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ABSTRACT

This invention generally relates to methods useful for mea-
suring heart rate, respiration conditions, and oxygen satu-
ration and a wearable device that incorporate those methods
with a computerized system supporting data collection,
analysis, readout and sharing. Particularly this present
invention relates to a wearable device, such as a wristwatch
or ring, for real time measuring heart rate, respiration
conditions, and oxygen saturation.
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METHOD OF MONITORING RESPIRATORY
RATE IN A HEALTH MONITORING DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present U.S. patent application is related to and
claims the priority benefit of U.S. Provisional Patent Appli-
cation Ser. No. 62/916,987, filed Oct. 18, 2019, and is a
continuation-in-part patent application and claims the pri-
ority benefit of U.S. Non-Provisional patent application Ser.
No. 17/035,018 filed Sep. 28, 2020, which is a continuation
and claims the benefit of U.S. Non-Provisional patent appli-
cation Ser. No. 16/159,007 filed Oct. 12, 2018, now U.S. Pat.
No. 10,786,201 to Linnes et al., which claims the priority
benefit of U.S. Provisional Patent Application Ser. No.
62/571,299, filed Oct. 12, 2017, the contents of each of
which is hereby incorporated by reference in its entirety into
the present disclosure.

GOVERNMENT SUPPORT CLAUSE

[0002] This invention was made with government support
under grant DA038886, awarded by the National Institutes
of Health. The government has certain rights in the inven-
tion.

TECHNICAL FIELD

[0003] This invention generally relates to a method useful
for measuring heart rate, respiration conditions, and oxygen
saturation and a wearable device that incorporate said
method with a computerized system supporting data collec-
tion, analysis, readout and sharing.

BACKGROUNDS AND SUMMARY OF THE
INVENTION

[0004] This section introduces aspects that may help
facilitate a better understanding of the disclosure. Accord-
ingly, these statements are to be read in this light and are not
to be understood as admissions about what is or is not prior
art.

[0005] Wearable devices are getting more popularity
almost on daily basis, rapidly advancing in terms of tech-
nology, functionality, and size, with more real-time appli-
cations. A wearable device, wearable technology, or a wear-
able gadget is a category of technology devices that can be
worn by a consumer and often include tracking information
related to health and fitness. A wearable device as disclosed
herein refers to a wristwatch, a ring or a necklace. Any
additional capabilities to those device will add more value
and enhance their popularity, not only to everyday people on
the street, but also to those sick and feeble in need of special
cares. Additionally, a wearable device may also find uses in
remote monitoring and diagnosis of patients’ health condi-
tions.

[0006] Photoplethysmography (PPG) is a simple, optical
technique used to detect volumetric changes in blood in
peripheral circulation. It is a low-cost and non-invasive
method that makes measurements at the surface of the skin.
PPG makes uses of low intensity infrared (IR) light. When
light travels through biological tissues, it is absorbed by
bones, skin pigments as well as venous and arterial blood.
Since light is more strongly absorbed by blood than other
surrounding tissues, the volumetric changes in blood flow
can be detected by PPG sensors as changes in the intensity
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of light. The voltage signal from PPG is proportional to the
quantity of blood flowing through the blood vessels. Blood
flow variations mostly occur

[0007] in the arteries, and not much in the veins. Other
factors affecting the recordings from the PPG are the site of
measurement, the contact force between the site and the
sensor, as well as the skin color at the site of measurement.
[0008] The measurements provide valuable information
related to the cardiovascular system and are widely used in
clinical physiological measurements and monitoring,
including heart rate and pulse oximetry. Existing PPG tech-
nologies apply sensors to the finger, but this technique suffer
from lack of mobility. Numerous technologies can be worn
on the wrist; however, they are unable to detect respiration
or blood oxygenation levels. There is need of more practical
method for monitoring health via PPG that can detect all
needed measurements.

[0009] This invention generally relates to a method useful
for measuring heart rate, respiration conditions, and oxygen
saturation and a wearable device that incorporate those
methods with a computerized system supporting data col-
lection, analysis, readout and sharing. Particularly this pres-
ent invention relates to a wearable device, such as a wrist-
watch, for real time measuring heart rate, respiration
conditions, and oxygen saturation, wherein those data can be
shared and distributed remotely.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Embodiments of the present disclosure will now be
described by way of example in greater detail with reference
to the attached figures, in which:

[0011] FIG. 1 shows a prototype of a wearable device
disclosed herein.

[0012] FIG. 2A depicts the waveforms (top panel) the
respiration signal in real-time. The dark blue signal is the
signal from the gold standard (impedance pneumograph,
also known as a pneumatograph or spirograph), the light
blue is the signal from our custom device, and the pink
signal is also from our custom device after further amplifi-
cation and filtering. The bottom graph is the fast Fourier
Transform (FFT) of the gold standard. This is used to
analyze the frequency components of the signal collected
from the gold standard in order to calculate respiratory rate.
There is a primary frequency component at around 300
mHz. Meaning the respiratory rate is about 0.3 Hz*60=18
breaths per minute.

