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(57) ABSTRACT

This document describes the assessment of human physi-
ological systems in a manner that can be applied throughout
the population. Various noninvasive sensors (including wear-
able, passive contact, and noncontact) can be used to detect
vitals and other parameters and combined with mathematical
models to assess the functional state of physiological sys-
tems. For example, the health of the cardiovascular system is
ultimately determined by organ blood perfusion and molecu-
lar gas exchange. In lieu of measuring these functional met-
rics directly, invasive sensors can be used to monitor cardiac
pressures and volumes, along with pressure transit through
the vascular to quantify cardiovascular health. While known
to be effective these invasive techniques often require surgery
and are resource intensive limiting their use to the few cases
where the risks and costs are of clear immediate benefit. In
contrast, noninvasive health monitors present little if any risk
to the person and are simple and easy for the person to use.
Further, the techniques described herein can determine trends
in a person’s cardiovascular health. With these trends, a per-
son can know if the effort they are expending to improve their
heart health is actually making a difference. Further, negative
trends can be found that can spur people to improve their
health or to get medical attention. By so doing, these tech-
niques may reduce mortality.
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NONINVASIVE DETERMINATION OF
CARDIAC HEALTH AND OTHER
FUNCTIONAL STATES AND TRENDS FOR
HUMAN PHYSIOLOGICAL SYSTEMS

BACKGROUND

[0001] Cardiovascular disease is the leading cause of mor-
bidity, mortality, and costs worldwide. At the same time this
chronic disease is largely preventable. Medical science
knows how to save most of these lives by removing the major
risk factors of smoking, diabetes, and hypertension. And
many people are told just what they need to do to reduce these
risk factors—stop smoking, reduce sugar intake, eat
healthier, reduce alcohol intake, increase cardiovascular exer-
cise, lose weight, and, if needed, take blood-pressure medi-
cation. But many people do not follow this good advice.
Because of this, millions of people needlessly die from car-
diovascular disease.

[0002] Onereason that people don’t follow this good medi-
cal advice is because they think they are different, they do not
want to change their behaviors that are causing the disease, or
they do not know what to change in their particular case.
When a physician tells them that they are at risk from heart
disease because they are overweight, for example, many
people know that this judgment is not necessarily specific to
them—it is based on averages and demographics. So being a
particular weight may not negatively affect a particular per-
son’s heart. Even if they do believe it to be specific to them
they often do not know how to lose weight in their particular
case. Individuals respond to foods in different ways, for
example.

[0003] This reason for not following good advice can be
addressed by testing each person’s heart to see if their heart is
healthy. With hard data many would take this advice seriously
should their heart show signs of heart disease. Unfortunately,
measuring heart health can be expensive and dangerous. A
cardiac pressure-volume loop, for example, can be deter-
minedby placing a catheter into the left ventricle ofa person’s
heart. While this invasive testing can successfully measure
the person’s heart health through determining this cardiac
pressure-volume loop, doing so results in the death of the
person about 1% of the time. It is also expensive and involves
significant trauma and stress on the person. Because of this,
only persons that already appear to have heart disease are
tested this way, which is generally too late to save them.
[0004] Another reason that people don’t follow this good
advice, or don’t follow it for long enough to prevent heart
disease, is because they do not see the benefit. When people
take the advice of changing their diet and habits—which most
people do not want to do—they often don’t see the improve-
ment. They may see that they have lost weight and perhaps
that their blood pressure is lower, but these are not precise
measures of heart health. Because of this, many people go
back to their old habits only to later die of heart disease.

SUMMARY

[0005] This document describes noninvasive determination
of functional states and trends for human physiological sys-
tems, such as cardiac health through relevant hemodynamics
understood by pressure-volume loops. Various noninvasive
health monitors can be used to sense a person’s health. While
these noninvasive health monitors may not be as accurate as
an invasive intra-heart test, for example, they require little if
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any risk to the person and are simple and easy for the person
to use. Further, the techniques described herein can determine
trends in a person’s cardiovascular health. With these trends,
a person can know if the effort they are expending to improve
their heart health is actually making a difference. Further,
negative trends can be found that can spur people to improve
their health or to get medical attention. By so doing, these
techniques may save many people from dying of heart dis-
ease.

[0006] This summary is provided to introduce simplified
concepts concerning the techniques, which are further
described below in the Detailed Description. This summary is
not intended to identify essential features of the claimed
subject matter, nor is it intended for use in determining the
scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Embodiments of techniques and devices for nonin-
vasive determination of cardiac pressure-volume loops and
other functional states and trends are described with reference
to the following drawings. The same numbers are used
throughout the drawings to reference like features and com-
ponents:

[0008] FIG. 1 illustrates an example environment in which
the techniques can be implemented.

[0009] FIG. 2 illustrates an example computing device of
FIG. 1.
[0010] FIG. 3 illustrates an example noninvasive health-

monitoring device of FIG. 1.

[0011] FIG. 4illustrates a method for noninvasive determi-
nation of functional states or trends for human physiological
systems.

[0012] FIG. 5 illustrates a main floor of a house in which
noninvasive health-monitoring devices are placed.

[0013] FIG. 6 illustrates a method to determine trends
based on changes in cardiac pressure-volume loops.

