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CARDIAC PERFORMANCE MONITORING
SYSTEM FOR USE WITH MOBILE
COMMUNICATIONS DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

This patent application is a continuation of U.S. patent
application Ser. No. 14/015,303, filed Aug. 30, 2013, titled
“CARDIAC PERFORMANCE MONITORING SYSTEM
FOR USE WITH MOBILE COMMUNICATIONS
DEVICES;” Publication No. US-2014-0066798-A1, which
claims priority to U.S. Provisional Patent Application No.
61/695,278, filed Aug. 30, 2012 and titled “CARDIAC PER-
FORMANCE MONITORING SYSTEM FOR USE WITH
MOBILE COMMUNICATIONS DEVICES,” which is
herein incorporated by reference in its entirety.

This material may be related to: U.S. patent application
Ser. No. 13/964,490, filed Aug. 12, 2013, titled “HEART
MONITORING SYSTEM USABLE WITH A SMARIT-
PHONE OR COMPUTER,” Publication No. US-2013-
0331663-A1, which is a divisional of U.S. patent application
Ser. No. 12/796,188, filed Jun. 8, 2010 and titled “HEART
MONITORING SYSTEM USABLE WITH A SMART
PHONE OR COMPUTER,” now U.S. Pat. No. 8,509,882;
U.S. patent application Ser. No. 13/108,738, filed May 16,
2011 and titled “WIRELESS, ULTRASONIC PERSONAL
HEALTH MONITORING SYSTEM,” now Publication No.
US-2011-0301439-A1; and U.S. Pat. No. 8,301,232, filed
Mar. 14,2012 and titled “WIRELESS, ULTRASONIC PER-
SONAL HEALTH MONITORING SYSTEM,” each of
which is herein incorporated by reference in its entirety.

INCORPORATION BY REFERENCE

All publications and patent applications mentioned in this
specification are herein incorporated by reference in their
entirety to the same extent as if each individual publication or
patent application was specifically and individually indicated
to be incorporated by reference.

FIELD

This patent application discloses inventive concept(s)
related generally to systems, methods and devices, including
hardware, firmware and software, for measuring and/or ana-
lyzing cardiac function in a user or patient with mobile com-
munications and/or computing devices such as smartphones.
In particular, described herein are methods, devices and sys-
tems for using a mobile telecommunications device to mea-
sure one or more parameters including cardiac parameters
such as seismocardiograms. The system may be simple, light-
weight and may adapt existing consumer mobile devices
making it appropriate for home and patient-operated use.

BACKGROUND

At-home monitoring of cardiac activity and metrics of
cardiac activity is an area of intense interest, because it offers
the potential for vastly improving patient quality of life and
life expectancy, as well as substantially reducing health care
costs. For example congestive heart failure (CHF) is a com-
mon, costly, disabling, and potentially deadly condition. In
developed countries, around 2% of adults suffer from heart
failure, but in those over the age of 65, this increases to
6-10%. Although warning factors for CHF episodes (symp-
toms), including changes in cardiac thythm, heart rate, and
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heart rate variability, have been identified, monitoring of
patient’s outside of the hospital setting has proven difficult
and expensive. Thus, there is a well-established need for such
(e.g., “at home™) monitoring.

Congestive heart failure, myocardial infarction, and other
cardiac problems are fatal to a large number of people every
year. Congestive heart failure and other cardiac problems can
happen suddenly and be fatal without immediate treatment.
Patients with cardiac problems can feel fine after being
treated by a doctor to evaluate the patient’s medication intake
and cardiac functions. However, cardiac problems can arise
between appointments and possibly lead to fatal cardiac
events.

Changes in federal regulations of Medicare can penalize
hospitals for emergency room admission of patients recently
treated for cardiac problems. The new penalties provide addi-
tional incentives for the hospitals and doctors to monitor the
cardiac health of the patient to ensure good cardiac health
between appointments or to catch possible problems before a
cardiac event requiring a visit to the emergency room occurs.
Therefore, improved monitoring of the cardiac health of the
patient is desired. Early diagnosis of a potential symptom or
problem can result in treatment that prevents a fatal cardiac
event.

Described herein are methods, devices, and systems for
monitoring cardiac performance that may address this need.
In particular, described herein are methods and systems (in-
cluding software/firmware) for using or adapting for use one
or more widely available communications or telecommuni-
cations devices, such as smart phones, tablet computers, or
portable computers, to monitor one or more cardiac perfor-
mance indicators, including a seismocardiogram (SCG).
These methods and system may record, analyze, receive,
and/or send cardiac performance information (including but
not limited to digital health information) and/or indicators of
cardiac performance (e.g., “indexes”) that may be understood
by medical professionals. The devices, systems and methods
may also provide direct patient feedback, both in assisting the
patient to take (by themselves) a correct and/or accurate read-
ing, and for providing an indicator of general health, includ-
ing triggering an alarm. For example, a patient may record
and provide access to detected health information (e.g., blood
pressure, ECG, SCG, blood sugar, temperature, telemetry,
etc.) to medical professionals using the methods and devices
described herein. Access may be provided by uploading the
medical information to a server and/or website; the website
may be used to store, provide remote access to the user and/or
qualified medical professionals, or analyze the health infor-
mation.

Although this application focuses primarily on the use of
seismocardiography using a personal communications device
(e.g., smart phone), many of the principles described herein
may be applied to other cardiac metrics and indices. Further,
some of the principles described herein may be applied to
methods and systems that may be used without a personal
communications device.

Although the prior art has acknowledged the need for per-
sonal (e.g., at-home) monitoring devices, including those
capable of performing and/or analyzing seismocardiography,
no effective, lightweight, portable and patient-ready monitor-
ing device has yet been developed or made available. For
example, “Mechanisms Underlying Isovolumic Contraction
and Ejection Peaks in Seismocardiogram Morphology” by
Gurev et al. (Journal of Medical and Biological Engineering,
32(2): 103-110(2012)) disclose a prior art setup for simulta-
neously taking a SCG and ECG. The equipment used in
Gurev (see FIG. 1) is large, expensive, and impractical for
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home use. In contrast, the devices and methods disclosed
herein enable the user to take an ECG and SCG at home using
a hand held device, such as a mobile telecommunications
device, as shown in FIG. 2.

“Seismocardiography—a non-invasive method of assess-
ing systolic and diastolic left ventricular function in
ischaemic heart disease” by Korzeniowska-Kubacka et al.
(Folia Cardiol. 2006, Vol. 13, No. 4, pages 319-325) discloses
using a seismocardiograph to measure cardiac function dur-
ing exercise. The methods and apparatuses are administered
by a medical professional in a medical office and require
larger equipment that is not practical for home use or for a
patient to self administer.

“A continuous, wearable, and wireless heart monitor using
head ballistocardiogram (BCG) and head electrocardiogram
(ECG).” By He et al. (Conf. Proc. IEEE Eng. Med. Biol. Soc.
2011, pages 4729-32) discloses a wearable heart monitoring
sensor that has the form factor of a hearing aid that can
communicate wirelessly with a computer device. However,
the system requires the use of a separate piece, such as the in
ear sensor, along with a computing device. The use of mul-
tiple pieces makes it more difficult for elderly patients to use
the setup and decreases the likelihood that the patient will use
the device.

U.S. Patent Application Publication No. 2009/0024045
discloses using an implanted medical device to directly mea-
sure various cardiac functions. The measurements require
that the medical device is implanted within the patient’s body.
The methods, systems, and devices disclosed herein offer
significant advantages because they do not require aninvasive
implanted medical device and can be used to quickly and
conveniently measure a number of cardiac parameters with
the patient in the comfort of their home.

U.S. Pat. No. 6,024,705 discloses using a seismic sensor to
take an SCG along with a computer to analyze the waveform
and output a numerical value representing cardiac perfor-
mance. These devices are also impractical for home use or
self-testing. The methods and devices are not used (or com-
patible with use) with a mobile telecommunications device.

U.S. patent application Ser. No. 12/796,188, filed Jun. 8,
2010 and titled “HEART MONITORING SYSTEM
USABLE WITH A SMART PHONE OR COMPUTER,”
now U.S. Pat. No. 8,509,882 and U.S. patent application Ser.
No. 13/108,738, filed May 16, 2011 and titled “WIRELESS,
ULTRASONIC PERSONAL HEALTH MONITORING
SYSTEM,” now Publication No. US-2011-0301439-A1,
describe ECG monitors that convert ECG data into ultrasound
signals that can be received by a telecommunications device
such as a smartphone and then stored, analyzed, and/or dis-
played. The instant application extends and adapts this teach-
ing and may be used with any of the systems, methods, and
devices described herein.

SUMMARY OF THE DISCLOSURE

In general, the devices, systems, software, and methods
described herein allow an operator, including the patient, to
measure a metric of cardiac performance in a simple and
inexpensive fashion. The invention may operate with a pre-
existing mobile telecommunication device having an accel-
erometer (or adapted for use with an accelerometer) without
requiring additional instrumentation.