[0013] FIG. 2B shows the FFT analysis is now of our
custom device. We are comparing the bottom graph of this
slide to the bottom graph of slide 3. As you note, there is a
primary frequency component at around 300 mHz. This
primary frequency component of our custom device (bottom
graph slide 4) is identical to the primary frequency compo-
nent of the gold standard (bottom graph slide 3) meaning
that our device was able to detect respiration as well as the
gold standard.

[0014] FIG. 2C shows scaled up respiratory patterns as
detected by the gold standard (in dark blue), our device (in
light blue), and our device again after further amplification
and filtering (pink). The sinusoidal patterns measured by our
device matches the gold standard for normal breathing, short
choppy breaths, and holding one’s breath. This slide dem-
onstrates that our device is also able to detect breathing
patterns similar to the gold standard.
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[0015] FIG. 2D shows scanned images of subjects” wrists.
Images were taken with an Epson Perfection V850 Pro using
the Epson Scan Windows application Version 3.9.3.2US
with 24-bit color and 600 dpi resolution.

[0016] FIG. 3A shows the time domain response of the
experimental device to heartbeats for Subjects A and B. We
can visibly observe at least 2 frequency components in each
signal, one possibly corresponding to heart rate and the other
to respiration.

[0017] FIG. 3B shows each signal is processed in the
frequency domain. Suspected frequency components indica-
tive of heart rate are highlighted.

[0018] FIG. 3C shows data from the reference device
indicates heart rates of 83 BPM and 73 BPM for Subjects A
and B, respectively. These rates correspond to frequency
components 1.40 Hz for Subject A and 1.21 Hz for Subject
B.

[0019] FIG. 3D shows the respiratory signal is shown. We
notice slower changes in the signal on the order of several
seconds compared to heart rate, which was more on the
order of 1 to 1.5 seconds.

[0020] FIG. 3E shows the spectra of the respiration signals
are highlighted with two dominant frequency components
for each Subject (0.12 Hz and 0.28 Hz for Subject Aand 0.12
Hz and 0.25 Hz for Subject B).

[0021] FIG. 3F shows data from the reference device
indicates a respiratory rates of 16.1 breathes per minute
(BrthPM) for Subject A and 15.3 Hz for Subject B. These
rates correspond to peaks at 0.28 Hz (Subject A) and 0.25 Hz
(Subject B) for each respective subject.

[0022] FIG. 4A shows amplitude increase in signal due to
activity of auto-gain function. The microcontroller samples
the dataset for the full sampling period, then adjusts the gain
of the active filters to modulate signal amplitude.

[0023] FIG. 4B shows real-time, on-board signal process-
ing of heart and respiratory signals after a very stressful
event. The refresh rate of the display is such that heart rate
(HR) and respiratory rate (RR) could not be captured in a
single photograph at the same time.

[0024] Additionally, there is a few seconds delay between
each snapshot resulting in the difference in HR and RR
reported by the reference device (viewed on the smart-
phone), which has a faster refresh rate than the experimental
device.

[0025] FIG. 5A shows our schematic for our biometric
sensor board. In this design, we depict our amplification and
filtering scheme for measuring heart rate, respiration, and
pulse oximetry. We have a dual LED (red and infrared) in
which we are able to automatically control the brightness of
the LEDs to account for difference in skin tones.

[0026] FIG. 5B shows schematic of the photoplethysmog-
raphy (PPG) sensing circuit. The signal from the transim-
pedance amplifier is sent into two sets of cascaded active
filters tuned for heart rate sensing and respiration monitor-
ing, respectively. The outputs of the amplifier stages are
sensed by two channels of an on-board 10-bit analog-to-
digital converter on a Bluetooth-enabled microcontroller.
The signals are processed by the on-board microcontroller.
R3, R14, and R15 (highlighted with a dashed box) are
digitally controlled potentiometers enabling automatic gain
control. Using these potentiometers, the microcontroller can
modulate system gain in order to adjust for differences in the
optical reflective properties of skin across difference sub-
jects.

Jun. 3, 2021

[0027] FIG. 6 depicts the circuit board design for our
biometric sensor board showing how the circuit board is
physically laid out in space. Along the left side are the
amplifiers and filters. At the center and bottom of the board
are the LEDs and light sensor. At the top is the brightness
control mechanism for the LEDs.

[0028] FIG. 7 shows the back side of the circuit board.

[0029] FIG. 8 shows This slide shows our auxiliary sensor
board that contains battery management systems (voltage
regulation, battery charging, battery status), a locomotion
sensor (accelerometer and gyroscope), a real-time clock (for
accurate time keeping), a motor (for user feedback), and a
buzzer (also for user tactile feedback).

[0030] FIG. 9 shows the circuit board layout for the
auxiliary sensor board and where all the components are laid
out.