[0014] FIG. 7 illustrates a pressure-time diagram for a
human heart.
[0015] FIG. 8 illustrates a pressure-volume loop for the

human heart of FIG. 7.

[0016] FIG. 9 illustrates pressure-volume loops showing
increased inotropy.

[0017] FIG. 10 illustrates pressure-volume loops showing
increased afterload.

[0018] FIG. 11 illustrates pressure-volume loops showing
dilated cardiomyopathy.

[0019] FIG. 12 illustrates pressure-volume loops showing
left ventricular hypertrophy.

[0020] FIG. 13 illustrates pressure-volume loops showing
restrictive cardiomyopathy.

[0021] FIG. 14 illustrates pressure-volume loops showing
aortic stenosis.

[0022] FIG. 15 illustrates pressure-volume loops showing
mitral stenosis.

[0023] FIG. 16 illustrates pressure-volume loops showing
aortic regurgitation.

[0024] FIG. 17 illustrates pressure-volume loops showing
mitral regurgitation.

[0025] FIG. 18 illustrates an example device embodying, or
in which techniques may be implemented that enable use of,
noninvasive determination of cardiac pressure-volume loops
of a human cardiovascular system and functional states of
other physiological systems.
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DETAILED DESCRIPTION
[0026] Overview
[0027] This document describes techniques using, and

devices enabling, noninvasive determination of cardiac pres-
sure-volume loops, as well as other functional states of other
human physiological systems. Through use of these tech-
niques and devices, health data for a person can be sensed and
then used to determine the person’s health or a health trend.
Many people, on receiving this heath information, are more
likely to act to maintain or improve their heath. Through wide
application of these techniques, many thousands if not mil-
lions of lives can potentially be saved.

[0028] By way of one example, assume that a person has
three noninvasive health-monitoring devices in her bathroom.
These three are a mat in front of her bathroom sink, a toilet-
seat sensor, and a mirror over her bathroom sink. The mat
measures her body’s electrical behavior to provide an elec-
trocardiogram. The toilet-seat sensor is capable of measuring
a pulse-wave velocity of her blood sufficient to provide a
cardiac pressure-volume loop. The mirror over her sink has
sensors, such as a camera, that are capable measuring skin
color variations, which can indicate differential blood volume
to provide a photo-plethysmogram. Note that this person does
not have to do anything outside of her normal course of
life—simply washing her face while standing on the mat,
looking into the mirror, and using the toilet provide opportu-
nities for these three devices to sense her cardiovascular
health. Assume also that, over the course of a new diet and
exercise routine, that the techniques, using data from these
devices, determines that her heart’s stroke volume (and
important measure of heart health) has improved 6% in four
weeks. With this positive feedback, this person may continue
her diet and exercise routine, thereby likely reducing the
chances that she will die of heart disease.

[0029] This is but one simple example of ways in which
noninvasive determination of cardiac pressure-volume loops
for a human cardiovascular system or functional states of
other physiological systems can be performed, other
examples and details are provided below. This document now
turns to an example environment, after which example non-
invasive health-monitoring devices and methods, as well as
cardiovascular functional states and trends and an example
computing system are described.

[0030] Example Environment

[0031] FIG. 1is an illustration of an example environment
100 in which noninvasive determination of cardiac pressure-
volume loops for a human cardiovascular system or func-
tional states of other physiological systems can be employed.
Environment 100 illustrates a person 102 that is the subject of
the health monitoring, as well as a medical professional 104
that, in some cases, will receive results of the health monitor-
ing. This example employs noninvasive health-monitoring
devices 106 (devices 106), including pressure and electrical-
sensing mat 106-1 (mat 106-1), color-sensing mirror 106-2,
and ultrasonic bathtub 106-3. Other example noninvasive
health-monitoring devices 106 are illustrated in later figures.
[0032] Sensor data 108 is provided by each of devices 106
to some computing device, such as a computing device 110,
which then performs some or all of the techniques, or passes
that sensor data to some other computing device, such as a
remote server through a communication network (not
shown).

[0033] As shown with this example environment 100, a
sensing milieu (e.g., devices 106 in person 102’s bathroom)
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in which a person lives can be used that, through a combina-
tion of various sensing modalities, is capable of determining
a functional state of a human physiological system, such as a
cardiovascular system. This sensing milieu is capable of
determining this functional state, or at the least trends in this
functional state, without actually measuring that system
through an invasive test. This sensing milieu senses various
conditions ofthe person, which can then be correlated, aggre-
gated, and so forth to determine the functional state of that
physiological system. While the above examples address the
cardiovascular system, other physiological systems may also
be sensed, including the nervous, endocrine, muscular, skel-
etal, and integumentary systems.

[0034] A functional state of a system includes sufficient
data from which to determine a current health or a longer-
term trend for the system. Sensor data indicating that a per-
son’s walking gate is irregular and that the person’s spine
includes various subluxations, can be analyzed to find a func-
tional state for a skeletal system indicating that the person’s
left knee has a reduced range of movement.

