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(57) ABSTRACT

Monitoring health status of a user may be performed by an
apparatus that includes a sensor adapted to generate sensor
data, a memory adapted to store a plurality of baseline
biological markers for a user, wherein the plurality of
baseline biological markers include respiratory rhythm, and
a processor coupled to the memory and the sensor. The
processor is adapted to, in response to detecting that the user
is performing physical activity, determine a biological
marker from the sensor data. The processor is adapted to
compare the biological marker with the baseline biological
marker. The processor is further adapted to, in response to
detecting a change in the biological marker, provide a
notification indicating a change in health status.



Patent Application Publication  Aug. 31,2017 Sheet 1 of 6 US 2017/0245808 A1

100
Motion Sensor
110
Light Sensor
112
Proximity Sensor
114
P .| Location Sensor
Bl L m
Other Application(s)
162 Magnetometer
Health Analysis Program 118
Code Accelerometer
156 > 120
Other Program Code :
154 Altimeter
Operating System 106 122
I 152 ] Heart Rate Sensor
\\\ I" m
Camera Subsystem
Memo
e 1y ) , > 126 «» 128
Wireless
Communication
Processor(s) Subsystem(s)
104 130
Audio Subsystem o 14
132
—= ¥ 136
1/0 Device(s)
Power Source ¢ » 138
140
A Other Sensors
170

FIG. 1



Patent Application Publication

00

Aug. 31,2017 Sheet 2 of 6

Perform measurements of the user to
dctermine onc or morc bascline
biological markers
203

A 4

Determine start of physical activity
210

A

Automatically petform measurements of
the uscr to determinc updated statc of
onc or morc biological markers

215

A 4

Provide a warning to the user in
response to detection of a warning
condition
220

Perform emergency action in response
10 detection of an emergency condition
225

A 4

Determine end of physical activity
230

FIG. 2

300

Perform measurements of the user using
scnsors to determing onc or more
biological markers

[
N

A 4

Detect start of physical activity

|88}
—
<

y

Automatically perform measurements of
the user using sensors during physical

activity
315
Analyze current sensor data for
biological markers
320

Detect
detcrioration in biological
markcr(s)?
325

No

Yes

Provide a warning to the uscr

»
Y

End of
physical activity?
335

FIG.3

US 2017/0245808 A1

No



Patent Application Publication  Aug. 31,2017 Sheet 3 of 6 US 2017/0245808 A1

400 500
Instruct user how to rate RPE Prompt user to perform selected
during exercise exercise
405 505
A 4
Determine ventilation threshold, Receive user mput indicating
corresponding RPE, and heart rate . maximum RPE level is achieved
for user 510
410
A 4 Measure heart rate of user in
Determine biological markers response to input indicating
415 maximum RPE level is achieved

315

Stopping
condition detected?!
420

Compare threshold heart rate with
No heart rate measured in block 515

520
A 4
Assign heart rate from last Check for confounders
itcration of block 410 as 25
maximum heart ratc for uscr -
425

Change
in ventilation threshold?

Inconclusive

Store heart rate and RPE from last ¢
iteration of block 410 as baseline 330
heart rate and baseline RPE
respectively
130 Petform validation of findings
335
A 4
Storc biological markers in v
association with basclinc heart ratc Send notification to remotc data
and baseline RPE L p processing sysicm
435 54
4

Determine and store additional

baseline information FIG. 5

440

FIG. 4



Patent Application Publication

Prompt user to start exercising
605

A 4

Monitor physiological marker(s)
610

biological marker
indicating ventilation
threshold?
615

No

Yes

Prompt user to enter estimated
RPE

20

Estimated
RPE satisfy expected RPE?
625

Determine current heart rate

N

30

A 4

Compare current heart rate with
threshold heart rate

N
n

3

A 4

Determine whether confounders
exist

N

40

Change
in ventilation
threshold detected or
inconclusive?
645

Aug. 31,2017 Sheet 4 of 6

N
<

Yes

FIG. 6

Perform validation for detected
change in ventilation threshold
650

\ 4

Send notification to remote data
processing system
55

US 2017/0245808 A1




Patent Application Publication  Aug. 31,2017 Sheet 5 of 6 US 2017/0245808 A1

700
Determine total activity (TA) of (4 Determine one or more baselines
user based on sensor data WY for comparing trends
Yy
Determine confounders based on Y
sensor data Determine a heart rate resetve and
710 post exertion trend
— 745
* ——
Receive user input indicaling v
estimate of;;cstmty level Correlate heartrate change trend
—_ with RPE and total activity
L 750
Receive user input indicating
confounder(s) \ 4
120 Analyze covariances and/or sensor
v data with respect to baseline(s)
Determine heart rate (HR) for user 155
based on sensor data
25
(7 Dét[%Ct
Determine covariance between No % O
RPE and HR -
130 Yes
i '. Generate signal indicating
Determine covariance between detection of CI
total activity and HR 765
133 —
FIG. 7
( Basceline )
Estimate of Activity 825
Level
820 ( Basceline Validation )
— Processor
o Factor(s)
” 104 830
\ 2 J
(Basel ~ A
Sensor Dat Baseline Cardiac Health
Measure
810 835
\. === J
Baseline Estimate of )
S Activity Level
ensor 840

FIG.8 * g



Patent Application Publication

900

Aug. 31,2017 Sheet 6 of 6

US 2017/0245808 A1

Generate/receive sensor data
903

A 4

A

Determine EAL
210

EAL
in range?
215

No

Yes

Determine bascline cardiac health
measure for user based upon EAL
of block 910
920

Baseline
825

Dctermine validation factor(s)
from sensor data
925

EAL
validated?
930

Yes

Generate message that EAL was
not validated
935

No

Determine cardiac health measure
from sensor data
240

Optionally detect confounder(s)
from sensor data and adjust CI
threshold
945

Detect CI?
950

Yes

Generate signal indicating
detection of CI
955

FIG. 9




US 2017/0245808 A1l

SENSOR-BASED DETECTION OF CHANGES
IN HEALTH AND VENTILATION
THRESHOLD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/299,960 filed on Feb. 25,
2016, and U.S. Provisional Patent Application No. 62/300,
020 filed on Feb. 25, 2016, each being fully incorporated
herein by reference.

TECHNICAL FIELD

[0002] This disclosure relates to accurate detection of
exercise intolerance and ventilation threshold in human
beings using sensors and sensor data.

BACKGROUND

[0003] Exercise based cardiac rehabilitation has been
shown to reduce morbidity and mortality in cardiac patients.
Medical guidelines recommend performing cardiopulmo-
nary testing prior to sending a patient home to evaluate the
functional capacity of the patient. Such testing, however, is
not feasible in many cardiac rehabilitation programs due to
a variety of reasons such as, for example, lack of availability
of such programs, feasibility for the patient, availability of
secondary resources, etc. To the extent that such testing is
performed, the exercise prescribed for patients is based
largely upon generic heart rate guidelines that are not
sufficiently tailored to the individual patient.

[0004] In some cases, physicians attempt to account for a
patient’s individual clinical history and symptoms. For
example, a heart rate threshold for a patient may be calcu-
lated in a hospital setting for purposes of prescribing exer-
cise. The threshold may be adjusted by the physician based
upon the patient’s clinical history and/or symptoms by
subtracting some number such as 30 beats per minute (BPM)
from the heart rate threshold. This manner of calculating
heart rate threshold, however, may be overly simplistic and
remains firmly grounded in general guidelines. As such, the
resulting heart rate threshold does not adequately account
for the patient’s individual situation.

[0005] In addition, heart rate threshold for a patient is
subject to change based upon changes in the health status of
the patient that occur over time. Some cardiac rehabilitation
guidelines, for example, recommend a target heart rate range
of 60% to 80% of a predicted maximum heart rate or a 40%
to 70% heart rate reserve, combined with a rating of per-
ceived exertion (RPE) of 11-14 on the Borg scale. These
quantities may be subject to change. As such, this manner of
calculating heart rate threshold may have the undesirable
effect of imposing variable metabolic and cardiovascular
demands upon the patient.

[0006] Further complicating matters, heart rate thresholds
that are indicative of exercise intensity often occur at a
different percentage of maximal capacity in different
patients. Hence, a group of congestive heart failure patients
exercising at 50% VO2 max (e.g., the maximum rate of
oxygen consumption as measured during incremental exer-
cise) may be working at different relative intensities.
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SUMMARY

[0007] One or more embodiments are directed to appara-
tus for monitoring health status of a user. In one aspect, an
apparatus includes a sensor adapted to generate sensor data,
a memory adapted to store a baseline biological marker for
the user, wherein the baseline biological marker includes
respiratory rhythm, and a processor coupled to the memory
and the sensor. The processor is adapted to, in response to
detecting that the user is performing physical activity, deter-
mine a biological marker from the sensor data, and compare
the biological marker with the baseline biological marker.
The processor is adapted to, in response to detecting a
change in the biological marker, provide a notification
indicating a change in health status.

[0008] One or more embodiments are directed to methods
of monitoring health status of a user. In one aspect, a method
can include determining, using a processor, a baseline bio-
logical marker for the user, wherein the baseline biological
marker includes respiratory rhythm, receiving, using the
processor, sensor data, and, in response to detecting that the
user is performing physical activity, determining, using the
processor, a biological marker from the sensor data. The
method can also include comparing, using the processor, the
biological marker with the baseline biological marker and,
in response to detecting a change in the biological marker,
providing a notification indicating a change in health status.
[0009] One or more embodiments are directed to computer
program products for monitoring health status of a user. In
one aspect, a computer program product includes a com-
puter readable storage medium having program code stored
thereon. The program code is executable by a processor to
perform executable operations. The executable operations
include determining a baseline biological marker for the
user, wherein the baseline biological marker includes respi-
ratory rhythm, receiving sensor data, and, in response to
detecting that the user is performing physical activity, deter-
mining a biological marker from the sensor data. The
executable operations can also include comparing the bio-
logical marker with the baseline biological marker, and, in
response to detecting a change in the biological marker,
providing a notification indicating a change in health status.
[0010] One or more embodiments are directed to systems
and/or apparatus for evaluating ventilation threshold. In one
aspect, an apparatus includes a sensor adapted to generate
sensor data, a memory adapted to store a baseline RPE, a
baseline heart rate, and a biological marker, each corre-
sponding to ventilation threshold for a user, and a processor
coupled to the memory and the sensor. The processor is
adapted to receive an input specifying an estimate of RPE in
response to determining that the sensor data matches the
biological marker, determine a current heart for the user
from the sensor data in response to determining that the
baseline RPE is achieved based upon the input, and compare
the current heart rate for the user with the baseline heart rate
to detect a change in ventilation threshold for the user. The
processor is further adapted to send a notification in
response to detecting the change in the ventilation threshold
for the user.

[0011] One or more embodiments are directed to methods
of evaluating ventilation threshold. In one aspect, a method
includes determining, using a processor, a baseline RPE, a
baseline heart rate, and a biological marker each correspond-
ing to ventilation threshold for a user, receiving, using the
processor, an input specifying an estimate of RPE in
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response to determining that sensor data matches the bio-
logical marker, and determining, using the processor, a
current heart rate for the user from the sensor data in
response to determining that the baseline RPE is achieved
based upon the input. The method further includes compar-
ing, using the processor, the current heart rate for the user
with the baseline heart rate to detect a change in ventilation
threshold for the user and sending a notification in response
to detecting the change in the ventilation threshold for the
user.

[0012] One or more embodiments are directed to computer
program products for evaluating ventilation threshold. In
one aspect, a computer program product includes a com-
puter readable storage medium having program code stored
thereon. The program code is executable by a processor to
perform executable operations. The executable operations
include determining a baseline RPE, a baseline heart rate,
and a biological marker each corresponding to ventilation
threshold for a user, receiving an input specifying an esti-
mate of RPE in response to determining that sensor data
matches the biological marker, and determining a current
heart rate for the user from the sensor data in response to
determining that the baseline RPE is achieved based upon
the input. The executable operations further can include
comparing the current heart rate for the user with the
baseline heart rate to detect a change in ventilation threshold
for the user and sending a notification in response to
detecting the change in the ventilation threshold for the user.

[0013] This Summary section is provided merely to intro-
duce certain concepts and not to identify any key or essential
features of the claimed subject matter. Many other features
and embodiments of the invention will be apparent from the
accompanying drawings and from the following detailed
description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The accompanying drawings show one or more
embodiments; however, the accompanying drawings should
not be taken to limit the invention to only the embodiments
shown. Various aspects and advantages will become appar-
ent upon review of the following detailed description and
upon reference to the drawings.

[0015] FIG. 1 illustrates an example system in accordance
with one or more embodiments described herein.

[0016] FIG. 2illustrates an example method of monitoring
health status of a user.

[0017] FIG. 3illustrates another example method of moni-
toring health status of a user.

[0018] FIG. 4 illustrates an example method of imple-
menting a calibration phase for collecting data for a user.

[0019] FIG. 5 illustrates an example method of evaluating
ventilation threshold.

[0020] FIG. 6 illustrates another example method of
evaluating ventilation threshold.

[0021] FIG. 7 illustrates an example method of detecting
chronotropic incompetence.

[0022] FIG. 8illustrates an example of baseline generation
for chronotropic incompetence detection.

[0023] FIG. 9 illustrates another example method of
detecting chronotropic incompetence.
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DETAILED DESCRIPTION

[0024] While the disclosure concludes with claims defin-
ing novel features, it is believed that the various features
described herein will be better understood from a consider-
ation of the description in conjunction with the drawings.
The process(es), machine(s), manufacture(s) and any varia-
tions thereof described within this disclosure are provided
for purposes of illustration. Any specific structural and
functional details described are not to be interpreted as
limiting, but merely as a basis for the claims and as a
representative basis for teaching one skilled in the art to
variously employ the features described in virtually any
appropriately detailed structure. Further, the terms and
phrases used within this disclosure are not intended to be
limiting, but rather to provide an understandable description
of the features described.

[0025] This disclosure relates to accurate detection of
exercise intolerance and ventilation threshold in human
beings using sensors and sensor data. In one or more
embodiments, a system is adapted to monitor a user using
one or more sensors. Sensor data generated by the sensors
may be collected over time and in various contexts. For
example, the sensor data may be collected while the user is
exercising, while the user is in a state of (or has reached)
ventilation threshold, while the user is at rest, while the user
is sleeping, while the user is engaged in various other
activities, etc. The system is capable of analyzing historical
sensor data for the user to determine one or more baseline
biological markers that may be stored for subsequent use
and comparison.

[0026] The system is capable of comparing sensor data,
e.g., current sensor data, for the user with the baseline
biological markers determined from the historical sensor
data. For example, the system may determine one or more
biological markers from current sensor data that may be
compared with corresponding ones of the baseline biological
marker(s). The system further is capable of receiving one or
more inputs from the user. The inputs may specify subjective
data relating to the health of the user. The system is capable
of using the comparisons described in combination with the
subjective data to detect exercise intolerance and/or venti-
lation threshold.