[0031] FIG. 10 shows the communications and central
processing board that contains our Bluetooth capable central
processing unit, an external memory chip (RAM), a screen
for displaying information to the user (OLED), an SD card
for long term data storage, and buttons for user input. This
board handles all the data processing to measure heart rate,
respiratory rate, and pulse oximetry. This board is also
responsible for controlling all other boards and for sending
data to the user.

[0032] FIG. 11A depicts the circuit board layout for our
communications and central processing board.

[0033] FIG. 11B shows the back side of the circuit board

[0034] FIG. 12 is a block diagram of an alternate heart rate
and respiration system according to the present disclosure.

[0035] FIG. 13 is a circuit of the system shown in FIG. 12.

[0036] FIG. 14 is a schematic of a layout of the system of
FIG. 12 with actual dimensions.

[0037] FIG. 15 is a plot of relative amplitude vs. time in
seconds of the PQRST waves with the peaks of the R-waves
marked with circles.

[0038] FIG. 16 is a graph of relative amplitude vs. time in
seconds with intra-timing between R-wave peaks shown as
Atl, At2, At3, Atd, and so on with heart rate (HR) calculated
based on dividing 60 by each intra-timing between R-wave
peaks (i.e, HR1=60/Atl, HR2=60/At2, HR3=60/At3,
HR4=60/At4, and so on).

[0039] FIGS. 17 and 18 are complex graphs of heart rate
in beats per minute (BPM) and relative amplitude vs. time
in seconds, and which can be translated to instantaneous
respiratory rate by measuring the time between the heart rate
local maximums.

[0040] FIG. 19 is a graph of heart rate in BMP vs. time in
seconds and which shows instantaneous heart rate calculated
over time.

[0041] FIG. 20 is another graph of respiratory rate (i.e.,
breaths per minute) vs. time in seconds comparing the
results of the system of the present disclosure vs. the gold
standard (impedance pneumography).

[0042] FIG. 21 are graphs of heat rate in BPM vs. time
(FIG. 21) the calculated respiratory rate, i.e., breaths per
minute vs. time in seconds (FIG. 22), both shown with
comparison to the gold standard of impedance pneumogra-
phy, outputs of the system of the present disclosure are
shown during breath hold periods with excellent correlation
against the gold standard.
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[0043] FIG. 23 are two graphs of relative amplitude vs.
time in seconds of the PQRST waveform with one shown as
an unfiltered signal and the other as a high-pass filtered
signal.

[0044] FIG. 24 is a graph showing a comparison with gold
standard for respiratory rate in breaths per minute vs. time
in seconds over a period of time when the subject is moving.
[0045] FIG. 25 is a graph of respiratory rate in breaths per
minute vs. time in seconds for three approaches including
the system of the present disclosure, a commercial device,
and the gold standard with excellent correlation.

[0046] FIG. 26 is a graph of respiratory rate in breaths per
minute vs. time in seconds with electrodes placed on the
back of the subject.

[0047] FIGS. 27 and 28 are graphs of comparisons of
breaths per minute vs. time in seconds based on the output
of the system of the present disclosure and as compared to
the gold standard for when the subject is walking (FIG. 27)
and during breath holds (FIG. 28), again showing excellent
tracking as compared to the gold standard of impedance
pneumography.

DETAILED DESCRIPTION

[0048] For the purposes of promoting an understanding of
the principles of the present disclosure, reference will now
be made to the embodiments illustrated in the drawings, and
specific language will be used to describe the same. It will
nevertheless be understood that no limitation of the scope of
this disclosure is thereby intended.
[0049] In the present disclosure the term “about” can
allow for a degree of variability in a value or range, for
example, within 20%, within 10%, within 5%, or within 1%
of a stated value or of a stated limit of a range.
[0050] In the present disclosure the term “substantially”
can allow for a degree of variability in a value or range, for
example, within 80%, within 90%, within 95%, or within
99% of a stated value or of a stated limit of a range.
[0051] This invention generally relates to a method useful
for measuring heart rate, respiration conditions, and oxygen
saturation and a wearable device that incorporate those
methods with a computerized system supporting data col-
lection, analysis, and readout. Particularly this present
invention relates to a wearable device, such as a wristwatch,
a ring or a necklace, for real time measuring heart rate,
respiration conditions, and oxygen saturation.
[0052] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject comprising extracting and
processing photoplethysmographic (PPG) data from said
subject and displaying a readout on a wearable device.
[0053] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device com-
prising the step of
[0054] a) measuring reflectance of red and infrared
lights off skin tissue using a biometric sensor board;
[0055] b) processing and analyzing data collected in
step a); and
[0056] c¢) displaying and/or sharing results of the pro-
cessed data remotely.
[0057] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
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disclosed herein, wherein the subject is a human patient or
a healthy subject in need of monitoring for safety purpose.

[0058] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said device is a wearable device
comprising a watch, a ring or a necklace.