[0035] By way of another example, sensor data may indi-
cate a person’s blood pressure at a particular instance in time.
This blood pressure alone, however, is unlikely to be suffi-
cient to determine a current health unless that blood pressure
is within extreme ranges for human cardiovascular systems.
This blood pressure cannot on its own show a trend. Blood
pressure can indicate a functional state of a cardiovascular
system when analyzed over time, however. Assume that blood
pressure is measured over a week. These blood pressures can
be normalized based on corresponding heart rates and activi-
ties in which the blood pressure were measured, such as a
heart rate of 130 beats per minute for one blood pressure
reading and being in a deep sleep for another blood pressure
reading. By analyzing and correlating blood pressure read-
ings with other readings and over some period of time, a
functional state determined based on blood pressure can be
found. Detailed functional states represented as pressure-
volume loops are described in FIGS. 9-17 below.

[0036] Withregardtothe example computing device 110 of
FIG. 1, consider a detailed illustration in FIG. 2. Computing
device 110 can be one or a combination of various devices,
here illustrated with seven examples: a smartphone 110-1, a
server 110-2, a computing watch 110-3, computing spec-
tacles 110-4, a laptop 110-5, a tablet computer 110-6, and a
desktop 110-7, though other computing devices and systems,
suich as a netbook or set-top box may also be used. As noted
above, in some embodiments the techniques operate, in whole
or in part, through a remote device such as server 110-2. In
such cases, some computing can be forgone locally, e.g,,
through a communication device having limited computing
operations or even directly from devices 106 to server 110-2.
[0037] Computing device 110 includes or is able to com-
municate with a display 202 (six are shown in FIG. 2), a
transceiver 204, one or more processors 206, and computer-
readable storage media 208 (CRM 208). Transceiver 204 is
capable of sending and receiving data directly or through a
communication network, such as sensor data 108 from
devices 106 through a local area, wide area, personal area,
cellular, or near-field network.

[0038] CRM 208 includes manager 210, which includes or
has access to sensor data 108, which may include sensor data
108 from multiple devices 106 and having different modali-
ties. This sensor data 108 can be associated with particular
times 212, such that simultaneously received sensor data 108
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can be correlated to determine functional states 214 of human
physiological systems and trends 216 can be determined
based on sensor data 108 changing over time. CRM 108 also
includes or has access to a user interface 218, that, while not
required, can be used to present determined trends, health,
and medical advice to person 102.

[0039] Generally, manager 210 is capable of determining,
based on sensor data 108, a functional state of a physiological
system of a person, such as person 102 of FIG. 1. With this
functional state, manager 210 may alert person 102 or medi-
cal professionals 104 of a negative health condition needing
immediate care, for example. Manager 210 is also configured
to determine trends based on the current functional state and
prior-determined functional states, such as those determined
at prior times.

[0040] With regard to noninvasive health-monitoring
devices 106, three examples of which are shown in FIG. 1,
consider a detailed illustration in FIG. 3. Noninvasive health-
monitoring device 106 can be one or a combination of various
devices, here illustrated with five examples: pressure and
electrical-sensing mat 106-1 (mat 106-1), color-sensing mit-
ror 106-2, ultrasonic bathtub 106-3, pressure-sensing toilet
seat 106-4 (toilet 106-4), and radar-field device 106-5. Some
of these devices, while being noninvasive, actively sense the
patient’s health, such as through sending out sound waves
(e.g., ultrasonic bathtub 106-3), electromagnetic waves, elec-
trical signals, and millimeter and similar radiation (e.g.,
radar-field device 106-5). Others of these devices can be fully
passive, such as sensing pressure of person 102°s blood
through toilet 106-4.

[0041] In more detail, pressure and electrical-sensing mat
106-1 is configured to sense a pulse-wave velocity of person
102’s blood. This pulse-wave velocity can be used to deter-
mine a pressure-volume loop, described later herein. This
pulse-wave velocity is a measure of a person’s artery health.
In healthy arteries the pulse-wave velocity is low due to the
elasticity of the arteries but, as they harden and narrow, the
pulse-wave velocity rises. While a particular pulse-wave
velocity as a snap shot in time may or may not accurately
indicate cardiovascular health (e.g., a one-time test at a doc-
tor’s office), a change in this pulse-wave velocity (that is, a
trend), can be an accurate measure of a change in person102’s
cardiovascular health. If a positive trend, this can reinforce
person 102°s healthy habits and, if negative, encourage
changes to be made.

[0042] Mat 106-1 may also measure a heart’s electrical
conduction system through electrical impulses generated by
the polarization and depolarization of cardiac tissue, and then
translates this to a waveform (alone or by another entity).
Measurements alone, or trends over time, can indicate hypet-
calcemia, hypocalcemia, hyperkalemia, hypokalemia, coro-
nary ischemia, or myocardial infarction (i.e., a heart attack).
Note also that functional states or trends found through data
sensed by devices 106, as will be discussed later, can deter-
mine a negative heart or other system condition sooner than
may otherwise be found, thereby catching a decline in health
soon enough to counter it.

