi)2

cp
(2)

and cp is the speed of propagation of acoustic waves in the body tissue.
Let the signal measured by the ith sensor be si(t) = s(t− ti), and without any common timing

reference it is difficult to estimate the exact time delay ti. However, the time difference of arrival
between each sensor pairs can be estimated by correlating adjacent signals. This time delay term
can be defined as

∆ti = arg max
t

si(t) ? si+1(t) (3)

where the time delay term ∆ti between sensor i and sensor i + 1 is the value that maximizes the
correlation between the two corresponding sensor recorded signals.

This same process can be applied to every adjacent sensor pair i and i + 1 yielding a total of
N − 1 time delay measurements. The measured time difference of arrivals for each pair will be
related to the heart’s position as

∆t1 =

√
(xh − x1)2 + (yh − y1)2

cp
−

√
(xh − x2)2 + (yh − y2)2

cp
(4)

∆t2 =

√
(xh − x2)2 + (yh − y2)2

cp
−

√
(xh − x3)2 + (yh − y3)2

cp
(5)

...

∆tN−1 =

√
(xh − xi−1)2 + (yh − yi−1)2

cp
−

√
(xh − xi)2 + (yh − yi)2

cp
(6)

These measurements form a set of nonlinear equations that include the heart’s position (xh, yh),
the parameter we are trying to determine. From these measurements we can construct a nonlinear
least squares solution that finds the optimal estimate of the heart’s position by determining the value
(x̂h, ŷh) that minimize the square error between the measurements and theoretical time difference
of arrivals ∆̂ti(x, y) that we can compute given the known sensor positions (xi, yi)

(x̂h, ŷh) = arg max
(xh,yh)

N−1∑
i

|∆ti − ∆̂ti(x, y)|2 (7)

With an estimate of the heart’s position relative to the torso, a coarse two-layer, 3D volumet-
ric model can be created using some basic anatomical knowledge of heart and torso sizes for the
patients size and body type. This model will be of lower fidelity than segmented MRI/CAT-scan
imagery, but could still yield diagnostically relevant reconstructions of internal epicardial poten-
tials. In previous authors’ work, a novel nonlinear inverse formulatuion was utilized to provide
more accurate reconstructions of epicardial potentials to overcome limitations in knowledge of the
foward matrix A. We describe this approach in more detail in the next section.
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B. ECG Reconstruction of Cardiac Potentials

As we discussed earlier, the conventional approaches to ECGi utilize inversion techniques based on
simplified models of the heart-torso. As shown in Eq. 1, there is a linear relationship between the
torso potentials UT and the heart potentials UH . The matrix formulation of the forward opertator A
is in fact ill-conditioned leaving the inverse problem ill-posed, so a regularization parameter must
be used. For example, the zero-order Tikhonov method, which is a type of L2 regularization, is:

UH = (AT · A+ λI)−1ATUT (8)

where the regularization parameter λ is chosen heuristically during the image formation process,
and the choice λ = 0 corresponds to the usual least-squares solution to a discrete form of Eq. 1.

Although the transfer matrix A, we initially computed from the passive acoustic system is only
a coarse estimate, we can see that the inverse solution itself is limited by the simplified linear
model from Eq. 8. To yield a more accurate solution, it may be beneficial to final a polynomial
expansion of the original solution. In past authors’ work, a series of numerical experiments were
conducted to find an optimal formulation utilizing a polynomial approximation network [9]. The
resultant formulation from this work produced a solution in the form of

ÛH =

p∑
k=0

ωk � (Â · UT )k (9)

where ÛH is the estimate of the heart surface potentials given torso measurements UT . In this
model, Â was optimized in a subsequent training phase along with the polynomial weights ωk.

Figure 4: ECG Reconstruction Accuracy using Polynomial Network (a.) and visualization of the recon-
struction in time and space (b.) Reconstructions are localized to the surface of a patient’s epicardium.

Although this expansion allows for more flexible solutions and model fitting, it requires opti-
mization and tuning to fully realize these benefits. The author’s initial work developing the recon-
struction procedure made use of a high-quality clinical data-set for ECG-inverse study[10]. The
reconstruction accuracy and results are seen in Fig. 4, where the proposed nonlinear methodology
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significantly outperformed the classical BEM method. To better train models for a passive cardiac
monitoring system, the computing system located at the medical center could utilize patient’s data
history and simulation models to optimize the real-time measurements to improve the accuracy of
the results overtime in conjunction with the supervision of a trained cardiologist.

C. Dual-Sensor Prototype System

A hardware prototype for this system has been developed as a single acoustic and electric sensor
pair. The goal was to assess their suitability for configuration in a portable array as in the pro-
posed system. The acoustic sensor is the CMB-10, is a piezo-electric transducer and pre-amplifier.
The device is a fully integrated package marketed as a contact microphone for applications as an
electronic stethoscope. The ECG sensor is the AD8233 IC package integrated onto a small-size
PCB package, with three connected electronic leads. Both signals are sampled simultaneously
through a two channel ADC, which sends the acquired data to a personal computer for storage and
post-processing. The devices have a signal bandwidth of approximately 10kHz, and are four times
over sampled by the ADC at a sample rate of 48kHz. This relatively small data bandwidth for
the sensors make them well suited for wireless data communication through Bluetooth to a smart
device for greater usability and scalability.

Figure 5: Prototype Electric-Acoustic Heart Monitoring System: (a.) Piezoelectric Acoustic Sensor, (b.)
ECG Sensor and Leads , and (c.) Full Measurement and Data Acquisition System

CONCLUSIONS

This paper presents the design concept of a passive cardiac monitoring system to be used for med-
ical telemetry systems. The paper describes current enabling technologies for this endeavor and
a new design incorporating novel hardware and algorithmic components to provide cardiologists
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with enhanced diagnostic tools, while easing the patient involvements and efforts. Theoretical
algorithms along with numerical results are presented to support the proposed methodology and
an early hardware prototype is included to demonstrate feasibility. Future work will focus on
improved simulation results optimizing the current hardware configuration, along with functional
testing of algorithmic elements on real-time data collected using the prototype system.
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