[0027] In oneor more embodiments, the systen is capable
of detecting confounders. A confounder is a confounding
variable or a confounding factor in an unambiguous deter-
mination of whether an individual has reached ventilation
threshold and/or of whether the ventilation threshold for the
user has changed. For example, the system is capable of
deciding that a determination that the user has reached
ventilation threshold or that the ventilation threshold for the
user has changed is suspect when one or more confounders
are detected. The confounders may be detected through an
analysis of contextual data obtained from sensor data, user
input(s), external data sources, etc.

[0028] Exercise intolerance refers to a condition where a
user is unable to perform physical exercise at a level or for
a duration that would be expected of someone in the user’s
general physical condition. In one or more embodiments, the
system is adapted to continue collecting sensor data for the
user. The system, for example, may continuously monitor
the user using one or more of the sensors. The system is
capable of comparing the sensor data, or biological markers
determined from the sensor data, with baseline biological
markers to determine whether the user is, or has become,
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exercise intolerant. Within this disclosure, the term “exercise
intolerant” is intended to refer to any of a variety of
circumstances including, but not limited to, the user exhib-
iting exercise intolerance from time-to-time, the user acquit-
ing exercise intolerance where the user did not have the
condition before, and/or the user having the condition on a
temporary basis.

[0029] Example embodiments described herein are
capable of detecting exercise intolerance in patients with
heart failure through evaluation of central limitations,
peripheral limitations, and/or reflex limitations using the
sensor data. The system is capable of using sensor data to
detect biological markers within one or more or each of
these different categories in order to detect exercise intol-
erance. For example, central limitations generally corre-
spond to cardiac output, which may be detected and/or
measured using sensor data. Peripheral limitations generally
correspond to Endothelial Dysfunction and/or Renin-Angio-
tensin-Aldosterone System (RAAS), which may be detected
and/or measured using sensor data. Reflex limitations gen-
erally correspond to Baroreflex Dysfunction and/or Metab-
oreflex Dysfunction, which also may be detected and/or
measured using sensor data.

[0030] The system is capable of providing an indication,
e.g., a warning, that the user should reduce physical activity
in response to determining that the user is or has become
exercise intolerant. In one example, the system detects
exercise intolerance in response to determining that one or
more of the biological markers has deteriorated. The system
may determine that the biological marker has deteriorated in
response to an analysis. In some cases, the determination
that a biological marker has deteriorated is performed rela-
tive to the baseline biological marker.

[0031] The example embodiments described herein may
be used to monitor users that are cardiac patients, are
participating in cardiac rehabilitation, and the like. The
example embodiments may be used to support or implement
a home-based cardiac rehabilitation program. Still, the
example embodiments are not intended to be limited solely
to individuals with cardiac health issues or individuals in
rehabilitation programs. As noted, the exanmiple embodi-
ments provided within this disclosure may be used to detect
ventilation threshold, changes to ventilation threshold, and/
or exercise intolerance in any of a variety of different users,
whether ill or not. with varying levels of health to improve
fitness.

[0032] Further aspects of the inventive arrangements are
described below in greater detail with reference to the
figures. For purposes of simplicity and clarity of illustration,
elements shown in the figures are not necessarily drawn to
scale. For example, the dimensions of some of the elements
may be exaggerated relative to other elements for clarity.
Further, where considered appropriate, reference numbers
are repeated among the figures to indicate corresponding,
analogous, or like features.

[0033] FIG. 1 illustrates an example system 100 in accor-
dance with one or more embodiments described within this
disclosure. System 100 can include a memory 102, one or
more processors 104 (e.g., image processors, digital signal
processors, data processors, etc.), and interface circuitry
106. In one aspect, memory 102, processor(s) 104, and/or
interface circuitry 106 are implemented as separate compo-
nents. In another aspect, memory 102, processor(s) 104,
and/or interface circuitry 106 are integrated in one or more
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integrated circuits. The various components in system 100,
for example, can be coupled by one or more communication
buses or signal lines (e.g., interconnects and/or wires). In
one aspect, memory 102 may be coupled to interface cir-
cuitry 106 via a memory interface (not shown).

[0034] Sensors, devices, subsystems, and/or input/output
(/O) devices can be coupled to interface circuitry 106 to
facilitate the functions and/or operations described within
this disclosure including the generation of sensor data. The
various sensors, devices, subsystems, and/or [/O devices
may be coupled to interface circuitry 106 directly or through
one or more intervening 1/0 controllers (not shown).
[0035] For example, motion sensor 110, light sensor 112,
and proximity sensor 114 can be coupled to interface cir-
cuitry 106 to facilitate orientation, lighting, and proximity
functions, respectively, of system 100. Location sensor 116
(e.g., a GPS receiver and/or processor) can be connected to
interface circuitry 106 to provide geo-positioning sensor
data. Electronic magnetometer 118 (e.g., an integrated cir-
cuit chip) can be connected to interface circuitry 106 to
provide sensor data that can be used to determine the
direction of magnetic North for purposes of directional
navigation. Accelerometer 120 can be connected to interface
circuitry 106 to provide sensor data that can be used to
determine change of speed and direction of movement of a
device in 3-dimensions. Altimeter 122 (e.g., an integrated
circuit) can be connected to interface circuitry 106 to pro-
vide sensor data that can be used to determine altitude. Heart
rate sensor 124 can be connected to interface circuitry 106
to generate sensor data and facilitate measurement of a
heartbeat and the determination of a heart rate.

[0036] Camera subsystem 126 can be coupled to an optical
sensor 128. Optical sensor 128 can be implemented using
any of a variety of technologies. Examples of optical sensor
128 can include, but are not limited to, a charged coupled
device (CCD), a complementary metal-oxide semiconductor
(CMOS) optical sensor, etc. Camera subsystem 126 and
optical sensor 128 can be used to facilitate camera functions,
such as recording images and/or video clips (hereafter
“Iimage data”). In one aspect, image data is a subset of sensor
data.

[0037] Commmnication functions can be facilitated
through one or more wireless communication subsystems
130. Wireless communication subsystems 130 can include,
but are not limited to, radio frequency receivers and trans-
mitters, optical (e.g., infrared) receivers and transmitters,
and so forth. The specific design and implementation of
wireless communication subsystem 130 can depend on the
particular type of system 100 implemented and/or the com-
munication network(s) over which system 100 is intended to
operate.

[0038] For purposes of illustration, wireless communica-
tion subsystem(s) 130 may be designed to operate over one
or more mobile networks (e.g., GSM, GPRS, EDGE), a
WiFi network which may include a WiMax network, a short
range wireless network (e.g., a Bluetooth network), and/or
any combination of the foregoing. Wireless communication
subsystem(s) 130 can implement hosting protocols such that
system 100 can be configured as a base station for other
wireless devices.

[0039] Audio subsystem 132 can be coupled to a speaker
134 and a microphone 136 to facilitate voice-enabled func-
tions, such as voice recognition, voice replication, digital
recording, and telephony functions. Audio subsystem 132 is
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capable of generating audio type sensor data. In one or more
embodiments, microphone 136 may be utilized as a respi-
ratory sensor.

[0040] I/O devices 138 can be coupled to interface cir-
cuitry 106. Examples of I/O devices 138 can include, but are
not limited to, display devices, touch sensitive display
devices, track pads, keyboards, pointing devices, commu-
nication ports (e.g., USB ports), network adapters, buttons
or other physical controls, and so forth. A touch sensitive
device such as a display screen and/or a pad is configured to
detect contact, movement, breaks in contact, etc., using any
of a variety of touch sensitivity technologies. Example touch
sensitive technologies include, but are not limited to, capaci-
tive, resistive, infrared, and surface acoustic wave technolo-
gies, other proximity sensor arrays or other elements for
determining one or more points of contact with a touch
sensitive device, etc. One or more of /O devices 138 may
be adapted to control functions of sensors, subsystems, and
such of system 100.

[0041] System 100 further includes a power source 140.
Power source 140 is capable of providing electrical power to
the various elements of system 100. In an embodiment,
power source 140 is implemented as one or more batteries.
The batteries may be implemented using any of a variety of
different battery technologies whether disposable (e.g.,
replaceable) or rechargeable. In another embodiment, power
source 140 is configured to obtain electrical power from an
external source and provide power (e.g., DC power) to the
elements of system 100. In the case of a rechargeable
battery, power source 140 further may include circuitry that
is capable of charging the battery or batteries when coupled
to an external power source.

[0042] Memory 102 can include random access memory
(e.g., volatile memory) and/or non-volatile memory, such as
one or more magnetic disk storage devices, one or more
optical storage devices, flash memory, etc. Memory 102 can
store operating system 152, such as LINUX, UNIX, a
mobile operating system, an embedded operating system,
etc. Operating system 152 may include instructions for
handling system services and for performing hardware
dependent tasks.

[0043] Memory 102 may also store other program code
154. Examples of other program code 154 may include
instructions that facilitate communicating with one or more
additional devices, one or more computers and/or one or
more servers; graphic user interface processing; sensor-
related processing and functions; phone-related processes
and functions; electronic-messaging related processes and
functions; Web browsing-related processes and functions;
media processing-related processes and functions; GPS and
navigation-related processes and functions; security func-
tions; camera-related processes and functions including Web
camera and/or Web video functions; and so forth. Memory
102 may also store one or more other application(s) 162.
[0044] Memory 102 may store health analysis program
code 156. In one aspect, health analysis program code 156
is adapted to facilitate detection of exercise intolerance
within users. In another aspect, health analysis program code
156 is adapted to facilitate detection of ventilation threshold
within users and/or a change to ventilation threshold for
users. Health analysis program code 156 is capable of
analyzing sensor data, querying a user for input, querying
one or more external data sources for information, and
performing comparisons of sensor data, user input, and/or
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data obtained from the external data sources with baseline
information. Further aspects of operations performed
through execution of health analysis program code 156 are
described herein with reference to the remaining figures.
[0045] Memory 102 may also store various types of data
(not shown) such as sensor data, baseline data including
baselines for one or more biological markers, data obtained
by way of received user input(s), and/or data obtained by
way of querying one or more external data sources.

[0046] The various types of instructions and/or program
code described are provided for purposes of illustration and
not limitation. The program code may be implemented as
separate software programs, procedures, or modules.
Memory 102 can include additional instructions or fewer
instructions. Furthermore, various functions of system 100
may be implemented in hardware and/or in software, includ-
ing in one or more signal processing and/or application
specific integrated circuits.

[0047] Program code stored within memory 102 and any
data items used, generated, and/or operated upon by system
100 are functional data structures that impart functionality
when employed as part of the device. Further examples of
functional data structures include, but are not limited to,
sensor data, data obtained via user input, data obtained via
querying external data sources, baseline information, and so
forth. The term “data structure” refers to a physical imple-
mentation of a data model’s organization of data within a
physical memory. As such, a data structure is formed of
specific electrical or magnetic structural elements in a
memory. A data structure imposes physical organization on
the data stored in the memory as used by a processor.
[0048] In one or more embodiments, one or more of the
various sensors and/or subsystems described with reference
to system 100 may be separate devices that are coupled or
communicatively linked to system 100 through wired or
wireless connections. For example, one or more or all of
motion sensor 110, light sensor 112, proximity sensor 114,
location sensor 116, magnetometer 118, accelerometer 120,
altimeter 122, heart rate sensor 124, camera subsystem 125,
audio subsystem 132, and so forth may be implemented as
separate systems or subsystems that couple to system 100 by
way of I/O devices 138 and/or wireless communication
subsystem(s) 130.

[0049] One or more of the sensors may be worn directly by
the user and provide data to system 100 via a wired or
wireless connection. Examples of additional sensors that are
not illustrated in FIG. 1, but which may be used and/or worn
by a user to provide sensor data to system 100 can include,
but are not limited to electrocardiography (ECG) sensors,
photoplethysmography (PPG) sensors, gyroscopes, respira-
tory sensors, galvanic skin response (GSR) sensors, etc.
These additional sensors are represented in FIG. 1 by “other
sensors” block 170. In one or more embodiments, sensors
and/or subsystems as described herein are configured to
generate sensor data that is stored in a memory external to
system 100. In that case, system 100, e.g., processors 104,
may access the sensor data for use and/or analysis as
described herein.

[0050] System 100 may include fewer components than
shown or additional components not illustrated in FIG. 1
depending upon the particular type of system that is imple-
mented. In addition, the particular operating system and/or
application(s) and/or other program code included may also
vary according to system type. Further, one or more of the
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illustrative components may be incorporated into, or other-
wise form a portion of, another component. For example, a
processor may include at least some memory.

[0051] System 100 is provided for purposes of illustration
and not limitation. A device and/or system configured to
perform the operations described herein may have a different
architecture than illustrated in FIG. 1. The architecture may
be a simplified version of the architecture described in
connection with system 100 and include a processor and
memory storing instructions. The architecture may include
one or more sensors as described herein. System 100, or a
system similar to system 100, is capable of collecting data
using the various sensors of the device or sensors coupled
thereto. It should be appreciated, however, that system 100
may include fewer sensors or additional sensors. Within this
disclosure, data generated by a sensor is called “sensor
data.”

[0052] Examples implementations of system 100 may
include, but are not to limited to, a smart phone or other
mobile device or phone, a wearable computing device (e.g.,
smart watch, fitness tracker, patch, etc.), a dedicated medical
device, a computer (e.g., desktop, laptop, tablet computer,
other data processing system, etc.), and any suitable elec-
tronic device capable of sensing and processing the sensor
data. Furthermore, it will be appreciated that embodiments
can be deployed as a standalone device or deployed as
multiple devices in a distributed client-server networked
system. In an example embodiment, a smart watch or fitness
tracker may be paired to operate with a mobile phone. The
mobile phone may or may not be configured to interact with
a remote server and/or computer system.

[0053] Inoneormore embodiments, a system as described
herein in connection with FIG. 1 is capable of continuously
monitoring a user using sensors to determine potential states
where the user may need to wait or stop before continuing
to exercise. These states may occur during cardiac rehabili-
tation. These states may also occur in various other contexts
outside of cardiac rehabilitation. The system may utilize
sensor data with calibrated application-user interaction,
activity analysis, and contextual information to detect exer-
cise intolerance.

[0054] In an embodiment, the system is capable of evalu-
ating various limitations that may cause a change in health
status for a user. In an example, the system is capable of
detecting exercise intolerance in the user. In one aspect, the
system is capable of evaluating central limitations, periph-
eral limitations, and/or reflex limitations. Central limitations
refer to heart, pulmonary, and/or nervous system conditions.
Regarding central limitations, the system is capable of
evaluating area under the curve in a PPG as an indication of
blood pressure, dangerously high heart rate, worsening
and/or unexpected arrhythmia, etc.