[0043] Color-sensing mirror 106-2 is configured to record
colors in a person’s skin sufficient to determine a photo-
plethysmogram. A plethysmogram measures variations in a
size or color of an organ, limb, or other human part from
changes in an amount of blood present in or passing through
it. These colors and color variations in a person’s skin can
show heart rate and efficiency. Further, color-sensing mirror
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106-2 may also radiate, at low and safe levels, person 102 and
sense the backscatter from the radiation, thereby determining
more robustly or accurately person 102’s integumentary,
muscular, or cardiovascular system health and efficiency.
[0044] Ultrasonic bathtub 106-3 is configured to generate
high-frequency sound waves and to evaluate an echo from
those waves. This echo is received at one or more sensors and
the time interval between sending and receiving can be mea-
sured. These echoes enable analysis of internal body struc-
tures. In some cases, acoustic impedance of a two-dimen-
sional cross-section of tissue can be measured, which can
measure current heath or a health trend of the measured
tissue. Blood flow, tissue movement, blood location, and
three-dimensional measurements of structures can also be
made. Passive (no sound waves generated, just receiving sen-
sors) can be used, though accuracy and robust measurements
are more difficult to achieve.

[0045] Pressure-sensing toilet seat 106-4 is configured to
sense pulse-wave velocity as noted for mat 106-1 above, but
can also study the heart on different conditions, such as mea-
suring cardiovascular health through bowel movements,
which are similar to a Valsalva maneuver (named after sur-
geon Antonio Maria Valsalva, 1666-1723) used by some car-
diologist to measure heart reactivity.

[0046] Radar-field device 106-5 is configured to reflect
radiation from human tissue to measure skin temperature and
perspiration, heart rate, and skeletal movement, to name just
three examples. Radar-field device 106-5 includes a micro-
wave radio element that provides a radar field configured to
reflect from human tissue and penetrate non-human material,
such as through continuously modulated radiation, ultra-
wideband radiation, or sub-millimeter-frequency radiation.
These reflections can be received by an antenna element and
then processed by a signal processor to provide sensor data
108. This radar field can reflect from human tissue, such as
skin, bone, or heart muscle. Assume, for example, that person
102 is asleep and radar-field device 106-5 is integral with a
lamp on her nightstand. Normally people move around a lot
and thus sensor data can be unreliable or noisy. In the case of
sleep, however, radar-field device 106-5 measures person
102’s chest deflections to record respiration rate. These chest
deflections includes wiggles or perturbations caused by per-
son 102’s heartbeat and thus a heart rate can also be calcu-
lated.

[0047] These examples show some ways in which the tech-
niques can provide substantially more-valuable (or at least
different) data of a person’s health than those provided in a
medical office or hospital. As noted, conventional health
monitoring is often performed at a hospital or medical prac-
titioner’s office. Health monitoring at a hospital or office,
however, cannot monitor a person during their normal course
of life. This can be a serious limitation because a snapshot
captured at a hospital or office may not accurately reflect the
person’s health. This can be due to the testing being of a short
duration or due to the testing being in an artificial environ-
ment.

[0048] Returning to noninvasive health-monitoring device
106 generally, device 106 may having various computing
capabilities, though it may instead be a low-capability device
having little or no computing capability. Here device 106
includes one or more computer processors 302, computer-
readable storage media 304, a health-monitoring sensor 306,
a wired or wireless transceiver 308 capable of receiving and
transmitting information (e.g., to computing device 110).
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Health monitoring sensor 306 may include one of the many
sensors described herein. Computer-readable storage media
304 includes sensor manager 310, which is capable of pro-
cessing sensor data and recording and transmitting sensor
data for a health-monitoring act.

[0049] These and other capabilities, as well as ways in
which entities of FIGS. 1-3 act and interact, are set forth in
greater detail below. These entities may be further divided,
combined, and so on. The environment 100 of FIG. 1 and the
detailed illustrations of FIGS. 2 and 3 illustrate some of many
possible environments capable of employing the described
techniques.

[0050] Example Methods

[0051] FIGS. 4 and 6 depict methods enabling or using
noninvasive determination of cardiac pressure-volume loops.
These methods are shown as sets of blocks that specify opera-
tions performed but are not necessarily limited to the order or
combinations shown for performing the operations by the
respective blocks. In portions of the following discussion
reference may be made to environment 100 of FIG. 1 and
entities detailed in FIGS. 2 and 3, reference to which is made
for example only. The techniques are not limited to perfor-
mance by one entity or multiple entities operating on one
device.

[0052] At 402, sensor data for a person is received from
multiple noninvasive health monitors. As noted in part above,
these noninvasive health monitors can include those having
two or more different modalities by which to measure a
physiological system, such as through reflected light, sound
waves, electromagnetic sensing, radar, and fluid mechanics
(e.g., pressure wave velocity measurements). Noninvasive
health monitors sense a person’s health without requiring the
person being sensed to explicitly operate or actively interact
with the monitoring device. Thus, a person need not put a
thermometer in her mouth, attach a wired, heart rate sensor to
his chest, or otherwise interrupt his or her daily routine for his
or her health to be monitored. Sensor data from these one or
more noninvasive health monitors can be recorded simulta-
neously or very nearly at a same time and be passively sensed
or actively sensed, as noted above.