[0059] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said biometric sensor board
extracts and collects photoplethysmographic data from said
subject.

[0060] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said biometric sensor board com-
prises a light sensor, a dual wavelength light source (red and
infrared) with an auto-gain feedback loop for calibrating
skin tones and pulse strength, and a plurality of active filters
for an enhanced signal to noise ratio with an auto-gain
feedback loop to maintain a reasonable signal strength for
ease of signal processing.

[0061] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said data processing and analyzing
carried out by a microcontroller equipped with a central
processing unit comprises noises elimination from extracted
photoplethysmographic data using a motion tracking sensor
for an enhanced signal to noise ratio.

[0062] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said motion tracking sensor is an
accelerometer, a gyroscope, or a combination thereof.

[0063] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said data processing and analyzing
comprises a frequency analysis using a Fourier Transform
on data collected over several seconds of time, wherein said
frequency is reasonably related to a biometric measurement
of heart rate and respiration.

[0064] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said reasonable frequency for
heart rate measurement ranges from about 0.4 Hertz (Hz) to
about 4 Hz; said reasonable frequency for respiration mea-
surement ranges from about 0.05 Hz to about 1.2 Hz; and
said heart rate and respiration are determined by comparing
the magnitude of a peak of the Fourier Transform for heart
rate or respiration at each frequency to the magnitude of a
peak in the Fourier Transform of the accelerometer/gyro-
scope data in all three axes at each frequency, respectively.

[0065] In some illustrative embodiments, the invention
relates to a method for measuring heart rate, respiration, and
oxygen saturation of a subject with a single device as
disclosed herein, wherein said oxygen saturation in blood of
said subject is determined by comparing the relative signal
strength of red and infrared light collected over several
seconds of time.
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[0066] In some illustrative embodiments, the invention
relates to a wearable device measuring heart rate, respiration
and oxygen saturation of a subject can be displayed and/or
shared remotely.

[0067] In some illustrative embodiments, the invention
relates to a wearable device measuring heart rate, respiration
and oxygen saturation of a subject can be displayed and/or
shared remotely as disclosed herein, which further compris-
ing a means for pinpointing the exact location of said subject
for monitoring and detecting drug use or abuse of said
subject remotely.

[0068] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject comprising

[0069] a) a biometric sensor board measuring reflec-
tance of red and infrared lights off skin tissue;

[0070] b) a microcontroller processing data collected by
said photosensor, wherein a dedicated memory chip is
installed for storing large amounts of data for real-time
signal processing;

[0071] c¢) a power supply; and

[0072] d) a means for displaying and/or sharing results
of the processed data.

[0073] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device further comprising a motion tracking sensor for an
enhanced signal to noise ratio by eliminating noises from
extracted photoplethysmographic data.

[0074] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device further comprising a motion tracking sensor for an
enhanced signal to noise ratio by eliminating noises from
extracted photoplethysmographic data, wherein said motion
tracking sensor is an accelerometer, a gyroscope or a com-
bination thereof.

[0075] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device further comprising a real-time clock for accurate time
keeping and a means for battery level monitoring.

[0076] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device further comprising a means for pinpointing the
location of said subject for monitoring and detecting drug
use or abuse of said subject.

[0077] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device further comprising input and output capabilities for
charging, programming, and data transfer and sharing.
[0078] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device further comprising means for long term and short
term data storage.

[0079] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device, wherein said biometric sensor board comprises a
light sensor, a dual wavelength light source (red and infra-
red) with an auto-gain feedback loop for calibrating skin
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tones and pulse strength, and a plurality of active filters for
an enhanced signal to noise ratio with an auto-gain feedback
loop to maintain a reasonable signal strength for ease of
signal processing.

[0080] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device, wherein said heart rate, respiration, and oxygen
saturation of a subject are measured, displayed and shared in
a single device.

[0081] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device, wherein said heart rate, respiration, and oxygen
saturation of a subject are shared and/or monitored remotely.
[0082] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device, wherein said data processing and analyzing com-
prises a frequency analysis using a Fourier Transform on
data collected over several seconds of time, wherein said
frequency is reasonably related to a specific biometric
measurement of heart rate and respiration.

[0083] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device, wherein said data processing and analyzing com-
prises a frequency analysis using a Fourier Transform on
data collected over several seconds of time, wherein said
frequency is reasonably related to a specific biometric
measurement of heart rate and respiration, and wherein said
reasonable frequency for heart rate measurement ranges
from about 0.4 Hertz (Hz) to about 4 Hz; said reasonable
frequency for respiration measurement ranges from about
0.05 Hz to about 1.2 Hz; and said heart rate and respiration
are determined by comparing the magnitude of a peak of the
Fourier Transform for heart rate and respiration at each
frequency to the magnitude of a peak in the Fourier Trans-
form of the accelerometer/gyroscope data in all three axes at
each frequency, respectively.