[0055] Peripheral limitations relate to conditions in
peripheral organs in the user’s body such as muscles other
than the heart, arteries, amount of blood flowing through
muscles, ECG, etc. Regarding peripheral limitations, the
system is capable of analyzing and/or detecting Endothelial
ventilation type biological markers such as vascular transit
time (VIT), PPG, AUC (area under curve), PEP (pre-
ejection period), ECG, etc. For example, the system is
capable of evaluating ECG changes such as ST segment
elevation, severe dyspnea, hyperventilation, etc. which can
be evaluated using techniques well known in the medical
literature.

Aug. 31,2017

[0056] Regarding reflex limitations, the system is capable
of evaluating and/or detecting Baroreflex Dysfunction.
Regarding Baroreflex Dysfunction, the system is capable of
evaluating biological markers such as orthostatic responses.
For example, the system is capable of evaluating and/or
detecting orthostatic hypertension and/or postural orthos-
tatic tachycardia syndrome (POTS). Orthostatic hyperten-
sion is a condition in which a significant increase in the
user’s blood pressure occurs in response to the user standing
up. POTS is a condition in which an abnormally large
increase in the user’s heart rate occurs in response to the user
moving from the supine position to an upright position.
Detection of either one of these conditions by the system
from sensor data (e.g., accelerometer data, heart rate data
and/or blood pressure data from PPG analysis) may trigger
a notification to discontinue exercise.

[0057] In one aspect, the system is capable of considering
negative co-variance between heart rate variability and heart
rate with respect to contextual stress with simultaneous
deterioration in activity and increase in restlessness and
presence of chronotropic incompetence (CI) and disruption
in respiratory rhythm. It should be appreciated that contex-
tual stress distinguishes anxiety from depression. Respira-
tory rhythm refers the regular, oscillating cycle of inspira-
tion and expiration of a user. The normal breathing pattern,
e.g., respiratory rhythm, may be altered by a variety of
conditions. In this regard, respiratory rhythm may be used to
detect suboptimal breathing, which is independent of hyper-
ventilation.

[0058] In one or more embodiments, respiratory distur-
bances can be detected using a machine learning model. An
example of a machine learning model is a neural network
trained using various respiratory rhythm parameters and
executed by the system. The machine learning model may
also be extended to other pathologies. In one or more
embodiments, the system is capable of detecting exercise
intolerance in a user based upon deterioration in a rating of
perceived exertion (RPE), deterioration in activity, and
detecting disruption in respiratory rhythm.

[0059] FIG. 2illustrates an example method 200 of detect-
ing a change in health status of a user. For example, method
200 may be used to detect exercise intolerance in the user.
Method 200 may be implemented using a system as
described in connection with FIG. 1. In an embodiment, the
system of FIG. 1 is augmented with additional sensors to
obtain additional sensor data discussed below such as, for
example, ECG, EEG, PPG, and so forth. In another embodi-
ment, the additional sensor data may be collected using one
or more other devices and provided to the system for
analysis.

[0060] Inperforming method 200, the system is capable of
making a determination to discontinue exercise and/or pro-
vide a notification to a medical service provider based upon
central limitations, peripheral limitations, and/or reflex limi-
tations as described herein. Thus, the entire context of the
user is taken into account beyond cardiac output.

[0061] In block 205, the system performs measurements,
using the sensor(s), of the user to determine one or more
baseline biological markers. In one aspect, a baseline bio-
logical marker is a historical value, range. pattern, etc., of a
biological marker for a user measured under known and/or
controlled conditions. In an example, baseline biological
markers may be determined while the user is exercising in
a controlled environment. While biological markers and/or
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baseline biological markers may refer to values or ranges
from time-to-time herein, it should be appreciated that
biological markers and/or baseline biological markers may
also refer to time series data. The system is capable of
determining a number of different biological markers that
may be used as baselines. Examples of biological markers
include, but are not limited to, heart rate, heart rate vari-
ability, contextual stress, oxygen saturation, hypovolemia,
blood pressure, respiratory rate, respiratory rhythm, etc.
[0062] In an embodiment, the system is capable of ana-
lyzing severe and prolonged contextual stress. The system is
capable of generating a baseline for contextual stress. Con-
textual stress generally corresponds to mental states that
may be determined from EEG data analysis. In another
embodiment, the system is capable of analyzing hypov-
olemia based upon PPG waveform analysis. In another
embodiment, the system is capable of measuring blood
pressure using pulse wave transit time (PWTT). The system
is capable of calculating PWTT from sensor data for ECG,
phonocardiogram (PCG), or PPG. In another embodiment,
the system is capable of analyzing blood pressure by PWTT
in simultaneous context of blood volume, contextual psy-
chophysiological stress, medication regime, and medication
regimen adherence. Medication regime and adherence may
be determined from user entered data tracking medication
consumption and/or dose intake.

[0063] In another embodiment, the system is capable of
measuring respiratory rate and rhythm. The system is
capable of determining respiratory rate based upon respira-
tion sensor data, from PPG data alone by using mutual
information analysis of the respiratory pattern as indicated
by respiratory sinus arrhythmia (RSA) and PPG morphol-
ogy. The system is capable of monitoring respiratory rate to
determine whether the respiratory rate is in a safe range
determined by a physician.

[0064] In another embodiment, the system is capable of
analyzing ventilation threshold using RPE. Ventilation
threshold is described herein in greater detail below. In an
embodiment, the system is capable of providing a warning
or message to the user to take a break from exercise or
activity immediately in response to determining that venti-
lation threshold is reached during any exercise or stress
episode.

[0065] RPE is a measure of physical activity intensity
level. RPE is based upon somatic or psychosomatic sensa-
tions related to difficulty of exertion that a user experiences
during physical activity which lead to symptoms such as
increased heart rate, increased perspiration or breathing rate,
increased sweating, muscle fatigue, and so forth. RPE is
generally considered a subjective measure of exertion on the
part of the user at least when received as a user input in
response to querying the user. The device is capable of
receiving a user input specifying an RPE value.

[0066] In oneor more embodiments, the RPE is expressed
using the Borg scale. Table 1 below illustrates the scoring of
RPE on the Borg scale.

TABLE 1
Number Level of Exertion
6
7 Very, Very Light
g Very Light
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TABLE 1-continued

Number Level of Exertion
10
11 Fairly Light
12
13 Somewhat hard
14
15 Hard
16
17 Very Hard
18
19 Very, Very Hard
20

[0067] Inoneor more other embodiments, a different scale
for measuring RPE may be used.

[0068] In this regard, the inventive arrangements are not
intended to be limited to using one particular scale for RPE.
It should be appreciated that in an effort to ensure consistent
results, patients may be trained in estimating activity level
using an appropriate scale. For example, within a hospital
setting, in a rehabilitation setting, or anywhere working with
trained medical staff, the patient may be instructed in how to
properly estimate activity level using the selected scale.
[0069] In one example, the user is instructed as to how to
rate RPE using the Borg scale. For example, trained medical
personnel may provide instruction to the user while the user
is at a hospital or another medical facility. In another
example, trained medical personnel may provide instruction
to the user through a communication channel such as via a
telephone call, a video call, or the like while the user is
monitored remotely. The user, for example, may be moni-
tored using tele-monitoring or another remote monitoring
technology including an Internet or Web-based monitoring
technology.

[0070] In block 210, the system is capable of determining
a start of physical activity. In an embodiment, the system is
capable of receiving a data from a user as provided input
through a user interface generated by the system. The data
indicates that exercise has started. In another embodiment,
the system is capable of automatically detecting the start of
exercise based upon accelerometer data, motion or location
tracking sensor data, etc., indicating that the user is engaged
in particular movements identified by the system as exercise
(s).

[0071] In another aspect, the system is capable of check-
ing for supine heart rate in the user in the case where
exercise is to be started. If, for example, supine heart rate is
above 100 beats per minute (BPM), the system is capable of
providing a warning that exercise should not be started. If
exercise is still initiated, the system may consider a severe
heart rate elevation episode as an overload on the cardio-
pulmonary system of the user.

[0072] Inblock 215, the system is capable of continuing to
perform measurements of the biological markers throughout
performance of the physical activity of the user. In doing so,
the system determines updated states for the various bio-
logical markers for which baselines are determined. The
system is capable of continuing to measure biological mark-
ers to monitor for warning conditions and/or emergency
conditions.

[0073] In block 220, the system is capable of providing a
warning to the user in response to detecting a warning
condition. The warning can be a visual, audible, and/or
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audiovisual notification that the user has entered into a
warning condition and that the user should rest. In an
embodiment, when the system detects the end or termination
of a warning condition, the system is capable of notifying
the user that resuming physical activity is safe again.
[0074] In an embodiment, the system is capable of ana-
lyzing covariance of one or more or of each of the biological
markers discussed above with respect to the corresponding
baseline. For example, the system is capable of analyzing
covariance of severe and prolonged contextual stress, oxy-
gen saturation, hypovolemia, change in blood pressure in
particular context(s) (e.g., orthostatic response). and/or
respiratory rate and rhythm with respect to arrhythmia, ECG
changes, and/or dyspnea. If the system determines that the
co-variance is unexpected and is unhealthy, e.g., differs from
a baseline biological marker by more than a threshold
amount, the system is capable of flagging the covariance as
a warning condition.

[0075] For example, the system is capable of analyzing
relative changes in blood pressure. The system is capable of
determining whether blood pressure had deteriorated. Fur-
ther, the system is capable of analyzing blood pressure by
PWTT in simultaneous context of blood volume, contextual
psychophysiological stress, medication regime, and medi-
cation regimen adherence. Medication regime and adher-
ence may be determined from user entered data tracking
medication consumption and/or dose intake.

[0076] In another example, the system is capable of ana-
lyzing respiratory rate and rhythm. The system is capable of
analyzing respiratory rate using mutual information. For
example, the system is capable of analyzing respiratory
rhythm using PPG data alone by using mutual information
analysis of the respiratory pattern as indicated by respiratory
sinus arrhythmia (RSA) and PPG morphology. The system
is capable of monitoring respiratory rate to determine
whether the respiratory rate is in a safe range determined by
a physician.

[0077] The system is also capable of detecting additional
warning conditions as described herein. In another example,
the system is capable of detecting a warning condition in
response to determining that, once exercise has begun, PPG
morphology has shifted toward a lower blood pressure. In
that case, the system is capable of providing a warning such
as a sound indicating that exercise should be stopped imme-
diately.

[0078] In another example, the system is capable of detect-
ing a warning condition in response to detecting an exertion
where the target heart rate of the user exceeds a limit
imposed by ventilation threshold. If, for example, the heart
rate exceeds ventilation threshold heart rate for the user, the
user is at risk of entering the dangerous state of respiratory
compensation in which the risk of cardiac events increases
significantly. In that case, the system is capable of generating
a warning such as a sound in response to the heart rate of the
user being above the ventilation threshold associated heart
rate by a threshold amount. The threshold amount may be 10
BPM or another value less than 10 BPM or greater than 10
BPM. Another example warning condition can include the
system determining that heart rate of the user is above the
ventilation threshold heart rate (e.g., the baseline heart rate)
and also near, e.g., within a percentage or predetermined
amount, of respiratory compensation.

[0079] In block 225, the system is capable of performing
an emergency action in response to detection of an emer-
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gency condition. An emergency action can include a noti-
fication indicating the severity of the condition and/or auto-
matic data communication to a server of an emergency
service provider. Example emergency conditions can
include severely high contextual stress (e.g., as determined
from low heart rate variability), severely high contextual
stress with low resilience. Low resilience may be calibrated
using a baseline and corresponds to mental states as deter-
mined by EEG analysis. Other example emergency condi-
tions include severe dyspnea that leads to significant ceasing
of physical activity and lower trending blood pressure
despite no antihypertensive medication taken in the imme-
diate past.

[0080] In an embodiment, the system is capable of per-
forming an emergency action in response to detecting any
one or more of the emergency conditions. In another
embodiment, in response to the system detecting all of the
example emergency conditions, the system determines that
the user’s situation is very urgent and that immediate medi-
cal attention should be sought. The system may send a
notification to a medical service provider indicating that the
user is in need of medical attention.

[0081] Inanother embodiment, the system may prompt the
user as to how the user feels, e.g., fine or not. Prompting the
user as described may be implemented to reduce the likeli-
hood of a false positive emergency condition. The emer-
gency condition may be further exacerbated in the event the
system detects an onset of arrhythmia. For example, the
system is capable of prompting the user by asking one or
more pre-programmed questions. The questions may be
commensurate with the user’s education level in order to
assess or test the user’s cognitive state.

[0082] In block 230, the system may determine the end of
physical activity. In one example, the system is capable of
automatically detecting the end of physical activity based
upon sensor data such as accelerometer data, motion or
location tracking sensor data, etc. In another example, the
user may provide a user input indicating that physical
activity has been discontinued or stopped.

[0083] FIG. 3 illustrates another example method 300 of
monitoring health status of a user. In an aspect, method 300
is capable of detecting a change in health status of a user
which may include, but is not limited to, exercise intoler-
ance. Method 300 may be performed using a system as
described herein in connection with FIG. 1. In an embodi-
ment, the system of FIG. 1 is augmented with additional
sensors to obtain additional sensor data discussed below
such as, for example, ECG, EEG, PPG, and so forth. In
another embodiment, the additional sensor data may be
collected using one or more other devices and provided to
the system for analysis.

[0084] Inperforming method 300, the system is capable of
making a determination to discontinue exercise and/or pro-
vide a notification to a medical service provider based upon
central limitations, peripheral limitations, and/or reflex limi-
tations as described herein. Thus, the entire context of the
user is taken into account beyond cardiac output.

[0085] In block 305, the system is capable of performing
measurements, using the sensor(s), of the user to determine
one or more baseline biological markers. Examples of
biological markers determined by the system from sensor
data can include, but are not limited to, RPE, stress to the left
ventricle wall of the user’s heart as indicated by ventilation
threshold, heart rate, heart rate variability (determined from
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PPG and/or ECG sensor data), movement of the user from
accelerometer data, respiratory control system state, etc. The
system is capable of generating a baseline biological marker
for one or more or each of the biological markers described
herein.

[0086] It should be appreciated that the system is capable
of determining the various biological markers described
herein with reference to FIGS. 2 and/or 3. As such, while one
or more biological markers described with reference to FIG.
2 may not be specifically mentioned in describing FIG. 3, the
system is capable of determining and evaluating such bio-
logical markers in the context of performing method 300.
[0087] In block 310, the system is capable of detecting a
start of physical activity for the user. In an embodiment, the
system detects the start of physical activity for the user based
upon accelerometer data, motion or location tracking data,
etc. indicating that the user is active or engaging in particular
movements indicative of exercise. In another example, the
system is capable of receiving data via a user input indicat-
ing that the user is starting physical activity. As discussed,
the system is capable of checking supine heart rate as
described previously in connection with FIG. 2 and issuing
notifications as described.

[0088] Inblock 315, the system is capable of continuing to
perform measurements of the user using sensors during
physical activity. In block 320, the system is capable of
analyzing the current sensor data to determine one or more
of the biological markers, e.g., a current or updated state of
the biological markers.