[0053] At 404, a functional state of one of the person’s
physiological systems is determined based on the sensor data.
The health-monitoring devices may be of varying accuracy—
some may be capable of sensing particular biological aspects
accurately even compared to invasive sensing, while others
can measure the physiological system but not accurately
enough fora medical professional to be able to tell the persons
health based on a single or short set of sensor data. This
imperfect sensing, however, can be used to determine a per-
son’s health better in at least two ways. In a first, sensor data
from multiple devices is correlated, aggregated, and so forth
to, in total, better determine a functional state and thus a
current health of the physiological system. In a second, the
functional state may not be capable of indicating a current
health, but a change in that functional state over time indicates
a trend that does indicate a change in health. Consider, for
example, a simple case where a person’s respiration, heart
rate, and skin temperature are measured and correlated (based
on time sensed) when the person is in deep sleep. Based on
one or two of these functional states, a medical professional
may not be able to determine the person’s health because
people are different. Statistics and demographics and even
data about the person’s overall health and so forth may be
sufficient to determine the person’s health. A trend showing a

Jul. 21,2016

change to a functional state over weeks, months, or years to
the person’s respiration, heart rate, and skin temperature can
show that the person’s heart has to work harder than before or
is less effective, and so forth. Determining the functional state
of the physiological system of the person can correlate sensor
data from one the multiple noninvasive health monitors with
sensor data from another of the multiple noninvasive health
monitors through sub-second precision relating to an element
of the physiological system.

[0054] Using the example of FIGS. 1-3, noninvasive
health-monitoring devices 106 of FIGS. 3 and 1 sense,
through health-monitoring sensor 308, various sensor data
108. This sensor data 108 is then transmitted to computing
device 110 through wired/wireless transceiver 308. This
transmitted sensor data 108 is received from ultrasonic bath-
tub106-3, mat 106-1, and color-sensing mirror 106-2 at trans-
ceiver 204 of computing device 110. Manager 210 then cor-
relates, aggregates, and analyzes this sensor data 108, often
using times 212 in which various sensor data 108 is measured
to determine functional state 214 and store that state.

[0055] At 406, this functional state is recorded. This can be
recorded at a computing device local to or remote from the
person, such as a computing device 110. Generally, this sens-
ing and determining of functional states are repeated over
time, following operation 406 to repeat operations 402, 404,
and 406. In some cases, however, a functional state deter-
mined at 404 is determined to meet a danger threshold. In
such cases, method 400 proceeds to operation 408.

[0056] At 408, the person or a medical professional asso-
ciated with the person is alerted responsive to the functional
state exceeding a safety threshold. This threshold can be as
simple as a maximum blood pressure being too high, a heart
rate being too rapid or irregular, or a low blood-oxygen level.
This threshold can also be complicated or more difficult to
determine, such as a person’s heart showing an end-diastolic
volume ejected out of a ventricle during a contraction being
less than 0.55 (this is a measure of ejection fraction (EF) and
low fractions can indicate a heart attack is imminent).

[0057] At 410 ahealth trend for the physiological system is
determined based on the functional state and other, previously
recorded functional states for the physiological system. As
noted at operation 408, in some cases the techniques warn the
person or a medical professional, as above for a functional
state exceeding a safety threshold. Determined health trends
can also exceed safety thresholds. In such a case method 400
proceeds to operation 408 rather than to 412. By way of
example, assume that the person being measured weighs 200
Ibs. at some point. That in and of itself may not indicate any
problem. If that person’s weight goes from 200, then to 205,
and then to 210 over the course of one week that person may
be in heart failure. This trend—gaining weight quickly—can
indicate a failing heart. Alerting the person’s medical profes-
sional may save his life because the physician may be able to
intercede before a major heart attack.

[0058] At 412, the determined trend or functional states for
the person are provided to the person or his associated medi-
cal professional. These trends and functional states can be
provided after some number of measurements, various time
periods elapsing (e.g., 30 days), and so forth. In some cases
these are provided to manager 210 of computing device 110,
which may then present these directly to the person, such as
through a user interface on computing device 110. This can
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help motivate the person, thereby helping him or her stay on
course for healthy changes or spur them to change his or her
lifestyle.

[0059] While the above method 400 is described in the
context of a cardiovascular system, which is still further
detailed at method 600, the techniques are not limited to
cardiovascular systems. Consider, for example, a skeletal sys-
tem of an older woman. This physiological system, while not
responsible for a large percentage of deaths, is responsible for
many deaths and decreased health in the elderly. For this
example assume that multiple radar-field devices 106-5, a
camera associated with a gaming device, and an ultrasonic
bathtub 106-3 are used to noninvasively monitor this wom-
an’s skeletal system. FIG. 5 illustrates a main floor of a house
502 in which two radar-field devices 106-5 are placed, one in
living room 504 and another in kitchen 506. Camera 508 is in
mediaroom 510. Radar-field devices 106-5 can sense womarn
512’s height, skeletal shape, and body movement. Camera
508 can sense woman 512’s body movement and height and,
to alesser extent, skeletal shape. Ultrasonic bathtub 106-3 can
measure woman 512’s bone density (not shown here, see FIG.
3). With these four measurements from various devices, man-
ager 210 determines a functional state of woman 512’5 skel-
etal system. Trends can then be determined that may indicate
osteoporosis or a failing knee or hip joint and thus medicine or
lifestyle changes that the woman can undergo to slow this
negative trend or avoid risk factors for these problems.