[0084] In some illustrative embodiments, the invention
relates to a wearable device for measuring heart rate, res-
piration, and oxygen saturation of a subject in a single
device, wherein said data processing and analyzing com-
prises a frequency analysis using a Fourier Transform on
data collected over several seconds of time, and wherein said
oxygen saturation in blood of said subject is determined by
comparing relative signal strength of red and infrared light
collected over several seconds of time.

[0085] Methods to measure physiological signals, such as
heart rate, using photoplethysmography (PPG) detect
changes in the volume of blood flowing through blood
vessels due to the rhythmic activity of the heart (J. Allen,
Physiol. Meas. 2007, 28(3), p. R1). This volume change is
measured by illuminating the capillary bed with a small light
source and measuring the amount of light that reflects or
passes through the tissue with a photodiode. This technique
has been utilized at length in consumer fitness devices for
continuous monitoring of heart rate during rest and exercise
(D K Spierer, et al., J. Med. Eng. Technol., 2015, 39(5),
264-271). Though heart rate monitoring is undoubtedly
beneficial for monitoring general health and activity levels,
more sensing capabilities are needed to provide a more
holistic picture of human health. Of these additional sensing
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capabilities, respiration is of particular value since it pro-
vides a more comprehensive evaluation of cardiopulmonary
activity when coupled with heart rate monitoring (J F
Fieselmann, et al., J. Gen. Intern. Med., 1993, 8(7), 354-
360). Respiratory monitoring provides additional clinical
diagnostic capabilities for diagnosing anomalies such as
sleep apnea, hyperventilation, and panic disorders. As such,
respiratory rate measurements have extensive clinical utility.

[0086] Conveniently, PPG has also been shown to mea-
sure respiratory signals in addition to heart rate (P Leonard,
etal., Emerg. Med. J. EMJ, 2003, 20(6), 524-525; D Clifton,
et al., J. Clin. Monit. Comput., 2007, 21(1), 55-61). This
suggests that there is a possibility of monitoring respiratory
and heart rate with a single device by analyzing the PPG
signal.

[0087] In addition to sensing capabilities and detection
modalities, the choice of form factor is critical. For heart rate
measurements, both chest strap and wrist-worn devices have
been developed. However, chest straps are known for their
level of discomfort making a wrist-worn device a more
attractive form factor. In this report, we detail our on-going
development of a wrist-worn PPG device capable of mea-
suring both heart rate and respiration. Our device exceeds
the abilities of current commercially available wrist-worn
fitness devices, which are able to measure heart rate alone,
by demonstrating the ability to measure both heart rate and
respiration using additional filtering and signal amplification
strategies (D K Spierer, et al., 2015).

A. Feature-packed

[0088] The device is fully-featured to include the main
components to perform the physiological monitoring, as
well as auxiliary features to give it the capabilities of a
watch. The device contains a 9DoF inertial measurement
unit, a PCF8523 real-time clock, SD card, 0.66 in' OLED,
three user input buttons, an ARM Cortex MO Bluetooth
microcontroller, external RAM, a vibration motor, a speaker,
fuel gauge for monitoring battery usage, battery charging
circuit, and voltage regulator. These components were
designed on custom designed printed circuit boards con-
tained within a 42 mm widex38 mm tallx18mm tall 3D
printed enclosure.

B. Pulse and Respiration Sensor Construction

[0089] The PPG sensing circuit (FIG. 5B) is primarily
composed of a photodiode, a transimpedance amplifier
(TIA), and two sets of cascaded active filters. Each set of
filters is specifically tuned for monitoring heart rate, which
has a frequency range of 0.7 Hz to 3.5 Hz corresponding to
42 beats per minute (BPM) to 210 BPM, and respiratory
rate, which has a frequency range of 0.2 Hz to 0.5 Hz
corresponding to 12 breaths per minute (BrthPM) to 30
BrthPM, in healthy human adults (E L Eckberg, et al., J.
Physiol., 1980, 304(1), 489-502). The TIA converts the
current produced by the photodiode to a voltage. This
voltage is then sent into each respective set of active filters
tuned for heart and respiratory rate monitoring, respectively.
The outputs of our PPG sensing circuits are sensed by a
microcontroller with a 10-bit analog-to-digital converter.
The heart rate circuit is sampled at 11.9 Hz, while the
respiration circuit is sampled at 4.0 Hz satisfying Nyquist.
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C. Automatic Gain Control

[0090] The signal from the photodiode will vary with a
number of physiological factors such as skin tone (J Kim, et
al. Sci. Adv. 2016, 2(8), e1600418). As such, it is necessary
to scale the gain of each amplifier stage to avoid saturating
the amplifiers. To accomplish this, we employ a dynamic
gain control using digitally controlled potentiometers (R3,
R14, and R15 in FIG. 5B). Digital potentiometers are
variable resistors that can be programmed over a serial
interface such as 4-bit 1°C bus/SMBus input/output expand-
ers (sub as PCA9536 by NXP Semiconductors Nev.). By
employing these digital potentiometers, we can modify the
gain of each amplifier stage in software, removing the need
for user intervention, and allowing the device to be portable
and used in the field.