In general, the systems described herein may be referred to
as cardiac performance monitoring systems. In some varia-
tions these systems may be referred to as SCG (or seismocar-
diogram) monitoring systems. Any of these systems may
include control logic for controlling a mobile telecommuni-
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cations device, and in particular, for controlling the acceler-
ometer of a mobile telecommunications device so that it
detects and in some variations records an SCG signal. A
cardiac performance monitoring system may be configured to
include software (an “app’ or applications) for a mobile tele-
communications device (e.g., mobile telecommunications
devices, smart phones, etc.) that includes the control logic to
control the mobile telecommunications device to useits exist-
ing components to examine, record, transmit and/or analyze a
seismocardiogram. Thus, the cardiac performance monitor-
ing system may include executable logic that controls the
mobile telecommunications device to detect vibration and/or
position, and to guide the user in taking readings of cardiac
performance.

In some variations, the cardiac performance monitoring
system may include an ECG monitoring component (e.g,,
electrodes, including electrodes on a case configured to hold
the mobile telecommunications device as described in U.S.
patent application Ser. No. 13/420,520). Thus the cardiac
performance monitoring system may comprise a housing or
case for a mobile telecommunications device having one or
more electrodes. The cardiac performance monitoring system
may also be used without the additional ECG monitoring
electrodes.

For example, when placed on the chest ofa user, the cardiac
performance monitoring systems disclosed herein can cause
the mobile telecommunications device to measure vibrations
caused by the heartbeat to get a seismocardiogram (SCG) of
the user. The user can conveniently and easily use the mobile
telecommunications device to take their own SCG at their
convenience, including in a home setting. This data may be
stored and/or analyzed by the mobile telecommunications
device, and/or transmitted to a remote location (e.g., website)
for analysis, storage, or further processing, including being
added to the patient’s medical records, or being analyzed by
a physician.

The methods and systems (cardiac performance monitor-
ing system) described herein may also provide one or more
indices of cardiac health based on the patient’s SCG. In
particular, the SCG detected by the mobile telecommunica-
tions device may be analyzed to determine an index of left
ventricular performance. In some variations the methods and
systems record both an SCG and an ECG over the same time
period.

The cardiac performance monitoring system can control
the telecommunications device to communicate with an ECG
component to take an ECG of the patient. The SCG and ECG
can be analyzed to determine the left ventricular performance
of the user. The cardiac performance monitoring system can
analyze the cardiac performance data to establish a baseline
for the cardiac performance of the patient and to alert the
patient of any statistically significant changes in the cardiac
performance.

In some variations the cardiac performance monitoring
system guides the patient through the procedure for measur-
ing an indicator of cardiac performance. The cardiac perfor-
mance monitoring system may also confirm the steps, includ-
ing that the patient (or user) has properly positioned the
device to measure cardiac performance. For example, the
executable control logic may detect that the mobile telecom-
munications device has been placed properly on the patient’s
chest by confirming that the mobile telecommunications
device is flat (e.g., horizontal) by controlling the accelerom-
eter and/or gyroscope that may be built into the mobile tele-
communications device (e.g., iPhone, android, etc.). Instruc-
tions and/or patient feedback may be visual, audible, tactile,
or some combination of these.
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Cardiac performance data can be monitored remotely by a
physician or other medical professional. The physician can
receive an automatic notification for any changes in the car-
diac performance of the patient to evaluate changes in the
mediation or treatment of the patient or the need for imme-
diate medical treatment.

For example, described herein are apparatuses comprising
non-transitory computer-readable storage medium storing a
set of instructions capable of being executed by a smartphone
having an accelerometer. The set of instructions, when
executed by the smartphone, causes the smartphone to record
a seismocardiogram (SCG) from the smartphone’s accelet-
ometer by detecting vibrations on a patient’s chest corre-
sponding to heart motion for a first time period. Further, the
set of instructions, when executed by the smartphone, cause
the smartphone to do at least one of: analyze the SCG to
determine an index of cardiac function, display the SCG,
transmit the SCG, or store the SCG.

In general, a set of instructions on a non-transitory com-
puter-readable storage medium may comprise a program
(e.g., software, firmware, or the like) that can be executed by
a processor. In most of the examples described herein the
processor is part of a mobile telecommunications device such
as a smartphone, however, any appropriate processor may be
used.

The set of instructions on the non-transitory computer-
readable storage medium of may also, when executed by the
smartphone, cause the smartphone to receive an electrocar-
diogram (ECG) from the patient, wherein the ECG is taken
over the first time period. In some variations the set of instruc-
tions 1s configured so that it controls acquisition ofthe ECG as
well as acquisition of the SCG. In general, the ECG and SCG
may be collected/recorded over the same time period (e.g.,
having the same start time and/or stop time), so that the two
can be time-locked or correlated. The SCG and ECG may be
collected at the same time intervals when discrete sampling is
performed, or at different time intervals. In some variations
the ECG is collected using a device that is coupled to the
smart phone. For example, an ECG electrode module may be
used in conjunction with the smartphone. The ECG module
may include two or more electrodes for collecting an ECG.
The module may communicate with the phone either directly
via a connection (e.g., into an input port such as an audio jack)
orindirectly viaa wireless connection (e.g., radio, ultrasound,
audible, optical, induction, etc.). In some variations the set of
instructions (which may be referred to herein as logic or
control logic) on the non-transitory computer-readable stor-
age medium may be configured to synchronize with the ECG
module, so that collection of the ECG and SCG can also be
synchronized as discussed above.

In some variations the set of instructions is configured to
analyze the SCG data on the smart phone. The set of instruc-
tions, when executed by the smartphone, may be configured
to cause the smartphone to analyze the SCG to determine the
index of cardiac function in any appropriate manner. For
example, the set of instructions may be configured to have the
smart phone (e.g., a processor of the smart phone) take a ratio
of the sum of isovolumetric contraction time (ICT) and iso-
volumetric relaxation time (IRT) divided by the left ventricle
ejection time (ET). A set of instructions on a non-transitory
computer-readable storage medium may, when executed by
the smartphone, cause the smartphone to identify two or more
characteristic regions of the SCG. As described in more detail
below, the regions that the set of instructions may configure
the device (e.g., smartphone) to recognize may include a time
point or region corresponding to: mitral valve closure, iso-
volumetric contraction, aortic valve opening, rapid ejection,
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aortic valve closure, mitral valve opening, and rapid filling.
Thesetime points may be used to measure or otherwise derive
additional information about the SCG and thus cardiac health
of the subject from whom the reading was taken. Charactet-
istic regions may generally be recognized based on the overall
shape of the SCG curve(s) or average SCG cycle(s). In some
variations, additional information may be used to help iden-
tify characteristic regions. For example, a synchronized ECG
(or average ECG(s)) may be used to help identify one or more
characteristic regions of an SCG. For example, a set of
instructions, when executed by a smartphone, may cause the
smartphone to identify two or more characteristic regions of
the SCG using an electrocardiogram (ECG) that is taken over
the first time period. When the ECG and SCG are synchro-
nized, the R-wave peak, which is often readily recognized
from an ECG signal, (including an ECG taken from a pair of
electrodes on a patient’s chest, as shown below) may indicate
the location of the characteristic mitral closure (MC) peak, as
shown in FIG. 6. Thus, the R-wave may be used as a fiduciary
marker for the characteristic MC in an SCG.

In general, multiple SCG cycles may be taken during the
first time period of recording an SCG. Each “cycle” of an
SCG cycle corresponds to a single, and complete, cardiac
cycle for that patient. When the time period during which the
SCG is acquired by the device is sufficiently long (e.g.,
extending over more than one cardiac cycle), multiple cycles
may be analyzed. As mentioned above, multiple cycles may
be averaged to remove spurious noise or irregularities. For
example, the apparatus including the set of instructions on the
non-transitory computer-readable storage medium may be
configured by the set of instructions to identify multiple SCG
cycles taken during first time period and to average the mul-
tiple SCG cycles. In some variations the SCG signal may be
filtered, smoothed, and/or otherwise processed to enhance the
signal received. High frequency filtering may be applied to
remove noise. Similarly, smoothing may be performed to
better identify characteristic regions of the SCG, which may
be determined based on peaks in the SCG. In some variations,
rather than averaging the waveforms of each (or a subset) of
the SCG cycles recorded, the apparatus may be configured to
average measurements taken from each (or a subset) of the
SCGs. “Bad” or outlining SCG cycles may be rejected or not
included in the analysis. A rolling average (or updating aver-
age) may be performed as new SCG cycles are measured. For
example, the apparatus may determine for each SCG cycle
the time of mitral valve closure (MC), aortic valve opering
(AO), Aoritc valve closure (AC) and mitral valve opening
(MO), and use these estimated times to derive values such as
isolvolumetric contraction time (ICT or IVCT, equal to the
time from MC to AO), ejection time (ET, equal to the time
from AO to AC)), and isovolumetric relaxation time (IRT or
IVRT, equal to the time from AC to MO). The derived values
(ICT, ET, IRT, etc.) may be averaged by SCG cycles. These
values may also be used to derive one or more indexes, and the
index value may be based on the average values, or a raw
index value for each SCG cycle may be averaged (or both).