[0060] FIG. 6 depicts method 600, which describes man-
ners in which to noninvasively determine a trend through
differences in cardiac pressure-volume loops.

[0061] At 602, a first cardiac pressure-volume loop for a
person is determined based on first noninvasive sensor data
sensed over a first time period. This noninvasive sensor data
includes the sensor data described above, such as pressure-
wave velocity through mat 106-1 and toilet 106-4, of FIG. 1 or
3. This sensor data can include or be used to determine a
ballisto-cardiogram reflecting pressure pulses, for example.

[0062] For context, consider FIGS. 7 and 8, which illustrate
pressure-time diagram 700 and pressure-volume loop 800,
respectively. Pressure-time diagram 700 shows two measure-
ments, LVP (Left Ventricle Pressure) and LVV (Left Ventricle
Volume) against a same time. While idealized, pressure-time
diagram 700 shows a cardiac cycle for a heart at various
actions, mitral valve closing 702, aortic valve opening 704,
aortic valve closing 706, and mitral valve opening 708. EDV
710 shows End-Diastolic Volume and ESV 712 shows End-
Systolic Volume with Stroke Volume (SV) (shown in FIG. 8)
being EDV minus ESV.

[0063] Pressure-volume loop 800 shows LVP and [VV
diagramed against each other for a single cardiac cycle. These
diagrams show hemodynamic parameters useful in determin-
ing heart health, including stroke volume 802, diastolic filling
804, isovolumic contraction 806, ejection 808, and isovolu-
mic relaxation 810. Pressure-volume loops are a useful visual
representation of a heart’s function, and therefore the cardiac
health of the person, as are changes in a heart’s pressure-
volume loop, which is described and illustrated later below.

[0064] At 604, a second cardiac pressure-volume loop for
the person is determined based on second noninvasive sensor
data sensed over a second time period. This is based on
second data as described above. This second cardiac pressure-
volume loop, similar to the first loop above, may or may not
be precise in terms of exact pressure or volume units in the
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heart. The trend between two loops measured in a similar way,
however, can be accurate enough to show a change in cardiac
health.

[0065] At 606, a change between the first and second car-
diac pressure-volume loops for the person are determined by
comparing the first and second loops. Numerous examples of
some of the many changes that can be measured, and the
corresponding health trends, are described following opera-
tion 608 below.

[0066] At 608 atrend for the patient’s cardiovascular health
is determined based on changes between these first and sec-
ond loops. This trend can indicate a health improvement,
decline, or no change, as noted below.

[0067] FIG. 9 illustrates pressure-volume diagram 900
showing two loops, a change between them, and a corre-
sponding trend. The trend here indicates increased inotropy,
which is shown by an increased steepness of a second end-
systolic pressure volume relationship (ESPVR) 906 for sec-
ond loop 904 versus a first end-systolic pressure volume
relationship (ESVPR) 908 for first loop 902. As can be readily
seen, the exact measure of pressure and volume for the first
and second loops 902 and 904 are not required to show this
trend of increased steepness (shown at trend arrow 910), and
thus the health condition it represents.

[0068] FIG. 10 illustrates an increased afterload diagram
1000. This diagram 1000 illustrates a first cardiac pressure-
volume loop (first loop) 1002 along with a second cardiac
pressure-volume loop (second loop) 1004, where the differ-
ence between the first and second loop show a trend 1006 of
decreased arterial elasticity (or increased stiffness) from arte-
rial elasticity 1008 of first loop 1002 to second arterial elas-
ticity 1010 of second loop 1004. Decreased arterial elasticity
1s usually an indicator of declining cardiac health.

[0069] FIG. 11 illustrates a dilated cardiomyopathy dia-
gram 1100. This diagram 1100 illustrates a first cardiac pres-
sure-volume loop (first loop) 1102 along with a second car-
diac pressure-volume loop (second loop) 1104 where a trend
1106 between the first and second loop shows a rightward
shift from EDPVR 1108 of first loop 1102 to EDPVR 1110 of
second loop 1104, as well as a rightward shift with a down-
ward slope of ESPVR 1112 of first loop 1102 to ESPVR 1114
of second loop 1104. This trend (the shifts noted) indicate a
ventricle becoming dilated without a compensating thicken-
ing of the ventricle wall. Because of this, the left ventricle is
unable to pump enough blood, which can be fatal. Caught
early, however, this trend may be reversible.