D. Comparison to Reference Standard

[0091] We compared the results from our experimental
device to the BioHarness 3 from Zephyr™ Technology. The
BioHarness 3 is a U.S.-FDA cleared physiological monitor
available in the form of a chest strap. The device collects the
electrocardiogram (ECG) signal using fabric electrodes
located in the chest strap, and reports both heart and respi-
ratory rates to the user via a convenient mobile application.
The data from the BioHarness was exported using the IoTool
smartphone application on a ZTE Whirl 2 Z667G Android
phone. We chose to compare our device to the BioHarness
due to its portability, relative low-cost, and accessible app
interface. Furthermore, the device has been validated for
accuracy in an earlier study (J H Kim, et al., /nt. J. Sports
Med. 2013, 34(6), 497-501).

E. Device Validation

[0092] This study was approved by the Institutional
Review Board at Purdue University. As a pilot, we tested our
device on two participants, Subject A and Subject B. Prior to
participating in the study, both subjects gave oral and written
consent. Both subjects were male in the age range of 25-34
years. Other physical characteristics of both subjects are
summarized in Table 1 and each subject’s skin tone is shown
in FIG. 2D. Subjects were allowed to place the experimental
device on either hand in accordance with the location each
subject usually wears wristwatches. Subjects were instructed
to place the device snugly on the wrist, to their own comfort.
The device was located about 1-2 inches upwards from the
wrist. Subject A placed the device on his non-dominant hand
(left), while Subject B placed the device on his dominant
hand (right). Each subject also wore the reference standard
below the chest about even-level with the diaphragm. Mea-
surements were taken while Subject A sat upright in a chair
around a small desk. Subject B was monitored while lying
flat on a couch, sleeping.

[0093] For initial benchtop validation, the discrete Fourier
transform (DFT) was computed in Microsoft Excel using the
“Data Analysis ToolPak” toolkit. The DFT was calculated
with 128 samples using a rectangular window for both sets
of measurements (heart rate and respiration). We then iden-
tified the local maxima of the resulting spectra and com-
pared those frequencies to the respiratory and heart rates
returned by the commercial device.
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TABLE 1

Physical Characteristics of Participating Subjects

Subject A Subject B
Age Range (years) 25-34 25-34
Gender Male Male
Height (cm) 175.3 172.7
Weight (kg) 87.1 106.6
Skin Tone Dark Medium
Dominant Hand Right Right
Sensor Location Left Wrist Right Wrist
Testing Position Seated Upright Sleeping

[0094] The sampling rates and number of samples were
chosen in order to optimize frequency resolution as well as
the length of sampling period. In order to collect 128
samples at 11.9 Hz for our heart rate measurements, it is
necessary to sample for 11 seconds giving our heart rate
determination a refresh rate of 11 seconds and a resolution
of 0.09 Hz (5.4 B PM). The frequencies of interest were
limited to 0.7 to 3.5 Hz. The conditions for respiratory rate
monitoring were determined similarly. Sampling at 4.0 Hz
for 128 samples provides a refresh rate of 33 seconds and a
frequency resolution of 0.03 Hz (1.8 BrthPM). The frequen-
cies of interest were limited to 0.2 Hz to 0.5 Hz.

[0095] To properly compare the results from our device to
the BioHarness, a few special considerations had to be
made. The reference device returns beat-to-beat heart rate
and breath-to-breath respiratory rate measurements, while
the experimental device returns the rates over the respective
sampling periods. As a result, we averaged the rates reported
by the reference device over the same sampling periods as
the experimental device.

[0096] After benchtop validation, the on-board microcon-
troller was programmed to compute the DFT on-chip, allow-
ing the device to be completely portable and independent of
a computer. The microcontroller was programmed according
to the expression for calculating the discrete Fourier trans-
form (DFT) using a rectangular window (J Allen, /EEE
Trans. Acoust. Speech Signal Process, 1977, 25(3), 235-
238). Care was taken to avoid performing trigonometric
floating-point calculations on the microcontroller as these
are computationally expensive and severely slow down our
data processing. Instead, we stored the trigonometric rela-
tionships in an array of 128 values mapped as 16-bit
unsigned integers between 0 and 1000. Indexing the array
instead of computing the exact value of the trigonometric
function increased our computing speed extensively. We
then limited the calculation of the DFT to the frequencies of
interests, namely 0.7 Hz to 3.5 Hz for heart rate measure-
ments and 0.2 Hz to 0.5 Hz for respiratory rate measure-
ments. We were able to calculate the DFT in less than 50 ms
compared to 83 seconds when using the exact value of the
trigonometric function.