[0089] Inblock 325, the system determines whether one or
more of the biological markers has deteriorated. In an
aspect, deterioration of a biological marker is when the
biological marker, e.g., the current or updated state of the
biological marker, has deteriorated or degraded by more
than a predetermined or threshold amount compared to the
corresponding baseline biological marker. Deterioration of
one or more of the biological markers is considered a
warning condition for the system and a change in health
status of the user. For example, one or more of the biological
markers discussed may be considered acute.

[0090] In one aspect, the system is capable of comparing
the biological markers determined from real time sensor data
during exercise with the previously established baseline
biological markers. For example, the system is capable of
analyzing accelerometer data to measure movement of a
user throughout the day, e.g., performing day-to-day activi-
ties such as going to the store, doing housework, etc. A
decrease in movement compared to the baseline indicates
that the user is not able to move around much during the day.
In one or more embodiments, the system is capable of
determining whether there is a decrease in the movement(s)
of the user for two or more days. e.g., more than a threshold
amount of time. The system is capable of detecting a
decrease in the movement(s) of the user responsive to
determining that the movements of the user, per the accel-
erometer sensor data (e.g., power output) have decreased or
are consistently lower compared to a baseline level of
movement for the user for a minimum time period, e.g.,
several days. In another aspect, the system may ensure that
during the time period, no physiological and/or psychologi-
cal confounders are detected.

[0091] In one or more embodiments, the system is capable
of evaluating the respiratory control system of the user using
biological markers such as respiratory rhythm, respiratory
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depth (e.g., volume), and/or respiratory rate (e.g., breaths per
minute or unit time). The system is capable of comparing the
respiratory biological markers with baseline respiratory bio-
logical markers to determine whether one or more of the
respiratory biological markers has deteriorated, e.g., varies
by more than a threshold amount from the corresponding
baseline biological marker.

[0092] In another aspect, the system is capable of evalu-
ating biological markers using machine learning. The
machine learning may receive sensor data indicating context
of the user, e.g., activity as may be determined from accel-
erometer data; respiratory rhythm, respiratory depth, and/or
respiratory rate as may be determined from a respiratory
sensor; heart rate; heart rate variability; PPG data indicating
blood pressure; and/or ECG data. The system is capable of
applying machine learning to the biological markers to
determine a likelihood that the health status of the user has
deteriorated such that the user should no longer exercise. For
example, a trained neural network executed by the system
may receive the aforementioned data as input and generate
a probability that the health status of the user has decreased
(or increased as the case may be).

[0093] Other deteriorations in biological markers detect-
able by the system include, but are not limited to, a decline
in RPE, detection of reduced ventilation threshold, inappro-
priate heart rate (e.g., heart rate higher than predetermined
threshold), inappropriate heart rate variability response to
exertion as indicated using PPG and/or ECG sensor data
(e.g., a heart rate variability lower than an expected heart
rate variability), and lack of proper rhythm in respiration. A
change in RPE may be determined using any of the various
techniques described herein. Regarding respiratory rhythm,
in an aspect, improper respiratory rhythm may be detected
by applying frequency domain-based signal processing tech-
niques on respiration data obtained from respiration sensors.
The system is capable of determining that the respiration
rhythm varies from a proper or expected (e.g., a baseline)
respiratory rhythm by at least a predetermined amount.
Further, the system is capable of detecting a suboptimal
respiration pattern, e.g., one that varies as described, in the
user independently of hyperventilation in the user based
upon sensor data from the respiration sensor(s).

[0094] In response to determining that one or more of the
biological markers has deteriorated for the user, method 300
continues to block 330. In response to determining that the
biological markers have not deteriorated, method 300 con-
tinues to block 335.

[0095] In block 330, the system is capable of providing a
warning to the user. The warning may indicate that the user
should discontinue physical activity. The warning further
may indicate the particular biological markers found to have
deteriorated. In one or more embodiments, the system may
also send a notification to a remote data processing system
such as a server for a medical service provider or the like.
[0096] In block 335, the system is capable of detecting
whether the user has ended physical activity. The system is
capable of determining whether the user has ended physical
activity by analyzing accelerometer data (e.g., an automated
detection), by receiving a user input indicating that physical
activity has been discontinued, or the like.

[0097] In oneor more embodiments, the systen is capable
of detecting changes such as improvements in the biological
markers described herein relative to the baselines. The
system is capable of sending notifications indicating the
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detected change, whether a deterioration or an improvement,
in one or more of the various biological markers discussed.
[0098] Ventilation threshold generally refers to the point at
which a transition from moderate sustainable exercise to
heavy exercise occurs for an individual. Ventilation thresh-
old is effectively the transition point between an aerobic
metabolism and an anaerobic metabolism. When a user
exercises above the ventilation threshold, the user may
experience increased stress. This may be particularly true in
the case of heart patients including heart failure patients.
[0099] In an embodiment, the system is capable of deter-
mining whether ventilation threshold for the user changes.
In this regard, the system is capable of determining whether
an improvement in ventilation threshold for the user is
detected or whether a deterioration in ventilation threshold
for the user is detected. Such determinations, e.g., improve-
ment, remaining the same, or deteriorating, allow the user to
optimize the training or rehabilitation regimen being per-
formed. Thus, changes in ventilation threshold may be used
by persons that are ill and persons that are not ill, but wish
to improve fitness and/or physical prowess.

[0100] In one or more embodiments, the system is adapted
to perform validation as to any determinations relating to
ventilation threshold. The system is capable of utilizing
sensor data in order to ensure that the user has reached
ventilation threshold and/or that the ventilation threshold of
the user has changed in some way. The system is capable of
sending a notification to a remote data processing system.
The notification may be sent in response to detecting the
ventilation threshold for the user, determining that the
ventilation threshold for the user has changed, or in other
circumstances as described herein.

[0101] FIG. 4 illustrates a method 400 of implementing a
calibration phase for collecting data for a user. In an embodi-
ment, the data that is collected may be used in detecting
ventilation threshold and/or a change in ventilation threshold
for a user. In one or more embodiments, method 400 is
implemented using a system such as the system described in
connection with FIG, 1. In an embodiment, method 400 is
implemented using another system such as a cardiopulmo-
nary testing system, where the resulting data is stored and
made available to a system as described in connection with
FIG. 1.

[0102] In block 405, the user is instructed how to rate or
estimate an RPE during exercise as previously described
herein.

[0103] In block 410, the ventilation threshold, the corre-
sponding RPE, and the corresponding heart rate for the user
are determined. For example, the user may be outfitted with
one or more sensors including a heart rate sensor. The sensor
may be coupled to a system such as a cardiopulmonary
testing system that is capable of directly determining ven-
tilation threshold for the user using available sensor(s).
When the user reaches, or approximately reaches, ventila-
tion threshold, the system is capable of measuring the heart
rate of the user at that time. In addition, the system is capable
of receiving an input from the user specifying an estimated
RPE value. The system is capable of storing the heart rate of
the user and the estimated RPE of the user, where each
corresponds to ventilation threshold of the user.

[0104] Inblock 415, the system optionally determines one
or more biological markers in response to the user reaching
ventilation threshold. In one or more embodiments, the
system is capable of storing respiratory sound, e.g., a
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respiratory waveform, of the user in response to the user
reaching ventilation threshold. The respiratory sound may
be obtained using a sensor such as a microphone or a
respiratory sensor. The respiratory sound may be stored
with, or in association with, the heart rate and RPE corre-
sponding to ventilation threshold for the user. Thus, the
respiratory sound of the user upon reaching ventilation
threshold may be stored and used as a biological marker.

[0105] In an embodiment, the system is capable of storing
a measure of total energy expended in response to the user
reaching ventilation threshold. The total energy may be
determined using an accelerometer where the total amount
of energy expended by the user may be measured as the
output wattage from the accelerometer for the time period
over which the user exercises to reach ventilation threshold.
The total energy expended by the user upon reaching ven-
tilation threshold may be stored and used as a baseline
biological marker.

[0106] In block 420, the system is capable of determining
whether a stopping condition is detected. If so, method 400
may continue to block 425. If not, method 400 may loop
back to block 410 to continue. The determination of the
ventilation threshold, the heart rate, and the estimated RPE
for the user may be repeated until the stopping condition is
reached. In the case where biological markers such as
respiratory sound and/or total energy expended are recorded,
these biological markers may also be determined for each
iteration of block 410.

[0107] For example, the system is capable of prompting
the user to perform an exercise without the user being
informed that the user is about to reach ventilation threshold.
In response to detecting that the user is approximately at the
ventilation threshold, the system can prompt the user to
obtain an estimate of the RPE value specified on the Borg
scale. Further, the system is capable of again measuring the
heart rate of the user from sensor data at that time and/or the
biological markers noted above.

[0108] An example of a stopping condition is where the
user is able to correctly and consistently assess the estimated
RPE value of the user’s ventilation threshold. For instance,
a stopping condition is satisfied, or detected, when the
difference between a predetermined number of consecutive
estimated RPE values is below a threshold value. In another
example, a stopping condition is satisfied when the mean
square error of a predetermined number of estimated RPE
values is less than a threshold value.

[0109] Inblock 425, the system is capable of assigning the
heart rate determined in the last iteration of block 410 as the
maximum heart rate for the user. Further, the system is
capable of setting the target heart rate for the exercise to the
maximum heart rate and/or a percentage thereof.

[0110] In block 430, the system is capable of storing the
heart rate from the last iteration of block 410 as the baseline
heart rate or an average of the last N heart rate measurements
found to meet the stopping condition as the baseline heart
rate (where N is an integer value corresponding to the
predetermined number of consecutive estimated RPE values
described above). The system is also capable of storing the
RPE from the last iteration of block 410 as the baseline RPE
or an average of the last N RPE values. The baseline heart
rate and the baseline RPE are for, or correspond to, venti-
lation threshold of the user, e.g., as opposed to being for the
user at rest or in another context.
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[0111] In block 435, the system optionally stores the
biological marker(s) determined in block 415. In one aspect,
the system is capable of storing the biological markers
determined in the last iteration of block 415 for ventilation
threshold or an average of the last N iterations of block 415
for one or both of the biological markers.

[0112] Inblock 440, the system optionally determines and
stores data relating to the context of the user. The data may
be used to determine or detect the presence of confounders
at a later time. Examples of data that may be stored include,
but are not limited to, activity level, homeostatic distur-
bances, cardiac pathology, pulmonary pathology, musculo-
skeletal issues, environment, altitude, weather, hydration,
etc.

[0113] For example, environment data such as particulate
pollution level for the location of the user during testing may
be determined and stored with the ventilation threshold of
the user as part of the baseline data. The altitude and weather
for the location of the user during testing may be determined
and stored with the ventilation threshold as additional base-
line data. Other examples of baseline data may be collected
over time and reflect the general health and/or state of the
user as opposed to the state of the user while exercising. For
example, activity level, homeostatic disturbances, cardiac
pathology, pulmonary pathology, musculoskeletal issues
may be determined during normal or resting circumstances
and stored as baseline data for the user.

[0114] In one or more embodiments, the system is capable
of storing heart rate recovery data for the user as additional
baseline data. For example, the heart rate recovery of the
user, e.g., the change in heart rate for the user post exertion
or after reaching ventilation threshold, may be recorded,
e.g., as a time series of data, and used as a baseline for later
comparison. In one or more embodiments, heart rate recov-
ery is used by the system as a validation mechanism for
ensuring that ventilation threshold has occurred and/or has
changed.

[0115] FIG. 5 illustrates an example method 500 of evalu-
ating ventilation threshold and/or a change in ventilation
threshold for a user. FIG. 5 illustrates a real time method of
detecting ventilation threshold or a change in ventilation
threshold for a user that utilizes data as described and
collected with reference to FIG. 4. In an embodiment,
method 500 is performed by a system as described with
reference to FIG. 1.

[0116] In block 505, the system prompts the user to
perform a selected exercise. For example, the system may
play an audio prompt or display a message using a user
interface prompting the user to begin exercising. In addition,
the system is capable of instructing the user to perform the
exercise and to provide an indication when the user believes
that the maximum RPE level is achieved. For example,
during exercise at home, at a gym, in an unsupervised
setting, etc., the system is capable of prompting the user to
initiate an exercise and to achieve a maximum RPE level for
the exercise.

[0117] With the user starting to exercise, the system is
capable of monitoring the user using one or more of the
sensors described herein. For example, the system is capable
of performing health monitoring as the user exercises. The
system is capable of monitoring the user’s heart rate using
the heart rate sensor to generate a time series of sensor data.
The system is also capable of monitoring other physiological
and/or health indicators while the user exercises.
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[0118] In block 510, the system receives a user input
indicating that the maximum RPE level for the user is
reached. In an embodiment, the system is capable of pro-
viding a user interface through which data may be received
from the user. The data is indicative of the user achieving the
user’s maximum RPE level. The data may specify a par-
ticular RPE value.

[0119] In block 515, in response to receiving a user input
indicating that the maximum RPE level is achieved for the
user, the system measures the heart rate, or determines the
heart rate of the user from current sensor data. The system
is capable of measuring the user’s heart rate and/or other
physiological indicators in real time.

[0120] In block 520, the system is capable of comparing
the previously stored baseline heart rate of the user with the
heart rate measured in block 515, e.g., when the user
indicated that the maximum RPE level was achieved. The
system compares the current heart rate to the baseline heart
rate, which is the heart rate for the user at ventilation
threshold.

[0121] Inblock 525, the system is capable of checking for
one or more confounders. Examples of confounders include,
but are not limited to, any of a variety of behaviors, medical
conditions, or other data items that define a context for the
individual. In one aspect, confounders are classified as either
physiological or external. Examples of physiological con-
founders include activity level, homeostatic disturbances,
cardiac pathology, pulmonary pathology, and musculoskel-
etal issues. Examples of external confounders include one’s
environment, altitude, weather, and hydration. Confounders
and the detection of confounders are described in greater
detail following the discussion of FIG. 5.

[0122] In block 530, the system is capable of determining
whether a change in the ventilation threshold for the user is
detected. The system is capable of detecting a change in
ventilation threshold for the user based upon the comparison
performed in block 520. For example, the system is capable
of determining whether the heart rate measured in block 515,
e.g., the current heart rate, is higher, lower, or the same as
the baseline heart rate.

[0123] If, for example, the current heart rate for the user,
as determined during exercise, is lower than the baseline
heart rate corresponding to ventilation threshold for the user,
the system determines that the ventilation threshold has
changed and, in particular, has decreased (e.g., improved). In
one or more embodiments, the system is capable of replac-
ing the baseline heart rate associated with ventilation thresh-
old with the current heart rate for future comparisons.

[0124] If, for example, the current heart rate for the user,
as determined during exercise, is higher than the baseline
heart rate corresponding to ventilation threshold for the user,
the system determines that the ventilation threshold has
changed and, in particular, has increased (e.g., worsened). In
one or more embodiments, the system is capable of replac-
ing the baseline heart rate associated with ventilation thresh-
old with the current heart rate for future comparisons.