In general, the non-transitory computer-readable storage
medium having a set of instructions may be configured so that
the set of instructions, when executed by the smartphone,
causes the smartphone to instruct the patient how to record the
SCG for determining an indicator of cardiac fitness/health.
For example the set of instructions may instruct the subject to
position the smartphone against the patient’s chest prior to
recording the SCG. Instructing the subject may be done by
presenting visual (e.g., images, text, or both on the smart-
phone screen) and/or audible (using the speaker of the smart-
phone) instructions to the subject. The apparatus may instruct
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the subject/patient to place the smartphone against the chest
while lying down so that the smartphone rests against the
chest, substantially flat. The smartphone may also be config-
ured by the set of instructions to monitor the position of the
apparatus while recording the SCG and/or ECG and stop the
recording if the patient moves too much (which may lead to
erroneous readings). Thus, for example, the non-transitory
computer-readable storage medium configured by the set of
instructions, when executed by the smartphone, may cause
the smartphone to verify the orientation of the smartphone
and notify the user ifthe orientation of the smartphone during
the first time period was incorrect.

The smartphone may also be configured to indicate when
the recording is ongoing and/or when it has completed. The
smartphone may also be generally configured by the instruc-
tions to indicate the outcome of the SCG (e.g., good reading,
bad reading, repeat reading, etc.) including providing an out-
put of the SCG on the smartphone.

Another example, of an apparatus is a non-transitory com-
puter-readable storage medium in a smartphone having an
accelerometer storing a set of instructions capable of being
executed by the smartphone, that, when executed by the
smartphone, causes the smartphone to: record a seismocar-
diogram (SCG) from the smartphone’s accelerometer by
detecting vibrations on a patient’s chest corresponding to
heart motion for a first time period; and receive an electrocar-
diogram (ECG) from the patient over the first time period,
analyze the SCG to determine an index of cardiac function for
the patient; and do at least one of: display, transmit and store
the index of cardiac function. Any of the features discussed
above may also be included in this variation. For example, the
set of instructions, when executed by the smartphone, may
cause the smartphone to analyze the SCG to determine an
index of cardiac function for the patient by identifying char-
acteristic regions of the SCG using the ECG, such as by
identifying two or more of: mitral valve closure, isovolumet-
ric contraction, aortic valve opening, rapid ejection, aortic
valve closure, mitral valve opening, and rapid filling. The set
of instructions, when executed by the smartphone, may cause
the smartphone to analyze the SCG to determine an index of
cardiac function for the patient by taking a ratio of the sum of
isovolumetric contraction time (ICT) and isovolumetric
relaxation time (IRT) divided by the left ventricle ejection
time (ET).

Methods of estimating cardiac fitness/health are also
described, including methods of using the apparatuses
described above. For example, a method of determining an
index of cardiac function for a patient using a smartphone
having an accelerometer may include: placing the smart-
phone on the patient’s chest; recording a seismocardiogram
(SCG) for a first time period using the smartphone’s acceler-
ometer; and analyzing the SCG to determine an index of
cardiac function.

In any of these variations, the method may also include the
step of receiving an electrocardiogram (ECG) in the smart-
phone, wherein the ECG is recorded from the patient over the
first time period. The received ECG may be synchronized
with the SCG. The synchronization may be controlled by the
logic running on the smartphone, which may trigger both the
recordings of the ECG and SCG, or the logic may be config-
ured to passively wait for the ECG recording to begin and
thereafter trigger reading of SCG, although the time basis
may be the same (e.g., the SCG and ECG may be time locked,
sharing the same time axis).

In general, the apparatuses described herein may be used
by a patient to help determine his or her own cardiac health.
Thus, these devices may be used in a home or other non-
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clinical setting. The results may be transmitted to a clinician
(physician, nurse, technician, etc.) immediately or after a
delay, and/or placed in the patients file (e.g., electrical medi-
cal record). Thus, any of these methods and devices may be
used by the patient/subject himself or herself, and may
include instructions guiding the user (the patient/subject or a
family member) in how to use the apparatus. For example, the
step of placing the smartphone on the patient’s chest may
comprise the patient placing the smartphone on the patient’s
own chest; the apparatus may tell and/or show the patient how
to correctly place the apparatus.

In any of these variations the method may also include
using the smartphone to verify the orientation of the smart-
phone on the patient’s chest before or during the first time
period. For example, an internal gyroscope, level, or the like,
may be used to determine and/or verify the orientation of the
smartphone before and/or during recording of the SCG.

Analyzing the SCG to determine an index of cardiac func-
tion may include analyzing the SCG using the smartphone to
determine the index of cardiac function, for example, by
taking a ratio of the sum of isovolumetric contraction time
(ICT) and isovolumetric relaxation time (IRT) divided by the
left ventricle ejection time (ET). The method may be used to
determine any index of cardiac function, including (but not
limited to) the modified Tei index. In some variations, ana-
lyzing the SCG to determine an index of cardiac function
comprises identifying multiple SCG cycles taken during first
time period and averaging the multiple SCG cycles. Averag-
ing may be performed at the level of the waveform (e.g.,
averaging each SCG cycle waveform after aligning them,
e.g., by MC), or at the level of the characteristics extracted
from each SCG cycle (such as the ICT, ET, IRT, etc.). In some
variations, analyzing the SCG to determine an index of car-
diac function comprises identifying multiple SCG cycles
taken during the first time period using an electrocardiogram
(ECG) that was recorded from the patient over the first time
period

Analyzing the SCG to determine an index of cardiac func-
tion may comprise identifying two or more characteristic
regions of the SCG from the regions consisting of: mitral
valve closure, isovolumetric contraction, aortic valve open-
ing, rapid ejection, aortic valve closure, mitral valve opening,
and rapid filling.

In any of the methods described herein, the SCG, including
the SCG waveform and/or an indicator of the quality of the
SCG waveform, or a proxy for an SCG waveform (indicating
that an SCG waveform was taken) may be displayed by the
smartphone. The smartphone may also or alternatively dis-
play an ECG and/or the index for cardiac health, or a simpli-
fied indicator of the index (red light/danger, green light/good,
yellow light/caution, etc.).

In any of these variations the method may also include
transmitting the SCG and/or extracted information from the
SCG and/or ECG. For example the SCG waveform(s) and/or
the ECG waveforms may be transmitted to another processor
for analysis, rather than performing the analysis on the smart-
phone, or in addition to performing the analysis on the smart-
phone. For example, the method may include the step of
transferring the SCG and ECG data (and/or waveforms) to a
remote server over the internet for storage and/or analysis.

Another example of a method of determining an index of
cardiac function for a patient using a smartphone having an
accelerometer includes the steps of: placing the smartphone
on the patient’s chest; recording a seismocardiogram (SCG)
for a first time period using the smartphone’s accelerometer;
receiving an electrocardiogram (ECG) in the smartphone,
wherein the ECG is recorded from the patient over the first
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time period; and analyzing the SCG to determine an index of
cardiac function. Any of the steps described above may be
applied in this exemplary method as well. For example, the
method may include using the smartphone to verify the ori-
entation of the smartphone on the patient’s chest before or
during the first time period. As mentioned, analyzing the SCG
to determine an index of cardiac function may comprise ana-
lyzing the SCG using the smartphone to determine the index
of cardiac function by taking a ratio of the sum of isovolu-
metric contraction time (ICT) and isovolumetric relaxation
time (IRT) divided by the left ventricle ejection time (ET).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a picture of a prior art method for measuring a
seismocardiogram (SCG) and electrocardiogram (ECG) fora
patient. The image is adapted from FIG. 3 of “Mechanisms
Underlying Isovolumic Contraction and Ejection Peaks in
Seismocardiogram Morphology” by Gurev et al. (Journal of
Medical and Biological Engineering, 32(2): 103-110(2012)).

FIG. 2 illustrates a subject/patient using a method and
apparatus as described herein and controlling a mobile tele-
communications device (in this example, an iPhone™) to
detect an SCG and ECG for determining a measure or index
of cardiac function.

FIG. 3A is a schematic representation of one variation of
back of a mobile telecommunications device (e.g., smart-
phone) including a module having sensors for measuring
ECG (e.g., electrodes).

FIGS. 3B, 3C, 3D, and 3E show front, right side, back and
left side, views respectively, of another variation of an appa-
ratus including a mobile telecommunications device config-
ured for detecting SCG and/or ECG.

FIG. 4 graphically illustrates an exemplary ECG wave-
form.

FIG. 5 illustrates a pair of synchronized ECG and SCG
waveforms (for a single ECG and SCG cycle).

FIG. 6 is an example of an SCG taken using a smartphone.

FIG. 7 is an exemplary chart illustrating steps that may be
performed as described herein.

DETAILED DESCRIPTION

In general, described herein are apparatuses (e.g., systems
and devices, including software) and methods for determin-
ing one or more indicators of a subject’s cardiac health using
a mobile telecommunications device (e.g., smartphone). In
particular, described herein are cardiac performance monitor-
ing apparatuses controlling a mobile telecommunications
device (e.g., smartphone) to detect and/or analyze a patient’s
seismocardiogram (SCG). The mobile telecommunications
device typically includes an integrated accelerometer and
optionally a gyroscope. The methods and apparatuses
described herein control operation of the mobile telecommu-
nications device to use the accelerometer to detect a seis-
mocardiogram and/or ballistocardiogram. For example, the
accelerometer can be used to detect heart vibrations of the
subject. As used herein a “subject” may be referred to as a
patient or user. Heart vibrations may be used to get a seis-
mocardiogram (SCG). In some variations the apparatus may
control operation of the mobile telecommunications device to
analyze the SCG on the mobile telecommunications device
and/or upload the SCG to a remote site where it can be
analyzed or further analyzed.