Results and Discussion

[0097] Overall, the results from our initial pilot study
showed reasonable agreement between the experimental
device and the reference device. For each Subject, the error
rates were within 3-4 BPM or BrthPM (accounting for
rounding) as indicated in FIGS. 3A-3F. For Subject A, the
experimental device reported prominent frequency content
at 0.28 Hz and 1.40 Hz for heart rate, and 0.12 Hz and 0.28
Hz for respiration. The reference device reported rates of 80
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BPM and 16.1 BrthPM during the sampling period, corre-
sponding to 1.40 Hz (84 BPM) and 0.28 Hz (16.8 BrthPM)
in the data collected by the experimental device. Further-
more, we observed that for Subject A, the respiratory
component could be seen in the heart rate signal (FIGS. 3A
and 3B at 0.28 Hz) even before further signal processing was
done to amplify the respiratory signal. Data agreement was
similar for Subject B. We observed frequency content at 1.21
Hz in the heart rate data and 0.12 Hz and 0.25 Hz in the
respiratory data. The reference device reported an average
heart rate of 73 BPM and an average respiratory rate of 15.3
BrthPM during the sampling period. This agrees with fre-
quency content at 1.21 Hz (73 BPM) and 0.25 Hz (15
BrthPM) reported by the experimental device.

[0098] We do observe the presence of additional fre-
quency content for each Subject and for each measurement
that do not appear to be indicative of any physiological
signal indicated by the reference device (0.12 Hz in respi-
ratory rate measurements for both subjects and 0.74 Hz in
the heart rate spectra for Subject A). We postulate that these
additional frequency components could be due to system
baseline drift and further investigation is necessary to con-
firm.

[0099] Furthermore, we validated our device for unteth-
ered collection of data with all processing and determination
of physiological rates done on-board (FIGS. 4A and 4B.).
Our respiratory rate measurements agreed within 1 BrthPM
of the reference standard, while the heart rate measurements
agreed within 3 BPM.

[0100] To summarize, we have presented a proof-of-con-
cept for accurate measurements of respiration and heart rate
on the wrist with a single device. Our device improves upon
other wrist-worn PPG sensors, which are only capable of
measuring heart rate alone, by demonstrating the ability to
detect respiration in addition to heart rate. Future optimiza-
tion of our algorithms will be done in order to improve the
refresh rate of our measurements. We postulate this could be
done by sliding our DFT computation across the sampling
period. We will also increase the number of human subjects
in order to validate the accuracy of our device for all-day
wear.

[0101] FIG. 1 shows a prototype of a wearable device
disclosed herein.

[0102] FIG. 2A depicts the waveforms (top panel) the
respiration signal in real-time. The dark blue signal is the
signal from the gold standard (impedance pneumograph,
also known as a pneumatograph or spirograph), the light
blue is the signal from our custom device, and the pink
signal is also from our custom device after further amplifi-
cation and filtering. The bottom graph is the fast Fourier
Transform (FFT) of the gold standard. This is used to
analyze the frequency components of the signal collected
from the gold standard in order to calculate respiratory rate.
There is a primary frequency component at around 300
mHz. Meaning the respiratory rate is about 0.3 Hz*60=18
breaths per minute.

[0103] FIG. 2B shows the FFT analysis is now of our
custom device. We are comparing the bottom graph of this
slide to the bottom graph of slide 3. As you note, there is a
primary frequency component at around 300 mHz. This
primary frequency component of our custom device (bottom
graph slide 4) is identical to the primary frequency compo-
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nent of the gold standard (bottom graph slide 3) meaning
that our device was able to detect respiration as well as the
gold standard.

[0104] FIG. 2C shows scaled up respiratory patterns as
detected by the gold standard (in dark blue), our device (in
light blue), and our device again after further amplification
and filtering (pink). The sinusoidal patterns measured by our
device matches the gold standard for normal breathing, short
choppy breaths, and holding one’s breath. This slide dem-
onstrates that our device is also able to detect breathing
patterns similar to the gold standard.

[0105] FIG. 3A shows the time domain response of the
experimental device to heartbeats for Subjects A and B. We
can visibly observe at least 2 frequency components in each
signal, one possibly corresponding to heart rate and the other
to respiration.

[0106] FIG. 3B shows each signal is processed in the
frequency domain. Suspected frequency components indica-
tive of heart rate are highlighted.

[0107] FIG. 3C shows data from the reference device
indicates heart rates of 83 BPM and 73 BPM for Subjects A
and B, respectively. These rates correspond to frequency
components 1.40 Hz for Subject A and 1.21 Hz for Subject
B

[0108] FIG. 3D shows the respiratory signal is shown. We
notice slower changes in the signal on the order of several
seconds compared to heart rate, which was more on the
order of I to 1.5 seconds.

[0109] FIG. 3E shows the spectra of the respiration signals
are highlighted with two dominant frequency components
for each Subject (0.12 Hz and 0.28 Hz for Subject Aand 0.12
Hz and 0.25 Hz for Subject B).