[0125] If, for example, the current heart rate for the user,
as determined during exercise, is the same as the baseline
heart rate corresponding to ventilation threshold for the user,
the system determines that the ventilation threshold has been
reached and is unchanged. In one or more embodiments, the
system is capable of maintaining the baseline heart rate
associated with ventilation threshold for future comparisons.
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[0126] In one or more embodiments, the system deter-
mines whether a change in ventilation threshold occurs
based upon detecting an increase (decrease) above (below)
a threshold amount. For example, the system is capable of
determining that the user’s heart rate increased or decreased
as the case may be only when the difference from the
baseline heart rate at ventilation threshold differs by more
than the threshold amount.

[0127] Accordingly, if the system detects no change in
ventilation threshold, method 500 can end. If the system
detects a change in ventilation threshold, method 500 can
continue to block 535. If the system determines that the
change in ventilation threshold is inconclusive, method 500
can proceed to block 540. For example, if the system detects
one or more confounders, the system determines that the
ventilation threshold determination, whether increased,
decreased, or the same, is inconclusive. More particularly,
when the system detects one or more confounders in com-
bination with reduced or increased heart rate, the system is
unable to attribute the change in heart rate to a change in
ventilation threshold.

[0128] In block 535, the system is capable of performing
validation. The system is capable of validating a determi-
nation that a change in ventilation threshold has occurred for
the user. In one aspect, the system is capable of using
Respiratory Sinus Arrhythmia (RSA) for purposes of vali-
dating a determination that the ventilation threshold has
changed. In the case where the system detects a rising heart
rate, to remove the confounder effect, the system is capable
of checking the magnitude of RSA during inspiration/expi-
ration during exercise. This is because the heart rate natu-
rally increases during the inspiration period, and decreases
during the expiration period. Thus, it is important to com-
pare only the corresponding phases in the baseline data and
the test data. For example, as compared to the heart rate in
the baseline time series of the heart rate data, if for the same
effort level in the time series of heart rate test data, and same
phase in RSA cycle (inspiration or expiration), the RPE for
ventilation threshold (e.g., RPE=14) corresponds to a sig-
nificantly higher or lower heart rate, then that is an indica-
tion that the ventilation threshold may have changed. In
response to the system detecting this condition consistently
over several sessions, the system determines that the venti-
lation threshold has changed. A lowering of the heart rate
indicates improvement in ventilation threshold and increase
in heart rate indicates worsening of the ventilation threshold.
[0129] In another aspect, the system is capable of using
heart rate recovery for purposes of validating a determina-
tion that the ventilation threshold has changed. For example,
in the case of detecting an increase in heart rate, the new
RPE to heart rate relationship and the implication of a heart
rate increase can be validated during the heart rate recovery
component part of the heart rate time series of sensor data.
If, for example, the higher heart rate is achieved by the user
getting deep into the anaerobic threshold, the user will have
a relatively (relative to the baseline case) activated sympa-
thetic nervous system (SNS) during heart rate recovery. This
phenomenon can be detected as a relatively reduced heart
rate variability as compared to the baseline heart rate vari-
ability that may be stored as part of the baseline data for the
user.

[0130] Regarding heart rate recovery, for example, the
system is capable of determining whether the heart rate
recovery is bi-exponential from the heart rate sensor data. A
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person’s heart rate recovers from a maximum heart rate
during exercise to a heart rate at rest at a rate of e The
system is capable of continuing to monitor heart rate for the
user during recovery from exercise. The system is capable of
fitting a curve to the heart rate recovery data for the user. A
person of lesser health tends to have a more linear heart rate
recovery. The system is capable of fitting a curve to the time
series of heart rate data for the user to determine a value of
“k.” In one or more embodiments, the system is capable of
validating an increase or improvement in fitness by detecting
an increase in the value of k compared to a baseline heart
rate recovery for the user. Conversely, the system is capable
of validating a decrease or reduction in fitness by detecting
a decrease in the value of k compared to a baseline heart rate
recovery for the user. Determination of increase or decrease
in fitness can act as a check to validate any ventilation
threshold determination.

[0131] In block 540, the system is capable of sending a
notification to a remote data processing system. The remote
data processing system may be for a medical provider for the
user. In one aspect, the system is capable of sending a
notification that the ventilation threshold has changed. The
notification may include the newly determined ventilation
threshold. In one or more embodiments, the ventilation
threshold may be specified in watts of power required for the
user to reach ventilation threshold. In another aspect, the
notification can specify or include sensor data, e.g., current
sensor data such as heart rate. In another aspect, in the case
where the determination of whether a change in ventilation
threshold has occurred is inconclusive, the notification can
specify any confounders that were detected within the sensor
data.

[0132] In one or more embodiments, the notification can
specify the corresponding health-related changes and cau-
salities. Examples of such information provided to the
remote data processing system can include sensor data or
user inputs indicating lack of exercise compliance, changes
in medication or lack of medication regimen adherence,
tobacco consumption, higher fluid consumption, progressive
decrease in sleep, increase in depression, etc. This informa-
tion can facilitate assessing the potential causality of the
degradation in health.

[0133] In one or more embodiments, the system is capable
of replacing the target heart rate if the RPE level reached
during this exercise is lower than the RPE level determined
as described in connection with FIG. 4. The replacement of
the target heart rate, however, may be omitted.

[0134] As discussed, confounders relating to the detection
of ventilation threshold and/or a change thereto may be
physiological and/or external. The detection of a confounder
while attempting to detect a change in ventilation threshold
renders the detection inconclusive. The inventive arrange-
ments described herein therefore are able to utilize wearable
sensors to implement a conservative methodology for
detecting changes in ventilation threshold that avoids pro-
viding notifications and/or warnings of worsening ventila-
tion threshold in cases where confounders are detected.
[0135] Examples of physiological confounders include,
but are not limited to, activity level, homeostatic distur-
bances, cardiac pathology, pulmonary pathology, and mus-
culoskeletal issues. In one or more embodiments, the system
is capable of detecting the presence of physiological con-
founders from the sensor data. The system is capable of
ascertaining whether such confounders exist. In an aspect,
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the system is capable of determining that a confounder exists
where a confounder is detected that was not detected within
historical data. In another aspect, the system is capable of
determining that a confounder exists where a confounder
that did exist within the baseline data is found to deviate
(e.g., deteriorate) compared to baseline and/or historical
data.

[0136] Detecting lower or higher activity levels for the
user immediately prior to the start of the ventilation thresh-
old analysis are considered confounders. Regarding activity
level, for example, the system is capable of monitoring
activity level of the user from accelerometer data. The
system may determine activity level based upon the power,
e.g., wattage, generated by an accelerometer over time.
Power output of the accelerometer may be used in place of
estimates of the number of steps taken by the user. The
system is capable of evaluating the user’s walking or run-
ning speed, for example. In another example, the system is
capable of detecting that the user has been climbing stairs in
the recent past, e.g., prior to exercising.

[0137] The overall activity level may be compared with an
activity level established for the user in the baseline data. In
one or more embodiments, the system is capable of moni-
toring overall activity of the user for periods of time during
which the user is not exercising. For example, the system is
capable of detecting overall activity over extended periods
of time and/or while the user is performing daily tasks. The
system may detect a confounder in response to determining
that the activity level of the user during a period immediately
prior to the start of exercise is reduced compared to the
baseline activity level for the user. As another example, the
system may detect a confounder in response to determining
that the activity level of the user during a period immediately
prior to the start of exercise is increased compared to the
baseline activity level for the user thereby indicating that the
user is starting exercise already having performed a poten-
tially strenuous activity and/or is more tired than usual.

[0138] Regarding homeostatic disturbances, for example,
the system is capable of using sensor data to detect exposure
of the user to stress, to detect sleep quality (e.g., sleep
deprivation), etc. When under stress, for example, the user’s
Autonomic Nervous System (ANS) arousal and valence are
typically in the second quadrant of the Circumplex Model of
Emotions, which can be determined by heart rate and heart
rate variability analysis where both trend down at the same
time. In an embodiment, the system is capable of using heart
rate and/or heart rate variability from the sensor data to
determine whether the user is under stress and/or the amount
of stress.

[0139] For example, the system is capable of determining
whether the user is subject to stress and whether the amount
of stress exceeds a baseline amount of stress based upon
heart rate (e.g., energy) and heart rate variability (e.g.,
mood) of the user both being low (e.g., below a baseline for
heart rate and/or a baseline for heart rate variability) at the
same time and/or remaining low (concurrently) for at least
a minimum amount of time. The baseline(s) may be specific
to the user or generalized across one or more different users.
Responsive to determining that the heart rate and heart rate
variability both are low for at least the minimum amount of
time immediately prior to exercise, for example, the system
determines that the user is experiencing a higher than normal
amount of stress, which the system considers a confounder.
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[0140] In another example, the system is capable of detect-
ing, from the sensor data, the confounder of sleep depriva-
tion. For example, the system is capable of measuring sleep
of the user using heart rate data and accelerometer data. The
system is capable of determining the amount of time that the
user sleeps and comparing the amount of time spent sleeping
with a baseline amount of time (whether personal to the user
or a generalized baseline determined across one or more
other users) to determine sleep deprivation for the user. In
one or more embodiments, the system is capable of moni-
toring sleep quality (e.g., sleep deprivation) for periods of
time where the user is not exercising. For example, the
system is capable of detecting sleep deprivation over
extended periods of time including immediately prior to the
start of exercise, which the system considers a confounder.
[0141] Regarding cardiac pathology, for example, the sys-
tem is capable of detecting whether the user is chronotropi-
cally incompetent. Chronotropic incompetence (CI), broadly
speaking, is the inability of the heart to increase its heart rate
commensurate with increased activity or demand. The sys-
tem is capable of detecting CI by monitoring sensor data
and/or received user inputs over a period of time. Detection
of Cl is described in greater detail in connection with FIGS.
7, 8, and 9. CI is a confounder for detecting a change in
ventilation threshold.

[0142] Regarding pulmonary pathology, for example, the
system is capable of looking up user provided health history
data to determine whether the user suffers from chronic
obstructive pulmonary disease (COPD). COPD is a con-
founder for measuring ventilation threshold.

[0143] Regarding musculoskeletal issues, for example, the
system is capable of using sensor data to determine whether
the user suffers from joint problems. The system is capable
of using accelerometer data to analyze the gait of the user.
The system is capable of determining whether the user
suffers from one or more joint problems based upon the gait
analysis that is performed. The system is capable of deter-
mining that a musculoskeletal confounder exists in response
to detecting a joint problem where such a joint problem did
not exist within the baseline data. In another example, the
system is capable of determining that a musculoskeletal
confounder exists in response to detecting that a joint
problem that existed in the baseline data has become worse.
In one or more embodiments, the system is capable of
monitoring for joint problems for periods of time during
which the user is not exercising including the time imme-
diately prior to the start of exercise. For example, the system
is capable of detecting joint problems over extended periods
of time and/or while the user is performing daily tasks.
[0144] Examples of external confounders include, but are
not limited to, environment, weather, altitude, and hydration.
In one or more embodiments, the system is capable of
detecting the presence of external confounders from the
sensor data, by querying one or more external data sources,
and/or using user inputs that log user activities.

[0145] Regarding environment, for example, the system is
capable of querying an external data source that lists envi-
ronmental factors such as particle pollution (also referred to
as particulate matter (PM)) based upon location. As used
within this disclosure, the term “external data source” refers
to an Internet-based or Web-based service or Website that
may be queried for particular information. The system, for
example, may include location data or obtain location data
using GPS or another location determination technique, e.g.,
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using WiFi networks, and query the external data source for
the PM of the user’s location during exercise. The system is
capable of determining that the environment confounder is
present or detected in response to determining that the
current PM, or PM found while evaluating ventilation
threshold, is different, e.g., higher, than the PM established
in the baseline data.

[0146] Regarding weather, for example, the system is
capable of querying an external data source, e.g., a weather
service, to obtain information such as ambient temperature.
If the ambient temperature for the location of the user is
different from the ambient temperature where the baseline
data is established, the system may consider the difference,
e.g., a difference greater than a threshold amount, a con-
founder.

[0147] Regarding altitude, for example, the system is
capable of querying an external data source based upon
location to determine altitude. In another example, the
system may be coupled to an altimeter so that the sensor data
includes altimeter data. Oxygen saturation decreases at
higher altitudes. If the altitude of the location of the user
differs from the altitude where the baseline data is estab-
lished, e.g., by more than a threshold amount, the difference
may affect determinations relating to ventilation threshold
and be considered a confounder.

[0148] Regarding hydration, the system may have access
to user data specifying hydration information. As an illus-
trative example, the system or another device coupled to the
system may execute a hydration tracking application. The
user may enter data specifying hydration into the applica-
tion. The system is capable of determining whether the user
is sufficiently hydrated based upon a comparison of the
user’s hydration data to a baseline hydration level for the
user. The system, for example, is capable of detecting the
hydration confounder in response to determining that the
user’s hydration level is below the baseline hydration level
during the time immediately prior to the start of exercise.
[0149] FIG. 6 illustrates another method 600 of evaluating
ventilation threshold for a user. FIG. 6 illustrates a real time
method of detecting ventilation threshold or a change in
ventilation threshold for a user that utilizes the baseline data
described in connection with FIG. 4. In an embodiment,
method 600 is performed by a system as described in
connection with FIG. 1.

[0150] 1In block 605, the system is capable of prompting
the user to begin exercising. In block 610, the system is
capable of monitoring for one or more biological markers. In
one example, the system is capable of monitoring the
respiratory sound of the user. For example, the system may
store a baseline respiratory sound of the user when in
ventilation threshold. The system is capable of monitoring
the respiratory sound of the user using a microphone or other
respiratory sensor. Thus, the system monitors the real time
sensor data by comparing the real time respiratory sound of
the user to the baseline respiratory sound corresponding to
ventilation threshold to determine a match.

[0151] Inanother example, the system is capable of moni-
toring the total activity of the user. The system, for example,
is capable of monitoring the power generated by an accel-
erometer over time as the user exercises. The system is
capable of using the power generated by the accelerometer
as a proxy or indication of total activity of the user. The
system is capable of comparing the cumulative output power
of the accelerometer over the time period that the user

Aug. 31,2017

exercises with a baseline for total activity, e.g., baseline total
powet, previously recorded when the user reached ventila-
tion threshold.

[0152] In block 615, the system determines whether a
biological marker indicating ventilation threshold is
detected. In response to detecting a biological marker,
method 600 continues to block 620. If the biological marker
is not detected, method 600 loops back to block 610. For
example, the system is capable of determining whether the
current respiratory sound of the user matches the baseline
respiratory sound thereby indicating that the user has
reached ventilation threshold. In another example, the sys-
tem is capable of determining whether the total activity of
the user matches, e.g., is equal to or greater than, the baseline
total activity thereby indicating that the user has reached
ventilation threshold. In still another example, the system is
adapted detect both biological markers in order to continue
to block 620.