In some variations, the apparatus may be used with or may
include a systems (e.g., subsystem) having one or more sen-
sors (and particularly integral sensors) for measuring electro-
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cardiograms with the mobile telecommunications device. For
example, the methods or systems may include a case connect-
able to the mobile telecommunications device so that it forms
an integral device not much larger than the mobile telecom-
munications device that can detect both SCG and ECG. The
ECG sensor (electrodes) can be integral to the mobile tele-
commuications device or attached to a case for the mobile
telecommunications device. Two or more electrodes may be
used to measure the electrical characteristics of the user or
patient to take an ECG. In some variations the electrodes
(e.g., on a case for the mobile telecommunications device)
communicate wirelessly with the telecommunications
device, including transmitting coded data using an ultrasonic
transmission. The SCG and ECG can be analyzed to deter-
mine the left ventricular performance of the patient or user.
The methods or systems may simultaneously detect SCG and
ECG data.

The apparatuses and methods disclosed herein are gener-
ally adapted for use with mobile telecommunications devices.
This mobile telecommunications device may be placed on the
patient’s chest so that the accelerometer of the mobile tele-
communications device can measure vibrations in the chest to
take an SCG. In variations including ECG electrodes (e.g.,
when the mobile telecommunications device is housed in a
case having electrodes for measuring an ECG), the electrodes
canbe used to measure electrical impulses on the chest to take
an ECG. The mobile telecommunications device and elec-
trodes can be used to measure cardiac parameters previously
measured using larger equipment, requiring a technician,
and/or multiple accessories or attachments.

The apparatuses and methods disclosed herein can be used
by the patient to monitor a number of physical parameters
using a handheld device, such as a mobile telecommunica-
tions device (e.g., smartphone). The patient can use the device
to measure the cardiac parameters in the comfort of their
home. The parameters or trend in the measured parameters
can be analyzed to look for any possible indications of a
problem with the patient’s cardiac health.

In some variations, described herein are systems including
a case device that may be used with a mobile telecommuni-
cations device. The case device may hold the mobile telecom-
munications device so that it forms an integrated (single
piece) unit than can be placed on the patient’s chest to mea-
sure SCG and/or ECG as well as other cardiac parameters.
Many of the patients with decreased cardiac health are older
in age, therefore it is important for the device to be convenient
and easy to use at home. Separate pieces and complicated
designs can be overwhelming for some users thereby discour-
aging the patients from using the device. Separate pieces can
also be easy to lose and more difficult to use for older patients.

The convenience for the patient to quickly and easily mea-
sure the biological parameters is important because it can
increase patient use. The more often the patient can measure
their biological parameters the greater the benefits for the
patient. Tracking the patient’s cardiac function can provide
more data on the cardiac health of the patient and improve the
overall medical treatment. Additional data on the cardiac
healthtrends of the patient can increase the likelihood of early
diagnosis of potential cardiac problems allowing for earlier
treatment and increased chances for resolving the problems
prior to a catastrophic cardiac event requiring hospitalization.

Prior art methods have been used to generate an ECG and
SCG for the patient at the hospital or in a doctor’s office. For
example, prior art methods include using a 12 lead system for
generating an ECG for the patient. FIG. 1 shows a setup for
using a 12 lead system for generating an ECG and a large
accelerometer system for generating a SCG (See “Mecha-
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nisms Underlying Isovolumic Contraction and FEjection
Peaks in Seismocardiogram Morphology” by Gurev et al.
(2011)). As can be seen, this equipment requires use of a
medical facility and a skilled person to setup and operate.

The methods and systems described herein can utilize a
mobile telecommunications device to measure the SCG using
an accelerometer that is already part of the mobile telecom-
munications device. The mobile telecommunications device
or a remote server can be used to analyze the SCG curve to
determine additional cardiac data as well as acquire and pro-
cess simultaneous ECG data. The ability for the patient to use
asmartphone to take an SCG is an advantage over the prior art
methods because it doesn’t require atrip to the doctor’s office,
the use of larger equipment, or a skilled person to setup and
operate.

The mobile telecommunications device can have a plural-
ity of electrodes formed integrally to the exterior of the
device, or on a case or attachment to the mobile telecommu-
nications device, as illustrated in FIGS. 3A and 3B-3E. A case
for a mobile telecommunications device can also include a
plurality of electrodes. For example, U.S. patent application
Ser. No. 12/796,188, filed Jun. 8, 2010 and titled “HEART
MONITORING SYSTEM USABLE WITH A SMART
PHONE OR COMPUTER,” now U.S. Pat. No. 8,509,882
discloses a device that includes electrodes for generating an
ECG. The device attaches to a smartphone or smartphone
case. The electrodes can measure the electrical impulses on
the patient’s chest and take an ECG.

The systems and methods disclosed herein allow for a
smartphone or handheld computing device with a small elec-
trode attachment integral to the phone or phone case to simul-
taneously measure both the ECG and SCG for the patient. The
simultaneously acquired and synchronized ECG and SCG
data can be used to calculate and derive a number of cardiac
parameters for the patient. For example, the methods and
devices can control the mobile telecommunications device to
determine patient heart rate, average heart rate, heart rhythm,
and cardiac event timing via the ECG and SCG. In some
variations one or more of these indicators of cardiac function
are determined.

Index values can also be useful in determining the overall
cardiac health of the patient. One known index for measuring
the cardiac health of a patient is known as the Myocardial
Performance Index (MPI) or the Tei index. The Tei index was
disclosed in “New index of combined systolic and diastolic
myocardial performance: as simple and reproducible mea-
sure of cardiac function—a study in normals and dilated
cardiomyopathy” by Tei et al. (Journal of Cardiology 1995
26(6): 357-66). The systems and methods disclosed herein
can be used to determine a modified Tei index for the patient,
using the SCG data received by the mobile telecommunica-
tions device using the apparatuses and methods described.

Typically, the Tei index is lower in healthy patients and
higher in patients with cardiac problems. An increase in the
Tei index can be indicative of potential problems with cardiac
functions. The methods, systems, software, and devices dis-
closed herein can provide an early warning for possible heart
failure by tracking the modified Tei index for the patient. If the
Tei index increases then it signals for the need for medical
treatment or a modification in the medication that the patient
takes to treat cardiac problems. The advanced notice for prob-
lems can possibly prevent catastrophic complications of car-
diac failure. The Tei (or modified Tei) index is just one
example of an index of cardiac function (or index of cardiac
fitness) that may be determined from the SCG and/or ECG.
The methods and apparatuses described herein may be used
to determine other indices of cardiac health, including flow
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velocities (e.g., pulmonary venus flow velocity), cardiac
loading (ventricular loading), and the like.

The apparatuses (e.g., devices and systems), and methods
disclosed herein are advantageous over prior art apparatuses
and methods because the patient can easily measure the car-
diac parameters at their convenience at home using a hand
held telecommunication device that does not require the use
of additional accessories that can be easily lost or require
complicated assembly. Additionally, the patient can make
sophisticated measurements of their cardiac health without a
trip to the doctor or using commercial equipment that costs
many thousands of dollars and is only practical at hospitals
and doctor’s offices. The additional convenience allows for
the patient to take their own measurements at home, instead of
at the doctor’s office. The additional measurements can be
used to track the cardiac health of the patient over time. The
systems and methods described herein allow the patient to act
as their own control. The cardiac health can then be tracked
over time and changes in the cardiac health relative the
patient’s own baseline can be determined and can identify
problems at an early stage to allow for earlier treatment, such
as modification of the medication or a visit to the doctor’s
office for evaluation.

Further, the apparatus (e.g., systems and devices)
described herein may communicate with the smartphone and
allow measurements and trends to be securely and/or auto-
matically and/or wirelessly transmitted to caregivers. As used
herein, the apparatus may be configured to wirelessly com-
municate with a mobile telecommunications device (e.g.,
smart phone). Although ultrasonic transmission is of particu-
lar interest, it should be understood that, as used herein,
wireless communication (e.g., transmission of a signal)
includes any appropriate wireless modality, including, but not
limited to transmission of radio signals, microwave signals,
visible light signals, infrared signals, sonic signals, ultrasonic
signals, and electromagnetic induction signals. Thus, the
apparatus may be configured to broadcast and/or receive via
or more of: radio signals, microwave signals, visible light
signals, infrared signals, sonic signals, including but not lim-
ited to ultrasonic signals, and electromagnetic induction sig-
nals.

It is to be understood that the invention is not limited in its
application to the details of construction, experiments, exem-
plary data, and/or the arrangement of the components set
forth in the following description. The invention is capable of
other embodiments or of being practiced or carried out in
various ways. Also, it is to be understood that the terminology
employed herein is for purpose of description and should not
be regarded as limiting.

In the following detailed description of embodiments of the
disclosure, numerous specific details are set forth in order to
provide a more thorough understanding of the disclosure.
However, it will be apparent to one of ordinary skill in the art
that the concepts within the disclosure can be practiced with-
out these specific details. In other instances, well-known fea-
tures have not been described in detail to avoid unnecessarily
complicating the description.