[0070] Inaddition to these three trends shown with cardiac
pressure loops, there are also many others, such as left ven-
tricular hypertrophy, shown in FIG. 12 at 1200 with trend
1202, and restrictive cardiomyopathy, shown in FIG. 13 at
1300 with trend 1302. There are also valve diseases that can
be shown through trends for pressure-volume loops, includ-
ing aortic stenosis, illustrated at diagram 1400 in FIG. 14 (first
loop 1402 showing ahealthy valve and second loop 1404 with
aortic stenosis, trend 1406 shown with arrows indicating
change in shape ofthe loops), and mitral stenosis illustrated at
diagram 1500 in FIG. 15 (first loop 1502 showing a healthy
valve and second loop 1504 with mitral stenosis, trend 1506
shown with arrows indicating change in shape of the loops).
[0071] Two forms of regurgitation can also be shown
through changes to cardiac pressure-volume loops, aortic
regurgitation shown at diagram 1600 of FIG. 16 (first loop
1602 being a healthy pressure-volume loop and second loop
1604 with aortic regurgitation, trend 1606 shown with arrows
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indicating change in shape of the loops), and mitral regurgi-
tation shown at diagram 1700 of FIG. 17 (first loop 1702
being a healthy pressure-volume loop and second loop 1704
with mitral regurgitation, trend 1706 shown with arrows indi-
cating change in shape of the loops). These diagrams show
some of the many trends that the techniques can detect.
[0072] The preceding discussion describes methods relat-
ing to noninvasive determination of cardiac pressure-volume
loops for a human cardiovascular system or functional states
of other physiological systems. Aspects of these methods may
be implemented in hardware (e.g., fixed logic circuitry), firm-
ware, software, manual processing, or any combination
thereof. These techniques may be embodied on one or more of
the entities shown in FIGS. 1-3, 5, and 18 (computing system
1800 is described in FIG. 18 below), which may be further
divided, combined, and so on. Thus, these figures illustrate
some of the many possible systems or apparatuses capable of
employing the described techniques. The entities of these
figures generally represent software, firmware, hardware,
whole devices or networks, or a combination thereof.

[0073] Example Computing System

[0074] FIG. 18 illustrates various components of example
computing system 1800 that can be implemented as any type
of client, server, and/or computing device as described with
reference to the previous FIGS. 1-17 to implement noninva-
sive determination of cardiac pressure-volume loops for a
human cardiovascular system or functional states of other
physiological systems. In embodiments, computing system
1800 can be implemented as one or a combination of a wired
and/or wireless wearable device, System-on-Chip (SoC),
and/or as another type of device or portion thereof. Comput-
ing system 1800 may also be associated with a user (e.g., a
person) and/or an entity that operates the device such that a
device describes logical devices that include users, sofiware,
firmware, and/or a combination of devices.

[0075] Computing system 1800 includes communication
devices 1802 that enable wired and/or wireless communica-
tion of device data 1804 (e.g., received data, data that is being
received, data scheduled for broadcast, data packets of the
data, etc.). Device data 1804 or other device content can
include configuration settings of the device, media content
stored on the device, and/or information associated with a
user of the device. Media content stored on computing system
1800 can include any type of audio, video, and/or image data,
including complex or detailed results of human-health-moni-
toring acts. Computing system 1800 includes one or more
data inputs 1806 via which any type of data, media content,
and/or inputs can be received, such as human utterances,
user-selectable inputs (explicit or implicit), messages, music,
television media content, recorded video content, and any
other type of audio, video, and/or image data received from
any content and/or data source.

[0076] Computing system 1800 also includes communica-
tion interfaces 1808, which can be implemented as any one or
more of a serial and/or parallel interface, a wireless interface,
any type of network interface, amodem, and as any other type
of communication interface. Communication interfaces 1808
provide a connection and/or communication links between
computing system 1800 and a communication network by
which other electronic, computing, and communication
devices communicate data with computing system 1800.
[0077] Computing system 1800 includes one or more pro-
cessors 1810 (e.g., any of microprocessors, controllers, and
the like), which process various computer-executable instruc-
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tions to control the operation of computing system 1800 and
to enable techniques for, or in which can be embodied, non-
invasive determination of cardiac pressure-volume loops for a
human cardiovascular system or functional states of other
physiological systems. Alternatively or in addition, comput-
ing system 1800 can be implemented with any one or com-
bination of hardware, firmware, or fixed logic circuitry that is
implemented in connection with processing and control cit-
cuits which are generally identified at 1812. Although not
shown, computing system 1800 can include a system bus or
data transfer system that couples the various components
within the device. A system bus can include any one or com-
bination of different bus structures, such as a memory bus or
memory controller, a peripheral bus, a universal serial bus,
and/or a processor or local bus that utilizes any of a variety of
bus architectures.

[0078] Computing system 1800 also includes computer-
readable media 1814, such as one or more memory devices
that enable persistent and/or non-transitory data storage (i.e.,
in contrast to mere signal transmission), examples of which
include random access memory (RAM), non-volatile
memory (e.g., any one or more of a read-only memory
(ROM), flash memory, EPROM, EEPROM, etc.), and a disk
storage device. A disk storage device may be implemented as
any type of magnetic or optical storage device, such as a hard
disk drive, a recordable and/or rewriteable compact disc
(CD), any type of a digital versatile disc (DVD), and the like.
Computing system 1800 can also include a mass storage
media device 1816.

[0079] Computer-readable media 1814 provides data stor-
age mechanisms to store device data 1804, as well as various
device applications 1818 and any other types of information
and/or data related to operational aspects of computing sys-
tem 1800. For example, an operating system 1820 can be
maintaired as a computer application with computer-read-
able media 1814 and executed on processors 1810. Device
applications 1818 may include a device manager, such as any
form of a control application, software application, signal-
processing and control module, code that is native to a par-
ticular device, a hardware abstraction layer for a particular
device, and so on.