[0153] In block 620, the system prompts the user to enter
an estimated RPE value. For example, the system is capable
of generating a user interface asking the user to enter the
estimated RPE. The user interface may include a field or
other user interface element through which the user may
enter the estimated RPE. The system can receive a user input
specifying the estimated RPE.

[0154] In block 625, the system determines whether the
estimated RPE entered in block 720 satisfies an expected
RPE. For example, the system is capable of determining
whether the estimated RPE is greater than or equal to a
threshold RPE value such as 13. An RPE value of 13, for
example, is indicative that the user is at or is approaching
ventilation threshold. If the estimated RPE satisfies the
expected RPE (e.g., is at least 13), method 600 may continue
to block 630. If the estimated RPE does not satisfy the
expected RPE, e.g., the estimated RPE value is less than the
threshold RPE value, method 600 may loop back to block
610 to continue monitoring as the system determines that the
user has not reached ventilation threshold.

[0155] In block 630, the system is capable of determining
a current heart rate for the user. The system is capable of
determining the current heart rate for the user from the heart
rate sensor data that is being collected. The system deter-
mines the current heart rate for the user in response to
determining that ventilation threshold has been reached. In
block 635, the system is capable of comparing the current
heart rate with the baseline heart rate of the user for
ventilation threshold.

[0156] Inblock 640, the system determines whether one or
more confounders exist. As discussed, the system is capable
of detecting physiological confounders such as activity
level, homeostatic disturbances, cardiac pathology. pulmo-
nary pathology, musculoskeletal issues, etc. The system is
further capable of detecting external confounders such as
environment, altitude, weather, and hydration.

[0157] In block 645, the system determines whether a
change in ventilation threshold of the user has occurred. The
system determines whether a change in ventilation threshold
for the user has occurred based upon any detected change in
heart rate from the comparison in block 635 and the exis-
tence, if any, of confounders from block 640.

[0158] If, for example, the current heart rate is lower than
the baseline heart rate for ventilation threshold of the user
without having detected any confounders, the system deter-
mines that a change in ventilation threshold has occurred. In
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particular, the system determines that the ventilation thresh-
old of the user has decreased. If, for example, the current
heart rate is higher than the baseline heart rate for ventilation
threshold of the user without having detected any confound-
ers, the system determines that a change in ventilation
threshold has occurred. In particular, the system determines
that ventilation threshold of the user has increased. If, for
example, the system detects one or more confounders, the
system determines that any change in heart rate that is
detected is not determinative of whether a change in venti-
lation threshold for the user has occurred.

[0159] In response to determining that a change in venti-
lation threshold has occurred or that the result is inconclu-
sive (e.g., due to one or more confounders), method 600
continues to block 650. In response to determining that no
change in ventilation threshold has occurred, method 600
loops back to block 610 to continue processing.

[0160] In block 650, the system is capable of performing
validation for a detected change in ventilation threshold. It
should be appreciated that block 650 may be omitted or
skipped in the case where the result is indeterminate.
[0161] In one aspect, the system is adapted to perform
validation by evaluating the heart rate recovery of the user.
As discussed, the system is capable of analyzing the heart
rate recovery of the user to ensure that the heart rate
recovery follows a bi-exponential curve. In one or more
embodiments, the heart rate recovery of the user may be
compared to prior heart rate recovery data, e.g., a baseline
heart rate recovery for the user. The system may validate an
increase in ventilation threshold by determining that the
value of k in the bi-exponential expression increases when
curve fitting heart rate recovery data for the user. The system
may validate a decrease in ventilation threshold by deter-
mining that the value of k in the bi-exponential expression
decreases when curve fitting heart rate recovery data for the
user.

[0162] In block 655, the system is capable of sending a
notification to a remote data processing system. The remote
data processing system may be a server of a medical services
provider, hospital, doctor, or the like. Examples of notifica-
tions include, but are not limited to, a text message, a short
message service (SMS) message, an electronic mail, etc. The
notification may state that a change in ventilation threshold
for the user is detected. The notification may include addi-
tional data such as validation data, sensor data recently
collected from the user, whether the ventilation threshold
increased or decreased, etc.

[0163] In the case where the result is inconclusive, the
system may send a notification stating that the result was
inconclusive and include any additional data such as con-
founder(s) detected, sensor data, and the like. It should be
appreciated that in one or more embodiments, the system is
adapted to provide notifications specifying the foregoing
types of data in cases where the system determines that
ventilation threshold of the user has not changed in order to
provide medical services providers with useful information
relating to the user.

[0164] FIG. 7 illustrates an example method 700 of detect-
ing CI. Method 700 may be performed by a system such as
the system described in connection with FIG. 1. Method 700
may begin in a state where sensor data has been collected for
the patient over time, e.g., a period of time, and is available
for analysis. In one or more embodiments, the system
collects the sensor data. In one or more other embodiments,

Aug. 31,2017

one or more items of sensor data or all of the sensor data may
be generated from other system(s) and/or device(s) and be
read and/or processed by the system performing method
700.

[0165] In block 705, the system determines the total
activity or “TA” of the patient based on sensor data. The
system is capable of determining the total activity for the
patient using accelerometer data. In one example, the system
is capable of determining the total activity for the patient
based on the power of the accelerometer output.

[0166] Inblock 710, the system optionally determines one
or more confounders relating to CI detection based on sensor
data. A more detailed description of confounders in the
context of CI and the automatic detection of such confound-
ers by the system is provided herein in connection with FIG.
9

[0167] In block 715, the system optionally receives a
patient input indicating an estimate of activity level for the
patient. In one or more embodiments, the estimate of the
patient’s activity level is a rating of perceived exertion or
RPE.

[0168] In one or more other embodiments, the estimate of
activity level may be determined in an automated manner by
the system without querying the patient for such informa-
tion. In that case, querying the patient for an estimate of
activity level need not be performed. The system can be
adapted to determine an estimate of activity level, e.g., an
RPE, from sensor data. In one example, the system is
capable of determining or estimating activity level such as
RPE by detecting respiration (ventilation) related sound
from the patient related to exertion from audio sensor data.
The system may estimate activity level or RPE by compar-
ing progressive changes in the respiratory related sounds of
the patient from audio sensor data that are indicative of
exertion.

[0169] 1In block 720, the system optionally receives a
patient input indicating one or more confounders. The
system, for example, may query the patient for a list of
confounders or to select those confounders applicable to the
patient from a list of confounders presented to the patient.
For example, the system may query the patient about medi-
cation intake. In one example, the system queries or asks the
patient whether the patient is taking any beta blocker medi-
cation or any other drug that changes chronotropic nature of
the function of the heart. Such medications and/or drugs may
affect the measurements described below. As such, depend-
ing upon the medication and/or drugs indicated, the thresh-
old for determining CI may be adjusted or changed.

[0170] In block 725, the system determines a heart rate
(HR) for the patient based upon the sensor data. In block
730, the system determines a covariance COV(RPE, HR)
between RPE and the HR. In block 735, the system deter-
mines a covariance COV(TA, HR) between the measured
TA from block 705 and the HR of block 725. For example,
referring to blocks 730 and 735, the system is capable of
calculating covariances between any pair of the following:
an HR time series, a TA time series, and RPE.

[0171] In block 740, the system determines one or more
baseline cardiac health measures for comparing trends. In
one or more embodiments, baseline cardiac health measures
(or baselines) may be determined with the patient at rest
and/or for one or more or each of the possible RPE values.
The baselines may be stored for subsequent comparison with
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newly collected sensor data and/or patient input. Example
baselines include, but are not limited to:
[0172] a covariance COV(RPE,
RPEp,,, and HRp,
[0173] a covariance between RPE and HR during exer-
tion which can be denoted by COV(RPE HR,.-
ertion),

[0174]

HR,.,,) between

est’

exertion’

a covariance COV(HR,,,,, TAg.,,) between

ests

HR,,, and TA,__ at rest;
[0175] a covariance COV(HRR, HR,) between HRR

(heart rate recovery) and HR,,, where subscript “D”
indicates deceleration trend (post-exertion) for HR with
effort level and with total activity level as measured by
Sensors;

[0176] a covariance COV(EEE, RPE) between EEE
(exercise energy expended), as may be measured using
accelerometer activity, and RPE; and/or

[0177] arespiration related sound recorded or observed
at different RPE levels.

[0178] In one or more embodiments, a baseline cardiac
health measure is determined from sensor data as described
within this disclosure. For example, baseline cardiac health
measures may be determined while the patient is at rest or
in a known state. In one or more other embodiments, a
baseline cardiac health measure is a reference state or data,
e.g., predetermined or fixed data, that is specified by a
physician, obtained from a standard, or the like and used for
purposes of comparison as described herein.

[0179] In block 745, the system optionally determines an
HRR and the HRR trend post-exertion. The system further
is capable of correlating the HR change trend (e.g., the
deceleration trend) with the RPE and with the measured TA
of block 705. In an aspect, the system is capable of deter-
mining whether the heart rate recovery has a bi-exponential
trend. For example, the system is capable of examining the
logarithm of HRR for bi-exponentiality. The absence of a
bi-exponential trend indicates CI. In block 750, the system
optionally correlates HR change trend with RPE and total
activity.

[0180] In block 755, the system is capable of analyzing
one or more of the determined covariances and/or sensor
data with respect to baselines. For example, the system is
capable of detecting an anomaly such as a difference by
more than a threshold from the baseline or an expected
value. The lack of an expected covariance suggests detection
of CI. In one embodiment, the system is capable of detet-
mining that an individual has CI responsive to determining
that the covariance between energy expanded and RPE
remains the same with the HR not being elevated. In other
cases, where the covariance between EEE and RPE remains
the same with EEE being low and RPE being high, the
system is capable of determining that the individual has a
reduced fitness level (e.g., not CI). The system is capable of
calculating a cardiac health measure, including any of the
covariances described herein, from sensor data to compare
with a baseline cardiac health measure (e.g., a baseline
covariance) to determine or estimate whether the patient has
CL

[0181] In oneor more embodiments, the system is capable
of adjusting the threshold for CI based upon medication
intake or other confounders as determined in block 720. In
one or more other embodiments, the threshold for CI is
adjusted based upon one or more confounders detected
within the sensor data from block 710. Examples of con-
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founders include, but are not limited to, stress; sleep depri-
vation; tiredness; depression (mood); consumption of stimu-
lants (caffeine, intoxicants etc.); any other drug that may
have an effect on blood pressure and/or HR; state of health
including fever, dehydration, or any other condition where
HR and/or blood pressure, or other ANS markers can be
reasonably expected to undergo significant change; and so
forth. In one or more embodiments, the threshold for detect-
ing Cl is adjusted upward or downward based upon whether
one or more of the confounders are detected within the
sensor data. Confounders and the automated detection
thereof from sensor data in the context of CI are discussed
in further detail in connection with FIG. 9.

[0182] In one or more embodiments, the system is capable
of accounting for confounders by computing the Relative
Increase in HR (RIHR). RIHR is also called Increment %
from HR at rest to Peak HR. RIHR may be calculated using
the expression [(Peak HR-HR at Rest)/(HR at Rest)|x100.

[0183] In some cases, for individuals with CI that are
taking beta blockers, a modified HR reserve may be used to
account for confounders. The modified HR reserve (MHRR)
may be calculated using the expression [(Increment % from
HR at rest to peak HR)/(220-Age-HR at rest)]x100. Typi-
cally, HR reserve is calculated using the expression [(Peak
HR-HR at rest)/(220-Age-HR at rest)|x100. The system
further is capable of computing MHRR in one or more
embodiments. It should be appreciated that HR reserve can
also be calculated by estimating the Peak HR via any other
varieties of accepted formulas that correlate expected peak
HR with a person’s age.

[0184] Using either RIHR or MHRR moves from an
absolute calculation to a relative calculation for instances
where HR may be depressed due to confounders. These
relative calculations facilitate accurate detection of CI in
instances where the HR increase is supposed to be larger if
the HR at rest in the RIHR and/or MHRR expressions is
modified to reflect or imply a baseline HR for a given
instance. The system, for example, may calculate a baseline
HR (e.g., the HR at rest) by measuring HR for an appropriate
period of rest preceding the given exercise at a reasonably
close time interval.

[0185] Using the RIHR and/or MHRR, CI detection may
be performed subject to any confounders. It should be
appreciated that the techniques described herein may be
further modified to account for one or more confounders
responsive to determining an approximation of the impact
the confounder may have. For example, if the HR of an
individual is typically elevated by 5 beats per minute (BPM)
after caffeine consumption, then even without determining
the baseline HR for a given instance, the HR may be selected
from historical data. The system is capable of adding the 5
BPM, e.g., a predetermined number of beats, to the historical
HR to account for the caffeine consumption.

[0186] Inblock 760, the system determines whether one or
more indicators of CI are detected. If so, method 700
proceeds to block 765. If not, method 700 may loop back to
block 705 to continue processing. In block 765, the system
generates a signal or notification that is output indicating
that CI is detected. In one or more embodiments, responsive
to detecting CI, the system is capable of providing an
indication to a remote system. For example, the system is
capable of providing a message or indication to a healthcare
provider server based on the computed information.
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[0187] While the above description is described in the
context of computing covariance, alternative embodiments
can use other similarity measures or dissimilarity measures,
such as correlation or distance functions. Further, one or
more or each of the calculations described in connection
with FIG. 7 can be contextual. For example, the CI of a
patient may be different in morning vs. in evening due to the
circadian rhythm of various hormones secreted by the
patient’s endocrine system. In this regard, the CI threshold
that is used may be varied according to context such as
morning vs. evening.

[0188] FIG. 8illustrates an example of baseline generation
for CI detection. Baseline generation may be performed at
any of a variety of different times in order to establish one
or more baselines for purposes of detecting CI in a patient.
In one or more embodiments, baseline generation may be
performed as part of an intake or onboarding process of a
rehabilitation program. For example, a patient may be asked
to perform one or more tasks, activities, or exercises. During
that time, baseline 825 may be generated or otherwise
determined. The baselines determined may be stored in the
patient’s system for purposes of later comparison.

[0189] As shown, one or more sensors 805 are capable of
generating sensor data 810. Example sensors 805, as dis-
cussed with reference to FIG. 1, include, but are not limited
to, an accelerometer, a heart rate sensor, a microphone, and
so forth. Sensor data 810 is generated over a period of time.
Accordingly, for the various values and/or quantities
described, it should be appreciated that sensor data 810
includes a time series of such data. Sensor data 810 may be
stored in a memory (not shown). As such, processor 104 may
access (read and/or write) sensor data 810.

[0190] Processor 104 is also capable of receiving an
estimate of activity level (EAL) 820 for the patient. EAL 820
may be provided by way of a received patient input. As
noted, a system may query a patient for EAL 820. In another
aspect, EAL 820 may be entered by the patient or an
administrator responsive to asking the patient. As discussed,
in one or more embodiments, EAL 820 is a rating of
perceived exertion or RPE.