Telecommunications Device

As used herein mobile telecommunications device (tele-
communications devices) includes smartphones (e.g.,
iPhone™, Droid™ or other personal communications
devices). In some variations mobile telecommunications
device may also include some tablet computers (e.g., iPad™,
tablet PCs, or the like), and other handheld computing
devices.

The mobile telecommunications devices typically include
an integral accelerometer or may be adapted to include an
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accelerometer. The systems described herein include execut-
able control logic to control the accelerometer to measure
vibrations on the patient’s chest, such as vibrations caused by
the patient’s heartbeat (e.g., as, for example, x,y,z axis
motion). The sampling rate for the accelerometer readings
can be tied to the processor speed of the mobile telecommu-
nications device. In some cases the accelerometer sampling
rate may be on the order of 100 measurements per second. In
some variations the telecommunications device may be con-
trolled to adjust the sampling rate for the accelerometer.

The mobile telecommunications device can include a gyro-
scope or may be adapted to include a gyroscope. The gyro-
scope can be used to verify the positioning of the telecom-
munications device when in use by the patient, for example to
verify the positioning of the telecommunications device when
the device is taking the SCG.

The telecommunications devices can include a GPS sensor
or may be adapted to include a GPS sensor. The GPS sensor
can be used to verify the location of the telecommunications
device when in use by the patient, for example to verify the
location of the telecommunications device when the device is
taking the SCG.

The telecommunications device can be adapted to commu-
nicate with an ECG component. The telecommunications
device can communicate wirelessly with the ECG compo-
nent. In some embodiments the telecommunications device
can be configured to receive ultrasonic signals from the ECG
component with encoded data corresponding to the ECG.
Examples of ECG components and wireless (via ultrasonic
transmission) data transfer of coded information that are
usable with telecommunications devices are disclosed in U.S.
patent application Ser. No. 12/796,188, filed Jun. 8,2010 and
titled “HEART MONITORING SYSTEM USABLE WITH
A SMART PHONE OR COMPUTER;” now U.S. Pat. No.
8,509,882, and U.S. patent application Ser. No. 13/108,738,
filed May 16, 2011 and titled “WIRELESS, ULTRASONIC
PERSONAL HEALTH MONITORING SYSTEM,” now
Publication No. US-2011-0301439-A1. The telecommunica-
tions devices can include (or may be adapted to include) a
microphone capable of receiving ultrasonic sound. A tele-
communications device may include logic for translating the
digital signal encoded by the ultrasonic sound into a digital
signal that can be displayed, uploaded/transmitted, stored,
and/or analyzed.

In general, a mobile telecommunications device can
include a microprocessor and logic for running software pro-
grams, such as smartphone applications. The telecommuni-
cations device can analyze and process the ECG and SCG
data using a microprocessor and logic configured to control
the microprocessor. The ECG and SCG data can also be
uploaded to a remote server to perform the data analysis.

The cardiac performance monitoring system may control
the smartphone so that it combines data and signals from
other sensors built into the smartphone such as a GPS, gyro-
scope. and accelerometer. Further processing of this data
provides additional information related to the user, such as
speed, location, distance, steps, ECG, SCG, cadence, body
position, fall detection and energy expenditure. The cardiac
performance monitoring system may control the smartphone
to take the raw signals from the sensors and so that derived
information can be displayed and stored locally on the smart-
phone, as well as being transmitted to the web server over an
internet connection. The web server may provide a web
browser interface for real-time or retrospective display of the
signals and information received from the smartphone, and
also includes further analysis and reporting.

ECG Component
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An ECG component can be included as part of a cardiac
performance monitoring system, and may include an elec-
trode assembly configured to sense heart-related signals upon
contact with a user’s skin, and to convert the sensed heart-
related signals to ECG electrical signals. A converter assem-
bly, integrated with, and electrically connected to the elec-
trode assembly, may be configured to receive the ECG
electrical signals generated by the sensor and output ECG
sound signals through an audio transmitter to a microphone in
acomputing device within range of the audio transmitter. The
converter assembly is further configured to output the ECG
signals as an ultrasonic FM sound signal.

In one embodiment, a smartphone protective case, usable
as an ECG electrode module or component, is provided as
part of the cardiac performance monitoring system. An elec-
trode assembly, configured to sense heart-related voltage sig-
nals upon contact with a user’s skin, and to convert the sensed
heart-related signals to an ECG differential electric signal, is
provided. A converter assembly, integrated with, and electri-
cally connected to the electrode assembly, is configured to
convert the electric ECG signal generated by the electrode
assembly to an ultrasonic frequency modulated ECG sound
signal having a carrier frequency in the range of from about 17
kHzto about 40kHz (e.g., about 17 kHz to about 24 kHz), and
further configured to output the ultrasonic frequency modu-
lated sound signal through an audio transmitter at a signal
strength capable of being received by a smartphone posi-
tioned within the smartphone protective case.

The sensor assembly can include any suitable sensor
operative to detect a physiological signal that a user desires to
monitor. Nonlimiting examples of such physiological signals
include, but are not limited to, respiration, heartbeat, heart
rate, electrocardiogram, electromyogram (EMG), elec-
trooculogram (BOG), pulse oximetry, photoplethysmogram
(PPG) and electroencephalogram (FEEG).

Such electrodes can also be used to detect the electrical
activity of the heart over time for electrocardiography (ECG).
An ECG is a measurement of the small electrical changes on
the skin generated when the heart muscle depolarizes during
each heart beat. The output from a pair of electrodes is known
as a differential lead. Small rises and falls in the voltage
between two electrodes placed on either side of the heart can
be processed to produce a graphical ECG representation 22
such as the example ECG shown in FIG. 4. In a typical ECG
waveform 22, the ECG waveform includes characteristic
regions including the P wave, the QRS complex, the R wave,
and the T wave.

In any of the examples described herein, an apparatus may
include or be used with an ECG module component 10 and
with an electrode assembly configured to sense heart-related
signals upon contact with a user’s skin, and to convert the
sensed heart-related signals to an ECG electric signal. As
shown in FIGS. 3A and 3B-3F, a smartphone may include or
be used with a case or other apparatus having an ECG module
10 including electrodes 350, 360. As discussed in detail
below, the ECG module 10 may transmit (e.g., wirelessly,
including by an ultrasonic means) an ECG signal to a smart-
phone 301. Software on the smartphone 301 can receive and
processes the ECG (e.g., wireless signal) in real-time, in
addition to SCG data, as described below. The ECG and/or
SCG can be further processed to calculate heart rate and
identify arrhythmias. The SCG, ECG; heart rate, and rhythm
information can be displayed on the smartphone 301, stored
locally for later retrieval, and/or transmitted in real-time to a
web server via a 2G/3G/4G, WiFi or other Internet connec-
tion. In addition to the display and local processing of the
SCG and ECG data, the smartphone 301 can transmit, in
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real-time, the SCG, ECG, heart rate and rhythm data via a
secure web connection for viewing, storage and further analy-
sis via a web browser interface (using the 2G/3G/4G or WiFi
connectivity of, for example, the smartphone 301). Server
software provides for storage, further processing, real-time or
retrospective display and formulation of a PDF ECG rhythm
strip document and/or other reports and formats for printing
remotely or locally.

The ECG module 10 can be configured in any way consis-
tent with its function, i.e., it should include electrodes avail-
able to make contact with a user’s skin on the hands, chest or
other parts of the body, for obtaining the user’s ECG, and be
configured for transmitting the ECG to areceiving device. For
example, a hand-held ECG module 10 can be shaped like a
credit card with two electrodes on one surface.

Inanother configuration, the ECG component 300 is usable
as a smartphone protective case 300 as shown in FIGS.
3B-3E. One example configuration utilizes a “slip-on” pro-
tective case 300 for an iPhone® or other smartphone 301, the
protective case 300 including an integrated ECG electrode
assembly 311, 313 and acquisition electronics (not visible).
Two or more (e.g., 3 or 4) electrodes may be used to gener-
ating leads for collecting ECG data. The ECG electrodes in
this example are located on the back of the case 300 opposite
of the display screen 309 of the smartphone 301. The smart-
phone 301, in its ECG-adapted protective case 300, can be
placed on a person’s chest to generate a modified chest lead.
The ECG can be measured by the acquisition electronics and
converted into a wireless transmission signal for communi-
cating to the smartphone 301 from the case 300. For example,
in some variations the ECG signal is transmitted wirelessly to
the smartphone by ultrasound. Thus, the wireless transmis-
sion signal may be a frequency modulated ultrasonic signal
encoding the ECG signal. Nonlimiting example of suitable
carrier or center frequencies include from about 17 kHz to
about 40 kHz, or in some embodiments from about 17 kHz to
24 kHz. The frequency modulated ultrasonic signal may be
output by a miniature speaker or a piezoelectric buzzer. In
some variations the communication between the smartphone
and the ECG electrode module sensing the ECG may be
two-way (duplex). Further, the methods and apparatuses
described herein may synchronize detection of ECG signals
with SCG detection, e.g., by initiating detection of SCG upon
detection of ECG signals (or vice versa).