[0080] Device applications 1818 also include any system
components, engines, or managers to implement the tech-
niques. In this example, device applications 1818 include
manager 210 or sensor manager 310.

CONCLUSION

[0081] Although embodiments of techniques using, and
apparatuses enabling, noninvasive determination of cardiac
pressure-volume loops for a human cardiovascular system or
functional states and trends of other physiological systems
have been described in language specific to features and/or
methods, it is to be understood that the subject of the
appended claims is not necessarily limited to the specific
features or methods described. Rather, the specific features
and methods are disclosed as example implementations of
these techniques.

What is claimed is:

1. A computer-implemented method comprising:

receiving, from multiple noninvasive health monitors, sen-
sor data for a person,

determining, based on the sensor data received, a func-
tional state of a physiological system of the person;
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recording the functional state; and

determining, based the functional state and other, previ-
ously recorded functional states for the physiological
system of the person, a health trend for the physiological
system.

2. The computer-implemented method as described in
claim 1, wherein the functional state of the physiological
system of the person is a cardiac pressure-volume loop for a
cardiovascular system of the person.

3. The computer-implemented method as described in
claim 1, wherein the sensor data includes data from at least
two of the multiple noninvasive health monitors and for a
same time.

4. The computer-implemented method as described in
claim 1, wherein the multiple noninvasive health monitors
includes two or more different modalities.

5. The computer-implemented method as described in
claim 4, wherein the two or more modalities includes two or
more of reflected light, sound waves, electromagnetic sens-
ing, radar, or fluid mechanics.

6. The computer-implemented method as described claim
4, wherein two or more of the multiple noninvasive health
monitors actively sense the person’s health.

7. The computer-implemented method as described in
claim 6, wherein the person is not required to explicitly oper-
ate or actively interact with the two or more of the multiple
noninvasive health monitors.

8. The computer-implemented method as described in
claim 1, wherein the physiological system is a cardiovascular,
nervous, endocrine, muscular, skeletal, or integumentary sys-
tem.

9. The computer-implemented method as described in
claim 1, wherein determining the functional state of the
physiological system of the person correlates sensor data
from one the multiple noninvasive health monitors with sen-
sor data from another of the multiple noninvasive health
monitors, the correlating based on sub-second precisionrelat-
ing to an element of the physiological system.

10. The computer-implemented method as described in
claim 1, further comprising, responsive to the functional state
exceeding a safety threshold, alerting the person or a medical
professional associated with the person.

11. The computer-implemented method as described in
claim 1, further comprising presenting the health trend for the
person’s physiological system on a mobile computing device
associated with the person.

12. A computer-implemented method comprising:

determining, based on first noninvasive sensor data sensed

over a first time period, a first cardiac pressure-volume
loop for a person;

determining, based on second noninvasive sensor data

sensed over a second time period, a second cardiac pres-
sure-volume loop for the person,

comparing the first and second cardiac pressure-volume

loops to determine a change between the first and second
cardiac pressure-volume loops for the person; and
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determining, based on the change between the first and
second cardiac pressure-volume loops for the person, a
cardiovascular health improvement or decline.

13. The computer-implemented method of claim 12,
wherein the first and second cardiac pressure-volume loops
are not precise but the change accurately reflects the cardio-
vascular health improvement or decline.

14. The computer-implemented method of claim 12,
wherein the first and second noninvasive sensor data includes
a ballisto-cardiogram reflecting pressure pulses.

15. The computer-implemented method of claim 12,
wherein the first and second sensor data are sensed through a
mat on which the person stands.

16. The computer-implemented method of claim 12,
wherein the first and second sensor data are sensed through a
toilet seat on which the person sits.

17. The computer-implemented method of claim 12,
wherein the first and second sensor data are sensed through
measurement of skin color variations indicating differential
blood volume.

18. The computer-implemented method of claim 12,
wherein the first and second sensor data are sensed through a
radar-field device.

19. A computing device comprising:

a display;

a transceiver capable of receiving sensor data;

one or more computer processors; and

one or more computer-readable media having instructions

stored thereon that, responsive to execution by the one or

more computer processors, implements a manager con-

figured to:

receive, through the transceiver and from multiple non-
invasive health-monitoring devices, sensor data hav-
ing different modalities and having associated times
at which each of the sensor data were sensed;

determine, based on the sensor data received and the
associated times as which each of the sensor data were
sensed, a functional state of a physiological system of
the person;

determine, based the functional state and other, previ-
ously recorded functional states for the physiological
system of the person, a health trend for the physiologi-
cal system; and

present, through a user interface on the display of the
computing device, the health trend for the physiologi-
cal system.

20. The computing device of claim 19, wherein the func-
tional state is a later-in-time pressure-volume loop for the
person’s heart, the previously recorded functional state is a
prior-in-time pressure-volume loop for the person’s heart,
and the health trend indicates an increased or decreased inot-
ropy or afterload, a more or less dilated or restrictive cardi-
omyopathy, an increased or decreased left ventricular hyper-
trophy, an improved or declined aortic or mitral stenosis, or an
improved or declined aortic or mitral regurgitation.
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