[0191] Processor 104 is capable of operating on sensor
data 810 and EAL 820 to generate a baseline §25. In the
example of FIG. 8, baseline 825 includes a baseline cardiac
health measure 835 and baseline EAL 840. Processor 104 is
capable of determining a cardiac health measure for the
patient from sensor data 810 as generated by a sensor at or
about the time that EAL 820 is received. Processor 104
stores the determined cardiac health measure as baseline
cardiac health measure 835 in association with EAL 820 as
part of baseline 825. EAL 820, when stored as part of
baseline 825, is referred to as the “baseline EAL” 840.
[0192] In one or more embodiments, the baseline cardiac
health measure is HR. In one or more other embodiments,
the baseline cardiac health measure is one or more of the
covariances described herein. In one or more other embodi-
ments, the baseline cardiac health measure is one or more or
a combination of HR and one or more of the covariances.
[0193] In one or more embodiments, processor 104 is
capable of determining one or more baseline validation
factors 830 from sensor data 810 for the time period within
sensor data 810 for which baseline HR 835 is determined. In
the example of FIG. 8, a “validation factor” refers to one or
more items of data determined from sensor data 810 other
than items of sensor data used to determine baseline cardiac
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health measure 835, that is used to validate an EAL received
from the patient. Appreciably, the time and/or time period
for which a baseline validation factor 830 is determined for
baseline 825 is the same time and/or time period for which
baseline HR 835 and baseline EAL 840 are determined for
baseline 825.

[0194] One example of a validation factor, including a
baseline validation factor, is TA. TA, which indicates energy
expended by the patient, can be measured by accelerometer
data that is included in sensor data 810. TA may be deter-
mined as previously described herein with reference to FIG.
7, for example. Processor 104 operates on accelerometer
data to measure the energy expended, e.g., an amount of
work for a given time or period of time, performed by the
patient. In one or more embodiments, processor 104 is
configured to include or read additional attributes of the
patient such as height, weight, and age (or any other relevant
parameters such as extra non-physiological weight the user
is carrying) in order to more accurately calculate the
expended energy of the patient as a baseline validation factor
830.

[0195] Another example of a validation factor, including a
baseline validation factor, is respiratory sound indicating
exertion. The respiratory sound may indicate a level of
exertion for a patient indicating a level of difficulty. The
microphone generates audio data that is included in sensor
data 810. Processor 104 operates on the audio data to
measure respiratory indications for exertion for a given time
or period of time, for the patient. For example, processor 104
is capable of detecting breathing sounds (e.g., breath,
wheezing, coughing, etc.) within the audio data and deter-
mining the characteristics of the breathing sounds as a
baseline validation factor 830. The respiratory sound may be
analyzed for different RPE to determine baselines for the
different RPE.

[0196] Accordingly, baseline validation factor(s) 830 may
be stored with baseline cardiac health measure 835 and
baseline EAL 840 within baseline 825. By storing baseline
validation factor(s) 830 as part of baseline 825, when
baseline 825 is later used for purposes of evaluating cardiac
health of the patient, newly determined validation factors
may be compared with baseline validation factors 830 for a
given BEAL and/or cardiac health measure. The validation
process is described in greater detail with reference to FIG.
9.

[0197] In the example of FIG. 8, while one baseline is
illustrated, it should be appreciated that the operations
described may be performed one or more additional times in
order to generate further baselines. In one example, a
baseline may be generated for one or more or for each
possible value of the estimate of activity level or RPE.
Referring to Table 1, for example, a baseline may be
generated for each possible score for the RPE from 6 to 20.
[0198] FIG. 9 illustrates another example method 900 of
detecting CI. Method 900 may be performed by a system as
described in connection with FIG. 1. Method 600 may begin
in a state where one or more baselines as described herein
with reference to FIGS. 7 and 8 are generated and stored.
The baselines are available for use by the system in detecting
CL

[0199] In block 905, the system generates or receives
sensor data. As noted, in one or more embodiments, the
system collects the sensor data. In one or more other
embodiments, one or more items of sensor data or all of the
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sensor data may be generated from other system(s) and/or
device(s) and be read or received by the system performing
method 900. In block 910, the system determines an EAL.
In one or more embodiments, the system queries the patient
for an EAL. The system receives a patient input specifying
the EAL. In one or more other embodiments, the system is
capable of estimating an EAL based upon respiratory sounds
as previously described.

[0200] In block 915, the system determines whether the
EAL is in a defined range. If so, method 900 continues to
block 920. If not, method 900 loops back to block 905 to
continue processing. In one or more embodiments, the EAL
must be within a particular range in order to detect CI. In one
example, the range is an RPE of 13 or 14. In that case, if the
EAL specifies an RPE of 13 or 14, method 900 continues to
block 920. If not, method 900 loops back to block 905 to
continue processing.

[0201] In block 920, the system determines the baseline
cardiac health measure for the patient based upon the EAL
determined in block 910. For example, the system uses the
EAL determined in block 910 and locates a matching
baseline EAL within the baselines. As discussed with ref-
erence to FI1G. 8, for example, each baseline stores a baseline
EAL. If, for example, the EAL of block 910 1s an RPE value
of 13, the system looks up the baseline having a baseline
EAL with an RPE value of 13. If, for example, the EAL of
block 910 is an RPE value of 14, the system looks up the
baseline having a baseline EAL with an RPE value of 14.
For purposes of discussion, the system is capable of looking
up baseline 825 using the EAL determined in block 910 as
the baseline EAL and determining the baseline cardiac
health measure from baseline 825. As noted, in one or more
embodiments, the baseline cardiac health measure is HR, but
may be or include one or more of the covariances described.

[0202] In block 925, the system is capable of determining
one or more validation factors from the sensor data. The
validation factors may be determined for the same time
and/or same period of time to which the EAL determined in
block 910 corresponds. For example, the system is capable
of determining the validation factor of activity level from
accelerometer sensor data and/or characteristics of respira-
tory sound indicating exertion from audio sensor data.

[0203] In block 930, the system is capable of validating
the EAL received in block 910. In one or more embodi-
ments, the system validates the EAL of block 910 by
comparing one or more of the validation factors determined
in block 925 with the corresponding baseline validation
factor(s), e.g., validation factor(s) of the same type, from the
baseline used to determine the baseline cardiac health mea-
sure. For example, the system may compare one or more of
the validation factors determined in block 925 using current
sensor data with the stored baseline validation factor(s) 830
of baseline 825.

[0204] As an illustrative example, the system may validate
the EAL of block 910 by determining that the characteristics
of respiratory sound indicating exertion determined in block
925 are within a predetermined threshold of, or match,
baseline characteristics of respiratory sound indicating exer-
tion specified in baseline validation factor(s) 830. As another
illustrative example, the system may validate the EAL of
block 910 by determining that the TA determined in block
925 is within a predetermined threshold or amount of a
baseline TA specified in baseline validation factor(s) 830.
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[0205] 1In still another illustrative example, the system
may validate the EAL of block 910 by determining that the
characteristics of respiratory sound determined in block 925
is/are the same as or similar to the characteristics of respi-
ratory sound specified in baseline validation factor(s) 830
and that the total activity determined in block 925 is within
a predetermined threshold or amount of a baseline total
activity specified in baseline validation factor(s) 830.
[0206] In one or more embodiments, where the EAL is
determined automatically from respiratory sound, the sys-
tem may utilize a validation factor other than respiratory
sound to perform validation.

[0207] Block 930 ensures that the EAL provided by the
patient is consistent. In the event that the patient begins to
provide inconsistent EALs, one or more of the validation
factors will likely mismatch the baseline validation factors.
For example, in the case where the patient over estimates the
EAL, the validation factors will likely be lower than the
baseline validation factors obtained from baseline 825, e.g,,
lower than the predetermined threshold or amount.

[0208] In any case, if the EAL is validated, method 900
may continue to block 940. If the EAL is not validated,
method 900 may proceed to block 935. In block 935, the
system may generate a message or notification that the EAL
was not validated or that validation was not successful. In
one or more embodiments, after block 935, method 900 may
loop back to block 905 to continue processing. In one or
more other embodiments, after block 935, method 900 may
continue to block 940. For example, method 900 may
continue to block 940 to detect CI despite the unsuccessful
validation of the EAL. In that case, where CI is detected, the
signal indicating detection of CI in block 955 may further
indicate that while CI is detected, validation of the EAL was
unsuccessful.

[0209] In block 940, the system is capable of determining
a cardiac health measure for the patient from the sensor data.
In one embodiment, the cardiac health measure is HR. The
system is capable of determining the HR for the patient from
the sensor data for the same time or same time period as the
BAL received in block 920. In one or more other embodi-
ments, the cardiac health measure is one or more covari-
ances and/or a combination of HR and one or more cova-
riances.

[0210] In block 945, the system optionally detects one or
more confounders from the sensor data and adjusts a CI
threshold. In one or more embodiments, the system is
capable of detecting one or more confounders from the
sensor data. Responsive to detecting a confounder in the
sensor data, the system adjusts the CI threshold. In one or
more embodiments, the CI threshold specifies how far the
patient’s HR, as determined in block 940, must be from a
baseline HR (e.g., the baseline cardiac health measure) of
block 920 for the system to detect CI. The CI threshold may
be expressed as a percentage, a predetermined amount, or
the like.

[0211] In one example, the system is capable of detecting,
from the sensor data, the confounder of sleep deprivation as
previously described herein. In another example, the system
is capable of detecting, from the sensor data, the confounder
of stress as described herein in connection with homeostatic
disturbances.

[0212] Responsive to detecting one or more of the con-
founding factors, the system adjusts the CI threshold. For
example, the system increases the CI threshold. In one or
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more embodiments, the system increases the CI threshold a
predetermined amount or percentage for each confounder
detected. The system is further capable of increasing the CI
threshold based upon the amount of one or more or each of
the confounders detected. In one or more other embodi-
ments, the system increases the CI threshold only responsive
to determining that the, or each, confounder, while detected
for the time or time period corresponding to the EAL
received in block 910, was not present for the determination
of the baseline HR.

[0213] In one or more other embodiments, the system is
capable of using recent exertion history of the patient into
account. As an illustrative example, if the patient has
endured significant exertion in comparison to the patient’s
baseline level of exertion in a preceding time period that is
sufficiently close to the time period being evaluated for CI,
the patient is likely tired. As such, the patient is likely to
indicate a high RPE despite the effort level for that given
instance or period of time not really being high. Thus, in one
or more embodiments, the system is capable of excluding
instances of higher than baseline level of exertion that occur
within a threshold or predetermined amount of time of an
earlier period or instance of higher than baseline level of
exertion from consideration in CI detection.

[0214] In block 950, the system determines whether CI is
detected for the patient. In one or more embodiments, the
system compares the HR determined in block 940 with the
baseline HR determined in block 920. The system is capable
of determining whether the HR is within the CI threshold of
the baseline HR. In one example, the CI threshold is 80% of
the baseline HR. If the HR is within the threshold or
predetermined amount of the baseline HR, the system does
not detect CI for the patient. Accordingly, method 900 may
loop back to block 905. If the HR is not within the threshold
or predetermined amount of the baseline HR, the system
detects CI for the patient. In that case, method 900 continues
to block 955.

[0215] 1In some cases, the system is configured to adjust
the CI threshold. In one or more embodiments, the system is
capable of measuring the fraction of HR reserve achieved
after exercise. In that case, where the patient is starting with
a higher HR than the patient’s HR at rest, rather than using
HR at rest, the system may compute the fraction of HR
increase achieved by using the HR (during an inactive
period) immediately prior to the period of exercise.

[0216] In other cases, the HR increase experienced by a
patient may be affected by stress, a medical condition, and/or
a medication. These effects may be determined by using a
circadian baseline of the patient that is annotated with events
and times. The circadian baseline, for example, may indicate
events such as ingestion of caffeine and/or medication and
times. Stress may be detected automatically. In one or more
embodiments, the system is capable of receiving data indi-
cating stress, medical condition, and/or medication from a
medical provider and/or medical provider system.

[0217] In block 955, the system generates a signal or
notification that is output indicating that CT is detected. In
one or more embodiments, responsive to detecting CI, the
system is capable of providing an indication to a remote
system. For example, the system is capable of providing a
message or indication to a healthcare provider server based
on the computed information.

[0218] Referring to FIGS. 7 and 9, based upon the above
calculations such as the presence and/or lack of covariance
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and/or the comparisons described, the system is capable of
not only detecting CI, but also of detecting or determining
improvement in CI. Improvement in CI can be a significant
marker of improved health, and reduced mortality and
morbidity. Conversely, worsening CI can imply a greater
risk of mortality and morbidity and thus requires additional
and appropriate clinical attention from the caretaking staff.
[0219] In one or more other embodiments, additional
sensors may be incorporated to provide measurements that,
if available, may be used as validation factors and/or to
detect confounders. For example, electroencephalogram
(EEG) and/or ECG data may be used to detect confounders.
Visual images and/or video as may be obtained from a
camera sensor may be used to aid in detecting sleep depri-
vation.

[0220] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting. Notwithstanding, several definitions that
apply throughout this document now will be presented.
[0221] As defined herein, the singular forms “a,” “an,” and
“the” are intended to include the plural forms as well, unless
the context clearly indicates otherwise. As defined herein,
the terms “at least one,” “one or more,” and “and/or,” are
open-ended expressions that are both conjunctive and dis-
Junctive in operation unless explicitly stated otherwise. For
example, each of the expressions “at least one of A, B, and
C,” “at least one of A, B, or C,” “one or more of A, B, and
C,” “one or more of A, B, or C,” and “A, B, and/or C”” means
A alone, B alone, C alone, A and B together, A and C
together, B and C together, or A, B and C together. As
defined herein, the term “automatically” means without user
intervention.

[0222] As defined herein, the term “computer readable
storage medium” means a storage medium that contains or
stores program code for use by or in connection with an
instruction execution system, apparatus, or device. As
defined herein, a “computer readable storage medium” is not
a transitory, propagating signal per se. A computer readable
storage medium may be, but is not limited to, an electronic
storage device, a magnetic storage device, an optical storage
device, an electromagnetic storage device, a semiconductor
storage device, or any suitable combination of the foregoing.
Memory elements, as described herein, are examples of a
computer readable storage medium. A non-exhaustive list of
more specific examples of a computer readable storage
medium may include: a portable computer diskette, a hard
disk, a random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, or the like.

[0223] As defined herein, the term “if” means “when” or
“upon” or “in response t0” or “responsive to,” depending
upon the context. Thus, the phrase “if it is determined” or “if
[a stated condition or event] is detected” may be construed
to mean “upon determining” or “in response to determining”
or “upon detecting [the stated condition or event]” or “in
response to detecting [the stated condition or event]” or
“responsive to detecting [the stated condition or event]”
depending on the context.