Thus, a telecommunications device, such as a smartphone
301, can utilize its built-in components (e.g., microphone,
audio codec, and CPU) to acquire, digitize, demodulate, and
process SCG and ECG data in real-time. Also, the telecom-
munications device or smartphone 301 can calculate a real-
time heart rate measurement and determine a cardiac rhythm
diagnosis like atrial fibrillation, or determine other indicators
of cardiac health/fitness (e.g., a modified Tei index). The
smartphone 301 can utilize its 2G, 3G, 4G, Bluetooth® and
WiFi connectivity to transmit the SCG and/or ECG and other
data to a secure web server for real-time distant display,
storage and analysis. Also, the SCG and/or ECG data can be
stored locally on the smartphone for later review or transmis-
sion. SCG and/or ECG data may be processed further and/or
stored, and/or displayed, and/or transmitted on using any of
the communications capabilities of the telecommunications
device. For example, the data may be displayed on the smart-
phone and/or uploaded into a medical database for storage
and/or later review.

Inany of the apparatuses and methods described herein, the
SCG and/or ECG component may be encrypted for transmis-
sion. Any appropriate encryption method may be used,
including encryption methods that use keys, such as data
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encryption standard (DES), advanced encryption standard
(AES), and the like. In general any of the systems described
herein may encode the data, and an encryption key may be
provided so that it can be read and understood by a receiving
telecommunications (e.g., phone, tablet, pad, etc.).

Cardiac Functions Determined from the SCG and/or ECG

A number of cardiac events, indices, and data can be
derived from the SCG and/or ECG, including systolic and
diastolic parameters for left ventricle performance. FIG. 5
illustrates a side-by-side synchronized ECG and SCG wave-
form with annotations showing characteristics corresponding
to specific points on the SCG and ECG curves. Further, FIG.
6 illustrates an annotated SCG taken using a mobile telecom-
munications device 201 (iPhone™) on a subject as shown in
FIG. 2.

In some variations the apparatus for determining an indi-
cator of cardiac performance includes control logic to process
SCG and/or ECG data. The apparatus may also be configured
to both record and to analyze the SCG and/or ECG. For
example, the apparatus (including control logic/an instruc-
tion set) may be configured to determine characteristic
parameters from the SCG as described herein.

For example, the upper trace in FIG. 5 corresponds to an
ECG trace; the lower trace is an SCG waveform (a single
cycle) synchronized with the ECG trace. In FIG. 5, charac-
teristic regions of the SCG reflect the time of mitral valve
closure (MC), isovolumetric contraction (IVC), aortic valve
opening (AO), rapid ejection (RE), aortic valve closure (AC),
mitral valve opening (MO), and rapid filling (RF). In this
example, the peaks and/or troughs of the waveforms are taken
to represent the approximate time of each event, as labeled. A
pre-ejection period (PEP) and left ventricle ejection time
(LVET or ET) can be determined from points on the ECG and
the SCG curves.

AnSCG suchas the one shown in FIGS. 5 and 6 canbe used
to determine approximate timing of cardiac events. For
example, left ventricle ejection time (ET or LVET) can be
calculated by determining the time from the aortic valve
opening (AO) and the aortic valve closure (AC). The isovolu-
metric contraction time (ICT) can be calculated by determin-
ing the time between the mitral valve closure (MC) and the
aortic valve opening (AO). The isovolumetric relaxation time
(IRT) can be calculated by determining the time between the
aortic valve closure (AC) and the mitral valve opening (MO).
Similarly, a pre-ejection period (PEP) can be calculated by
determining the time between the Q wave on the ECG and
aortic valve opening (AQ) on the ECG. A contractility coef-
ficient can be calculated as PEP/LVET. The left ventricular
filling time can be calculated by determining the time
between the mitral valve opening and the mitral valve closure
(MO-MC). The rapid ventricular filling time can be calcu-
lated by determining the time between the mitral valve open-
ing (MO) and the rapid filling (RF).

Thus, the SCG alone gives a large number of cardiac char-
acteristics that may be used to estimate cardiac fitness; in
combination with the ECG, additional characteristics may be
determined. Further the ECG, when synchronized with the
SCG, may beused to help identify characteristics on the SCG,
and may be used to help identify individual SCG cycles. For
example, the R-wave of the ECG may correspond to the MC
in the SCG.

Thus, a mobile telecommunications device having an
accelerometer may be used to detect an SCG by placing the
mobile device 201 on the subject’s chest when the subject is
lying supine, as shown in FIG. 2. The mobile telecommuni-
cations device may confirm subject compliance (e.g., that the
device is properly positioned) using the device’s gyroscope
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and/or accelerometer. In some variations the method may also
include concurrently (or over the same time period) measut-
ing ECG, for example, with electrodes in a case in which the
mobile telecommunications device is residing. These meth-
ods may be performed by a cardiac performance monitoring
system.

When taking the SCG (and/or ECG) signals may be
recorded for a predetermined (or variable/situation depen-
dent) period of time, and signals averaged over that time
period. For example, a composite/average/filtered SCG sig-
nal and/or ECG signal may be determined from a window of
measurement time (e.g., 10 second, 20 second, 30 seconds, 40
seconds, 50 second, 1 minute, 2 minutes, 3 minutes, 4 min-
utes, S minutes, etc.). The resulting SCG signal may be
referred to as a processed SCG signal. The processed SCG
(and in some variations ECG signal) may then be used to
determine other parameters, as mentioned above. As men-
tioned, the ECG R-wave peak may be used as a fiduciary for
alignment of the ECG and/or SCG complexes (cycles) for
signal averaging which retains repeatable feature but may
reduce noise.

In some variations, the cardiac performance monitoring
system may then analyze the SCG and/or ECG to determine
one or more parameter of cardiac performance. For example,
the cardiac performance monitoring system may be config-
ured to determine one or more index of cardiac function
(index of cardiac fitness). The parameters, including the
index, may be displayed, stored, and/or uploaded to a remote
site for patient monitoring by a physician.

For example, in some variations, the cardiac performance
monitoring system is configured to calculate a modified Tei
index from the SCG.

Calculation of Modified Tei Index

The Tei index is typically calculated using pulsed Doppler
ultrasound to obtain the cardiac event timing, e.g., using
averages over three or more cardiac cycles. More recently,
ultrasonic tissue Doppler Imaging (TDI) has been used to
measure a beat-by-beat “modified Tei Index.” Described
herein are methods to calculate a modified Tei index using an
SCG.

FIGS. 5 and 6 illustrate the use of SCG (alone or in con-
junction with an ECQ) to calculate a modified Tei index. The
modified Tei index can be calculated based on the isovolu-
metric relaxation time (IVRT or IRT), isovolumetric contrac-
tion time (IVCT or ICT), and left ventricular ejection time
(LVET or ET). The IRT, ICT, and ET can be derived or
calculated based on the SCG alone or in combination with a
synchronized ECG. For example, time corresponding to the
peak of the R wave can be used with landmarks from the SCG
to calculate the isovolumetric relaxation time (IRT), isovolu-
metric contraction time (ICT), and ejection time (ET).

Specifically, a formula for calculating the modified Tei
index is equal to the sum of the isovolumetric contraction time
(ICT) and the isovolumetric relaxation time (IRT) divided by
the ejection time: (ICT+IRTYET.

Another way to represent the Tei index is by the formula
(a-b)/b where a is the interval between cessation and onset of
the mitral inflow and b is the ejection time (ET). The ejection
time corresponds to the ejection time of the left ventricular
outflow. The IRT can be measured by subtracting the interval
between the R wave and the cessation of the left ventricle
(LV) outflow from the interval between the R wave and the
onset of mitral inflow.

In some embodiments the modified Tei index and other
cardiac functions can be derived or estimated from just the
SCG. The cardiac performance monitoring apparatus
described herein may include logic for calculating this index
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(e.g., modified Tei index determination logic) that may oper-
ate on the processor of the mobile telecommunications device
using the SCG and in some variations the synchronized ECG
signals.

The systems and methods described herein can therefore
allow measurement of the modified Tie-index (and/or other
cardiac fitness measures) on a beat-to-beat basis or an aver-
aged basis. The patient may perform these measurements at
home, and could track them daily, hourly, etc. (multiple times
per day), or over many days (days, weeks, months, years).
The datamay be saved locally (e.g. on the smartphone) and/or
uploaded to a database or transmitted to a medical provided or
monitoring service.

FIG. 2 and FIG. 6 illustrate the use of an apparatus as
described herein to detect SCG and calculate an indicator of
cardiac fitness. In this example, as shown in FIG. 2, the patient
records SCG data from the smartphone placed on the chest.
FIG. 6 illustrates one variation of the resulting SCG raw trace.
In FIG. 6, the trace, taken from the accelerometer of the
smartphone, has been marked to indicate characteristic wave-
forms. This trace has not been filtered or smoothed, which
may result in a more regular an easily read SCG waveform. In
FIG. 6 the LVET, ICT and IRT have been marked, based on
the determination of which peaks correspond to MC, AO, AC
and MO. Additional characteristics have also been marked. In
FIG. 6, the modified Tei index may be calculated based on the
values of ICT, IRT and LVET (e.g., (ICT+IRT)/LVET). FIG.
6 is a single cycle of an SCG; additional SCG cycles may be
analyzed and averaged.

Methods for Using the Mobile Telecommunication Devices

Prior art methods use large accelerometer to take the SCG.
These devices are only practical in the context of commercial
medical facilities, for example see the testing setup shown in
FIG. 1. The devices and methods disclosed herein allow for
the use of a handheld device, such as a mobile telecommuni-
cations device to take the SCG as illustrated in FIG. 2. The use
of a compact and commonly available mobile telecommuni-
cation device allows for the user to take the SCG at home
instead of at a commercial medical facility.

The cardiac performance monitoring system described
herein can use a telecommunications device at home by the
user to measure the SCG and/or ECG. The user can place the
telecommunications device on their chest. The device is pref-
erably in contact with the skin of the user’s chest. The device
can be placed near the bottom of the sternum of the user. This
positioning works with the male and female anatomy.

FIG. 7 illustrates one method (and some of the control
logic) for the operation of the apparatus as described herein,
in one variation. In FIG. 7, the user can place the device on
their chest 701 while lying down in a supine position. The
user is preferably resting during the testing. Typically 30
seconds of data is sufficient. In some cases the data can be
collected for about 10 seconds or less, about 20 seconds or
less, about 30 seconds or less, or about 60 seconds or less. In
some cases a single heartbeat can be sufficient for taking the
SCG and ECG. The apparatus records a seismocardiogram
during the time period 703; in some variations an ECG may
also be recorded during this same period of time, and the
synchronized ECG received by the apparatus 705. The SCG
(and in some variations ECG data) may then be analyzed
either on the smartphone apparatus or (optionally) after trans-
fer to another processor 707. The SCG (and in some cases the
ECG) may then be analyzed to determine the location (e.g.,
the times during the SCG cycle) on SCG waveform of char-
acteristic regions (e.g., MC, ICT, AO, RE, AC, MO, etc.) 709.
These characteristic times can then be used to determine one
or more indicator or index of cardiac fitness (e.g., ventricular
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performance and filling, Tei index, etc.) 711. Additional and
alternative steps are also described herein, including display-
ing, storing and transmitting the SCG and/or ECG and data
extracted from the SCG and/or ECG.

The telecommunications device can include a gyroscope
that can be used to verify the orientation of the device during
testing to verify that the patient is in a supine position.

Previously it was only practical to measure the cardiac
functions when the patient was at the hospital or doctor’s
office. The convenience of at home measurement allows for
more frequent measurements and tracking of the cardiac
functions. More frequent measurements allows for tracking
the changes and trends of the user’s cardiac functions. Track-
ing the user’s cardiac function over time allows for the deter-
mination of a baseline for the user’s cardiac function. The
user’s own baseline can be used as a control value. The
cardiac function data that is subsequently measured can be
compared to the user’s baseline or control value.

Variations in cardiac function can be tracked over time. If
the variation from the baseline or control value exceeds a
certain amount or threshold then the user can be given a
warning. The warning and data can be sent to the user’s doctor
or nurse as well. The warning notification can be sent out for
variations of about 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, or 100% from the baseline. For example, sudden
increases in the Tei index can be indicative of heart failure or
imminent heart problems.

The measure of the user’s cardiac function can vary
throughout the day, for example between morning, afternoon,
and evening measurements. The user can be instructed to take
the measurements at a certain time of the day or the data can
be adjusted based on the typical variability between measure-
ments taken during the morning, afternoon, and evening.

The user can be instructed to take measurements multiple
times a day, once a day, once a week, or at other time intervals,
and can be notified by phone call, email, SMS message, etc.

In some embodiments the data taken by the telecommuni-
cations device can be presented to the user in numerical or
graphical form. In some embodiments the data taken by the
telecommunications device can be uploaded to a remote
server. The data can later be accessed or presented to a medi-
cal professional in numerical or graphical form.

In some embodiments the SCG can be taken by itself
without taking a concurrent ECG. The SCG by itself can be
used to estimate the cardiac functions. In some embodiments,
the SCG data can be analyzed with the assumption ofa typical
ECG response for the patient. In one example the ECG and
SCG could be taken at a medical facility and calibrated using
the Doppler ultrasound or TDI measurements. The patient
could then use the mobile telecommunications device to mea-
sure the SCG and the software could correlate the SCG data
with the ultrasonically-derived SCG results to arrive at a
representation of the cardiac function of the user.

In some embodiments the methods disclosed herein can be
used to take an SCG and/or ECG of the patient by a doctor,
nurse, or other medical professional.

Smartphone Application and Software

The present application discloses a smartphone application
that can be used to perform any of the methods, logic, calcu-
lations, and analysis disclosed herein. Thus, the cardiac per-
formance monitoring system may include this application.
This application (program, executable code, logic, etc.) is
typically stored in a non-transient medium; thus may include
any non-transitory computer-readable storage medium stor-
ing a set of such instructions capable of being executed, e.g.,
by a smartphone.
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The smartphone application includes instructions for the
telecommunications device to use an accelerometer to mea-
sure vibrations.

The smartphone application can include instructions for
the telecommunications device to communicate wirelessly
with the ECG component. The wireless communication can
include communication by ultrasonic signals. The ultrasonic
signals can be encoded with digital or analog data corre-
sponding to the ECG reading.

The smartphone application includes instructions for the
telecommunications device to simultaneously collect ECG
and SCG data. The ECG and SCG data can be time-synced
based on the time clock of the telecommunications device.

The smartphone application can include instructions to
average the ECG and SCG data collected during the analyzed
time interval.

Any of the data analysis disclosed herein can be performed
by the logic or microprocessor contained on the telecommu-
nications device. Any of the data analysis disclosed hereincan
also be performed by a remote server. Any of the data analysis
can be performed by a combination of both the telecommu-
nications device and the remote server.

The smartphone application can include instructions for
analyzing the ECG and SCG data to determine any of the
peaks, points, or times of interest described herein.

The smartphone application can include instructions for
the telecommunications device to transmit data collected to a
remote server. Any data collected by the telecommunications
device can be uploaded and analyzed by a remote server.

The smartphone application can include instructions to
analyze the collected data to establish a baseline or control or
the patient. The application can include trend monitoring to
track changes in the cardiac function.

The smartphone application can send reminders to the
patient to conduct tests. The reminder can be sent via text
message, e-mail, calendar reminders, phone notifications, or
other methods. The reminder can be sent based on the desired
frequency of testing, for example, daily, weekly, or multiples
times per day.

The smartphone application can analyze GPS and gyro-
scope data collected by the telecommunications device while
measuring the SCG to determine the location and orientation
of the device during measuring. The application can provide
a notification or error message if the gyroscope indicates that
the phone is incorrectly placed or if the patient is not in a
supine or reclined position.

The smartphone application can include instructions to
communicate remotely with a remote server or the internet.
The application can also allow for remote monitoring by a
medical professional.

The smartphone application can include instructions to
notify the user or amedical professional if the variations from
the baseline or control value exceed a certain amount or
threshold. The warning and data can be sent to the user’s
doctor or nurse. The warning notification can be sent out for
variations of about 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, or 100% from the baseline.

The cardiac performance monitoring systems described
herein may also be configured to determine one or more of
cardiac rhythm (including detection of NSR or AF), and/or
heart rate, and/or heart rate variability. For example, SCG
may be used to determine heart rate (or heart rate variability).
The SCG may also be used to detect respiration and the
respiratory cycle components (e.g., by examining the low-
frequency components) and respiratory rate.

In some variations, the cardiac performance monitoring
system may also include a “paced breathing” module to guide
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a patient through the appropriate paced breathing session
while the smartphone is in contact and measuring SCG and/or
ECG, from which heart rate variability (HRV) could be deter-
mined. This may allow monitoring of the status of their heart
failure by evaluating the sympathetic-parasympathetic bal-
ance of their autonomic nervous system. Decreased HRV is
an early warning of CHF decompensation.

Additional Applications

The concepts disclosed in the present application are appli-
cable to any application where monitoring cardiac health and
function over time is desirable. The convenience of using the
testing methods disclosed herein for at-home testing allows
for the patient to develop a baseline value to represent their
cardiac health. The cardiac health can be monitored over time
to look for any changes in the cardiac health of the patient.

The methods can be used by heart transplant patients to
monitor their cardiac health after receiving a transplant. A
significant change in the cardiac function can be indicative of
the body rejecting the transplanted organ. Early detection of
potential problems with the transplanted organ can signal the
need for early treatment or diagnosis and possibly prevent a
fatal event.

Some drug treatments can cause complications with the
heart function in a patient. The ability to monitor the overall
cardiac function and loading status can be useful to determine
when and if the drug treatment causes any adverse effects on
the cardiac function of the patient. For example, some che-
motherapy medications can be toxic to the heart. The methods
disclosed herein can be used to watch for any decreases in the
cardiac function of the patient. If a statistically significant
decrease inthe cardiac function is observed then the dosage of
the medication can be decreased or another medication could
be substituted.

The telecommunications devices with the accelerometer
can be used to measure trembling or shaking in the patient.
For example, the devices can be used to measure shaking in
patients having Parkinson’s disease.

The respiratory rate of the user can be determined using the
telecommunications device and accelerometer. The vibra-
tions on the user’s chest can indicate the breathing rate in
addition to the heartbeat. The measured vibrations can be
analyzed to detect the peaks in the signal and apply a low pass
filter to remove some of the data corresponding to the heart-
beat. The data can then be analyzed to extract data on the
respiratory rate of the user.