[0224] As defined herein, the terms “one embodiment,”
“an embodiment,” or similar language mean that a particular
feature, structure, or characteristic described in connection
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with the embodiment is included in at least one embodiment
described within this disclosure. Thus, appearances of the
phrases “in one embodiment,” “in an embodiment,” and
similar language throughout this disclosure may, but do not
necessarily, all refer to the same embodiment. The terms
“embodiment” and “arrangement” are used interchangeably
within this disclosure.

[0225] As defined herein, the term “processor” means at
least one hardware circuit configured to carry out instruc-
tions contained in program code. The hardware circuit may
be an integrated circuit. Examples of a processor include,
but are not limited to, a central processing unit (CPU), an
array processor, a vector processor, a digital signal processor
(DSP), a field-programmable gate array (FPGA), a program-
mable logic array (PLA), an application specific integrated
circuit (ASIC), programmable logic circuitry, and a control-
ler.

[0226] As defined herein, the term “real time” means a
level of processing responsiveness that a user or system
senses as sufficiently immediate for a particular process or
determination to be made, or that enables the processor to
keep up with some external process.

[0227] As defined herein, the term “user” means a human
being.
[0228] The terms first, second, etc. may be used herein to

describe various elements. These elements should not be
limited by these terms, as these terms are only used to
distinguish one element from another unless stated other-
wise or the context clearly indicates otherwise.

[0229] A computer program product may include a com-
puter readable storage medium (or media) having computer
readable program instructions thereon for causing a proces-
sor to carry out aspects of the present invention. Within this
disclosure, the term “program code” is used interchangeably
with the term “computer readable program instructions.”
Computer readable program instructions described herein
may be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a LAN, a WAN and/or a wireless
network. The network may include copper transmission
cables, optical transmission fibers, wireless transmission,
routers, firewalls, switches, gateway computers and/or edge
devices including edge servers. A network adapter card or
network interface in each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage in a computer readable storage
medium within the respective computing/processing device.
[0230] Computer readable program instructions for carry-
ing out operations for the inventive arrangements described
herein may be assembler instructions, instruction-set-archi-
tecture (ISA) instructions, machine instructions, machine
dependent instructions, microcode, firmware instructions, or
either source code or object code written in any combination
of one or more programming languages, including an object
oriented programming language and/or procedural program-
ming languages. Computer readable program instructions
may specify state-setting data. The computer readable pro-
gram instructions may execute entirely on the user’s com-
puter, partly on the user’s computer, as a stand-alone soft-
ware package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
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connected to the user’s computer through any type of
network, including a LAN or a WAN, or the connection may
be made to an external computer (for example, through the
Internet using an Internet Service Provider). In some cases,
electronic circuitry including, for example, programmable
logic circuitry, an FPGA, or a PLA may execute the com-
puter readable program instructions by utilizing state infor-
mation of the computer readable program instructions to
personalize the electronic circuitry, in order to perform
aspects of the inventive arrangements described herein.
[0231] Certain aspects of the inventive arrangements are
described herein with reference to flowchart illustrations
and/or block diagrams of methods, apparatus (systems), and
computer program products. It will be understood that each
block of the flowchart illustrations and/or block diagrams,
and combinations of blocks in the flowchart illustrations
and/or block diagrams, may be implemented by computer
readable program instructions, e.g., program code.

[0232] These computer readable program instructions may
be provided to a processor of a computer, special purpose
computer, or other programmable data processing apparatus
to produce a machine, such that the instructions, which
execute via the processor of the computer or other program-
mable data processing apparatus, create means for imple-
menting the functions/acts specified in the flowchart and/or
block diagram block or blocks. In this way, operatively
coupling the processor to program code instructions trans-
forms the machine of the processor into a special-purpose
machine for carrying out the instructions of the program
code. These computer readable program instructions may
also be stored in a computer readable storage medium that
can direct a computer, a programmable data processing
apparatus, and/or other devices to function in a particular
manner, such that the computer readable storage medium
having instructions stored therein comprises an article of
manufacture including instructions which implement
aspects of the operations specified in the flowchart and/or
block diagram block or blocks.

[0233] The computer readable program instructions may
also be loaded onto a computet, other programmable data
processing apparatus, or other device to cause a series of
operations to be performed on the computer, other program-
mable apparatus or other device to produce a computer
implemented process, such that the instructions which
execute on the computer, other programmable apparatus, or
other device implement the functions/acts specified in the
flowchart and/or block diagram block or blocks.

[0234] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of
possible implementations of systems, methods, and com-
puter program products according to various aspects of the
inventive arrangements. In this regard, each block in the
flowchart or block diagrams may represent a module, seg-
ment, or portion of instructions, which comprises one or
more executable instructions for implementing the specified
operations. In some alternative implementations, the opera-
tions noted in the blocks may occur out of the order noted
in the figures. For example, two blocks shown in succession
may be executed substantially concurrently, or the blocks
may sometimes be executed in the reverse order, depending
upon the functionality involved. It will also be noted that
each block of the block diagrams and/or flowchart illustra-
tion, and combinations of blocks in the block diagrams
and/or flowchart illustration, may be implemented by special
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purpose hardware-based systems that perform the specified
functions or acts or carry out combinations of special
purpose hardware and computer instructions.

[0235] One or more embodiments are directed to systems
and/or apparatus for evaluating ventilation threshold. In one
aspect, an apparatus includes a sensor adapted to generate
sensor data, a memory adapted to store a baseline RPE, a
baseline heart rate, and a biological marker, each corre-
sponding to ventilation threshold for a user, and a processor
coupled to the memory and the sensor. The processor is
adapted to receive an input specifying an estimate of RPE in
response to determining that the sensor data matches the
biological marker, determine a current heart for the user
from the sensor data in response to determining that the
baseline RPE is achieved based upon the input, and compare
the current heart rate for the user with the baseline heart rate
to detect a change in ventilation threshold for the user. The
processor is further adapted to send a notification in
response to detecting the change in the ventilation threshold
for the user.

[0236] In an aspect, the current sensor data is real time
sensor data.
[0237] In another aspect, the change in ventilation thresh-

old is a reduction in ventilation threshold detected in
response to determining that the current heart rate for the
user is lower than the baseline heart rate.

[0238] In another aspect, the biological marker includes
respiratory sound for the user at the threshold RPE.

[0239] In another aspect, the biological marker includes
activity level of the user at the threshold RPE.

[0240] In another aspect, the processor is further adapted
to validate the detected change in ventilation threshold for
the user based upon heart rate recovery.

[0241] In another aspect, the processor is further adapted
to analyze the sensor data to detect a confounder, wherein
the reduction in ventilation threshold is only detected for the
user in response to determining that the sensor data is free
of confounders.

[0242] In another aspect, the confounder includes at least
one of a physiological confounder or an external con-
founder.

[0243] One or more embodiments are directed to methods
of evaluating ventilation threshold. In one aspect, a method
includes determining, using a processor, a baseline RPE, a
baseline heart rate, and a biological marker each correspond-
ing to ventilation threshold for a user, receiving, using the
processor, an input specifying an estimate of RPE in
response to determining that sensor data matches the bio-
logical marker, and determining, using the processor, a
current heart rate for the user from the sensor data in
response to determining that the baseline RPE is achieved
based upon the input. The method further includes compar-
ing, using the processor, the current heart rate for the user
with the baseline heart rate to detect a change in ventilation
threshold for the user and sending a notification in response
to detecting the change in the ventilation threshold for the
user.

[0244] In an aspect, the current sensor data is real time
sensor data.
[0245] In another aspect, the change in ventilation thresh-

old is a reduction in ventilation threshold detected in
response to determining that the current heart rate for the
user is lower than the baseline heart rate.
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[0246] In another aspect, the biological marker includes
respiratory sound for the user at the threshold RPE.

[0247] 1In another aspect, the biological marker includes
activity level of the user at the threshold RPE.

[0248] In another aspect, the method includes validating
the detected change in ventilation threshold for the user
based upon heart rate recovery.

[0249] In another aspect, the method includes analyzing
the sensor data to detect a confounder, wherein the reduction
in ventilation threshold is only detected for the user in
response to determining that the sensor data is free of
confounders.

[0250] In another aspect, the confounder includes at least
one of a physiological confounder or an external con-
founder.

[0251] One or more embodiments are directed to computer
program products for evaluating ventilation threshold. In
one aspect, a computer program product includes a com-
puter readable storage medium having program code stored
thereon. The program code is executable by a processor to
perform executable operations. The executable operations
include determining a baseline RPE, a baseline heart rate,
and a biological marker each corresponding to ventilation
threshold for a user, receiving an input specifying an esti-
mate of RPE in response to determining that sensor data
matches the biological marker, and determining a current
heart rate for the user from the sensor data in response to
determining that the baseline RPE is achieved based upon
the input. The executable operations further can include
comparing the current heart rate for the user with the
baseline heart rate to detect a change in ventilation threshold
for the user and sending a notification in response to
detecting the change in the ventilation threshold for the user.

[0252] In an aspect, the current sensor data is real time
sensor data.
[0253] In another aspect, the change in ventilation thresh-

old is a reduction in ventilation threshold detected in
response to determining that the current heart rate for the
user is lower than the baseline heart rate.

[0254] 1In another aspect, the biological marker includes
respiratory sound for the user at the threshold RPE.

[0255] In another aspect, the biological marker includes
activity level of the user at the threshold RPE.

[0256] In another aspect, the executable operations
include validating the detected change in ventilation thresh-
old for the user based upon heart rate recovery.

[0257] In another aspect, the executable operations
include analyzing the sensor data to detect a confounder,
wherein the reduction in ventilation threshold is only
detected for the user in response to determining that the
sensor data is free of confounders.

[0258] In another aspect, the confounder includes at least
one of a physiological confounder or an external con-
founder.

[0259] The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements that
may be found in the claims below are intended to include
any structure, material, or act for performing the function in
combination with other claimed elements as specifically
claimed.

[0260] The description of the embodiments provided
herein is for purposes of illustration and is not intended to be
exhaustive or limited to the form and examples disclosed.
The terminology used herein was chosen to explain the
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principles of the inventive arrangements, the practical appli-
cation or technical improvement over technologies found in
the marketplace, and/or to enable others of ordinary skill in
the art to understand the embodiments disclosed herein.
Modifications and variations may be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the described inventive arrangements. Accordingly,
reference should be made to the following claims, rather
than to the foregoing disclosure, as indicating the scope of
such features and implementations.
What is claimed is:
1. An apparatus for monitoring health status of a user,
comptrising:
a sensor adapted to generate sensor data;
a memory adapted to store a baseline biological marker
for the user, wherein the baseline biological marker
includes respiratory rhythm;
a processor coupled to the memory and the sensor,
wherein the processor is adapted to:
in response to detecting that the user is performing
physical activity, determine a biological marker from
the sensor data;

compare the biological marker with the baseline bio-
logical marker; and

in response to detecting a change in the biological
marker, provide a notification indicating a change in
health status.

2. The apparatus of claim 1, wherein the respiratory
rhythm is determined from photoplethysmography sensor
data.

3. The apparatus of claim 1, wherein the change in the
biological marker is a deterioration in the biological marker
compared to the baseline biological marker and the notifi-
cation is to reduce physical activity.

4. The apparatus of claim 1, wherein the baseline bio-
logical marker includes activity level of the user.

5. The apparatus of claim 1, wherein the baseline bio-
logical marker includes a rating of perceived exertion of the
user.

6. The apparatus of claim 1, wherein the baseline bio-
logical marker includes ventilation threshold of the user.

7. The apparatus of claim 6, wherein ventilation threshold
is detected by comparing a current heart rate of the user with
athreshold heart rate associated with ventilation threshold of
the user and comparing a current respiratory rate of the user
with a recorded respiratory rate associated with ventilation
threshold for the user.

8. A method of monitoring health status of a user, com-
prising:

determining, using a processor, a baseline biological
marker for the user, wherein the baseline biological
marker includes respiratory rhythm;

receiving, using the processor, sensor data;

in response to detecting that the user is performing
physical activity, determining, using the processor, a
biological marker from the sensor data;

comparing, using the processor, the biological marker
with the baseline biological marker; and

in response to detecting a change in the biological marker,
providing, using the processor, a notification indicating
a change in health status.

9. The method of claim 8, wherein the respiratory rhythm

is determined from photoplethysmography sensor data.
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10. The method of claim 8, wherein the change in the
biological marker is a deterioration in the biological marker
compared to the baseline biological marker and the notifi-
cation is to reduce physical activity.

11. The method of claim 8, wherein the baseline biologi-
cal marker includes activity level of the user.

12. The method of claim 8, wherein the baseline biologi-
cal marker includes a rating of perceived exertion of the
user.

13. The method of claim 8, wherein the baseline biologi-
cal marker includes ventilation threshold of the user.

14. The method of claim 13, wherein ventilation threshold
is detected by comparing a current heart rate of the user with
athreshold heart rate associated with ventilation threshold of
the user and comparing a current respiratory rate of the user
with a recorded respiratory rate associated with ventilation
threshold for the user.

15. A computer program product comprising a computer
readable storage medium having program code stored
thereon for monitoring health status of a user, the program
code executable by a processor to perform operations com-
prising:

determining a baseline biological marker for the user,
wherein the baseline biological marker includes respi-
ratory rhythm;

receiving sensor data;

in response to detecting that the user is performing
physical activity, determining a biological marker from
the sensor data;

comparing the biological marker with the baseline bio-
logical marker; and

in response to detecting a change in the biological marker,
providing a notification indicating a change in health
status.

16. The computer program product of claim 15, wherein
the respiratory rhythm is determined from photoplethys-
mography sensor data.

17. The computer program product of claim 15, wherein
the change in the biological marker is a deterioration in the
biological marker compared to the baseline biological
marker and the notification is to reduce physical activity.

18. The computer program product of claim 15, wherein
the baseline biological marker includes activity level of the
user.

19. The computer program product of claim 15, wherein
the baseline biological marker includes a rating of perceived
exertion of the user.

20. The computer program product of claim 15, wherein
the baseline biological marker includes ventilation threshold
of the user.

21. The computer program product of claim 20, wherein
ventilation threshold is detected by comparing a current
heart rate of the user with a threshold heart rate associated
with ventilation threshold of the user and compating a
current respiratory rate of the user with a recorded respira-
tory rate associated with ventilation threshold for the user.

22. An apparatus for evaluating ventilation threshold,
comprising:

a sensor adapted to generate sensor data;

a memory adapted to store a baseline rating of perceived
exertion (RPE), a baseline heart rate, and a biological
marker each corresponding to ventilation threshold for
a user;
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a processor coupled to the memory and the sensor,

wherein the processor is adapted to:

receive an input specifying an estimate of RPE in
response to determining that the sensor data matches
the biological marker;

determine a current heart rate for the user from the
sensor data in response to determining that the
baseline RPE is achieved based upon the input;

compare the current heart rate for the user with the
baseline heart rate to detect a change in ventilation
threshold for the user; and

send a notification in response to detecting the change
in the ventilation threshold for the user.

® 0% % % %
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