When a feature or element is herein referred to as being
“on” another feature or element, it can be directly on the other
feature or element or intervening features and/or elements
may also be present. In contrast, when a feature or element is
referred to as being “directly on” another feature or element,
there are no intervening features or elements present. It will
also be understood that, when a feature or element is referred
to as being “connected”, “attached” or “coupled” to another
feature or element, it can be directly connected, attached or
coupled to the other feature or element or intervening features
or elements may be present. In contrast, when a feature or
element is referred to as being “directly connected”, “directly
attached” or “directly coupled” to another feature or element,
there are no intervening features or elements present.
Although described or shown with respect to one embodi-
ment, the features and elements so described or shown can
apply to other embodiments. It will also be appreciated by
those of skill in the art that references to a structure or feature
that is disposed “adjacent” another feature may have portions
that overlap or underlie the adjacent feature.

Terminology used herein is for the purpose of describing
particular embodiments only and is not intended to be limit-
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ing of the invention. For example, as used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises” and/
or “comprising,” when used in this specification, specify the
presence of stated features, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, steps, operations, elements,
components, and/or groups thereof. As used herein, the term
“and/or” includes any and all combinations of one or more of
the associated listed items and may be abbreviated as “/”.

Spatially relative terms, such as “under”, “below”,
“lower”, “over”, “upper” and the like, may be used herein for
ease of description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if a device in the figures
is inverted, elements described as “under” or “beneath” other
elements or features would then be oriented “over” the other
elements or features. Thus, the exemplary term “under” can
encompass both an orientation of over and under. The device
may be otherwise oriented (rotated 90 degrees or at other
orientations) and the spatially relative descriptors used herein
interpreted accordingly. Similarly, the terms “upwardly”,
“downwardly”, “vertical”, “horizontal” and the like are used
herein for the purpose of explanation only unless specifically
indicated otherwise.

Although the terms “first” and “second” may be used
herein to describe various features/elements, these features/
elements should not be limited by these terms, unless the
context indicates otherwise. These terms may be used to
distinguish one feature/element from another feature/ele-
ment. Thus, a first feature/element discussed below could be
termed a second feature/element, and similarly, a second
feature/element discussed below could be termed a first fea-
ture/element without departing from the teachings of the
present invention.

As used herein in the specification and claims, including as
used in the examples and unless otherwise expressly speci-
fied, all numbers may be read as if prefaced by the word
“about” or “approximately,” even if the term does not
expressly appear. The phrase “about” or “approximately”
may be used when describing magnitude and/or position to
indicate that the value and/or position described is within a
reasonable expected range of values and/or positions. For
example, anumeric value may have a value that is +/-0.1% of
the stated value (or range of values), +/-1% of the stated value
(or range of values), +/-2% of the stated value (or range of
values), +/-5% of the stated value (or range of values),
+/-10% of the stated value (or range of values), etc. Any
numerical range recited herein is intended to include all sub-
ranges subsumed therein.

Although various illustrative embodiments are described
above, any of a number of changes may be made to various
embodiments without departing from the scope of the inven-
tion as described by the claims. For example, the order in
which various described method steps are performed may
often be changed in alternative embodiments, and in other
alternative embodiments one or more method steps may be
skipped altogether. Optional features of various device and
system embodiments may be included in some embodiments
and not in others. Therefore, the foregoing description is
provided primarily for exemplary purposes and should not be
interpreted to limit the scope of the invention as it is set forth
in the claims.
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The examples and illustrations included herein show, by
way of illustration and not of limitation, specific embodi-
ments in which the subject matter may be practiced. As men-
tioned, other embodiments may be utilized and derived there
from, such that structural and logical substitutions and
changes may be made without departing from the scope of
this disclosure. Such embodiments of the inventive subject
matter may be referred to herein individually or collectively
by the term “invention” merely for convenience and without
intending to voluntarily limit the scope of this application to
any single invention or inventive concept, if more than one is,
in fact, disclosed. Thus, although specific embodiments have
been illustrated and described herein, any arrangement cal-
culated to achieve the same purpose may be substituted for
the specific embodiments shown. This disclosure is intended
to cover any and all adaptations or variations of various
embodiments. Combinations of the above embodiments, and
other embodiments not specifically described herein, will be
apparent to those of skill in the art upon reviewing the above
description.

What is claimed is:

1. A non-transitory computer-readable storage medium
storing a set of instructions capable of being executed by a
smartphone having an accelerometer, that, when executed by
the smartphone, causes the smartphone to record both a seis-
mocardiogram (SCG) from the smartphone’s accelerometer
by detecting vibrations on a patient’s chest corresponding to
heart motion for a first time period and to detect an electro-
cardiogram (ECG) from the patient’s chest, further wherein
the set of instructions, when executed by the smartphone,
cause the smartphone to do at least one of: analyze the SCG to
determine an index of cardiac function, display the SCG,
transmit the SCG, store the SCG, display the ECG, transmit
the ECG, or store the ECG.

2. The non-transitory computer-readable storage medium
of claim 1, further wherein the set of instructions, when
executed by the smartphone, causes the smartphone to con-
currently record the SCG and detect the ECG from the patient
over the first time period.

3. The non-transitory computer-readable storage medium
of claim 1, further wherein the set of instructions, when
executed by the smartphone, causes the smartphone to ana-
lyze the SCG to determine the index of cardiac function by
determining a Tei index or a modified Tei index.

4. The non-transitory computer-readable storage medium
of claim 1, further wherein the set of instructions, when
executed by the smartphone, causes the smartphone to deter-
mine an index using an interval between cessation and onset
of the mitral inflow and an ejection time (ET) of the left
ventricular outflow.

5. The non-transitory computer-readable storage medium
of claim 1, wherein the set of instructions, when executed by
the smartphone, causes the smartphone to identify two or
more characteristic regions of the SCG from the regions
consisting of: mitral valve closure, isovolumetric contraction,
aortic valve opening, rapid ejection, aortic valve closure,
mitral valve opening, and rapid filling.

6. The non-transitory computer-readable storage medium
of claim 1, wherein the set of instructions, when executed by
the smartphone, causes the smartphone to identify two or
more characteristic regions of the SCG using an electrocar-
diogram (ECQ) that is taken over the first time period.

7. The non-transitory computer-readable storage medium
of claim 1, wherein the set of instructions, when executed by
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the smartphone, causes the smartphone to instruct the patient
to position the smartphone against the patient’s chest prior to
recording the SCG.

8. The non-transitory computer-readable storage medium
of claim 1, wherein the set of instructions, when executed by
the smartphone, causes the smartphone to verify the orienta-
tion of the smartphone and notify the user if the orientation of
the smartphone during the first time period was incorrect.

9. The non-transitory computer-readable storage medium
of claim 1, wherein the set of instructions, when executed by
the smartphone, causes the smartphone to identify multiple
SCG cycles taken during first time period and to average the
multiple SCG cycles.

10. The non-transitory computer-readable storage medium
of claim 1, wherein the set of instructions, when executed by
the smartphone, causes the smartphone to identify multiple
SCG cycles using an electrocardiogram (ECG) that was taken
over the first time period.

11. A method of determining an index of cardiac function
for a patient using a smartphone having an accelerometer, the
method comprising:

placing the smartphone on the patient’s chest;

recording a seismocardiogram (SCG) for a first time period

using the smartphone’s accelerometer;

detecting an ECG using the smartphone;

analyzing the SCG and to determine an index of cardiac

function; and

performing one or more of: displaying the SCG, transmit-

ting the SCG, storing the SCG, displaying the ECG,
transmitting the ECG, or storing the ECG.

12. The method of claim 11, further wherein recoding the
SCG and detecting the ECG are both performed over the first
time period.

13. The method of claim 11, wherein placing the smart-
phone on the patient’s chest comprises the patient placing the
smartphone on the patient’s own chest.

14. The method of claim 11, further comprising using the
smartphone to verify the orientation of the smartphone on the
patient’s chest before or during the first time period.

15. The method of claim 11, further comprising transmit-
ting the SCG and ECG to a processor remote to the smart-
phone for analysis.

16. The method of claim 11, wherein analyzing the SCG to
determine an index of cardiac function comprises analyzing
the SCG using the smartphone to determine one or more
characteristic times including one or more of: mitral valve
closure (MC), aortic valve opening (AQ), Aoritc valve closure
(AC) and mitral valve opening (MO), isolvolumetric contrac-
tion time (ICT) rapid ejection (RE), rapid filling (RF).

17. The method of claim 11, wherein analyzing the SCG to
determine an index of cardiac function comprises identifying
multiple SCG cycles taken during first time period and aver-
aging the multiple SCG cycles.

18. The method of claim 11, wherein analyzing the SCG to
determine an index of cardiac function comprises identifying
multiple SCG cycles taken during the first time period using
the ECG.

19. The method of claim 11, wherein analyzing the SCG to
determine an index of cardiac function comprises using an
interval between cessation and onset of the mitral inflow and
an ejection time (ET) of the left ventricular outflow to deter-
mine an index.

20. The method of claim 11, wherein analyzing the SCG to
determine an index of cardiac function comprises determin-
ing a Tei index or a modified Tei index.
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