[0110] FIG. 3F shows data from the reference device
indicates a respiratory rates of 16.1 BrthPM for Subject A
and 15.3 Hz for Subject B. These rates correspond to peaks
at 0.28 Hz (Subject A) and 0.25 Hz (Subject B) for each
respective subject.

[0111] FIG. 4A shows amplitude increase in signal due to
activity of auto-gain function. The microcontroller samples
the dataset for the full sampling period, then adjusts the gain
of the active filters to module signal amplitude.

[0112] FIG. 4B shows real-time, on-board signal process-
ing of heart and respiratory signals after a very stressful
event. The refresh rate of the display is such that heart rate
(HR) and respiratory rate (RR) could not be captured in a
single photograph at the same time.

[0113] Additionally, there is a few seconds delay between
each snapshot resulting in the difference in HR and RR
reported by the reference device (viewed on the smart-
phone), which has a faster refresh rate than the experimental
device.

[0114] FIG. 5A shows our schematic for our biometric
sensor board. In this design, we depict our amplification and
filtering scheme for measuring heart rate, respiration, and
pulse oximetry. The mathematical calculation of oxygen
saturation follows the methods described in the literature as
demonstrated with the following formulae shown below (S
Sassaroli, et al., Phys. Med. Biol. 2004, 49 (14), N255; D. R.
Tobler et al., U.S. Pat. No.6,285,896, 4 Sep. 2001; ] M
Schmitt, /EFE Transactions on Biomedical Engineering,
1991, 38 (12), 1194-1203; W. G. Zijlstra, et al., Clinical
Chemistry, 1991, 37 (9), 1633-1638). We have a dual LED
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(red and infrared) in which we are able to automatically
control the brightness of the LEDs to account for difference
in skin tones.

_ In(ms(S(T)g) + 1)

ko = In(rms(S(T);z) + 1)
eup(AR)DPF 1oy (AR)R(1)

SpO. =
P00 [emp(AR) — empo, (AR)IDPFp 1p + [erb0, (A1R) — SHp(Air)IR(D)

[0115] The signal processing for blood oxygenation fol-
lows four major steps: a). Discrete Fourier Transform
(DFT); b) Peak Detector; ¢) Spectral Centroid; d) Segmen-
tation.

Discrete Fourier Transform (DFT)

[0116] The DFT calculates the frequency content of our
signal (RM Rangayyan Biomedical Signal Analysis. John
Wiley & Sons, 2015; ] W Cooley, et al., IEEE Transactions
on Education, 1969, 12 (1), 27-34). This calculation shows
how much each frequency contributes to the overall signal
by calculating the “magnitude” at each frequency which is
a mathematical weight representing how much a particular
frequency contributes to the overall signal. We calculate the
DFT for our physiological signal (heart rate or respiratory
rate) as well as the signals from the accelerometer and
gyroscope.

N-1

X(k)= Z x(1) % [cos(i]—ﬂkn] —j= sin(%kn]]

=

where x(n) are the data samples and k=0 to N-1

Peak Detector.

[0117] We then employ a peak detector which finds the
given frequency that has the largest contribution to the signal
by comparing the magnitudes of the DFT calculation at each
frequency. We also find the peak frequency in the accelera-
tion and gyroscope data as well. The software then compares
the peaks found in the physiological signal to the peaks
found in the accelerometer and gyroscope. If the peaks
found in the physiological signal are also found in the
accelerometer and gyroscope, the frequency is considered
noise. The software does this until a unique frequency in the
physiological signal that is not represented in the acceler-
ometer or gyroscope data is found.

Spectral Centroid

[0118] Once a unique frequency is found for the physi-
ological signal, we calculate the spectral centroid. This is a
weighted average of the frequency spectrum around our
unique frequency. This allows us to find small variances in
our frequency analysis that could be due to small contribu-
tions by frequencies around our unique frequency (G J
Sandell, Music Percept, 1995, 13(2), 209-246; PN Le, et al.,
Speech Communication, 2011, 53(4), 540-551; K A Wear,
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IEEE Transactions on Ultrasonics, Ferroelectrics, and Fre-
quency Control, 2003, 50(4), 402-407).

N-1
S X
Centroid = é X0

wherein, X(k)is the magnitude of the DFT for each fre-
quency, and f, k are each individual frequency.

[0119] The Centroid value represents the most accurate
frequency indicative of our physiological value, whether it
be heart rate or respiration. To calculate heart rate or
respiratory rate, we multiply the centroid by 60 to obtain
breaths per minute or beats per minute (depending on which
physiological signal we are analyzing) Centroid*60=breaths
per minute or beats per minute

Segmentation.

[0120] The software then re-analyzes the original physi-
ological signal to into different segments. For instance, if we
have N samples, the software finds N/4 or N/2 samples that
have less noise in them than the entire signal itself. The
software does this by observing the level of activity reported
by the accelerometer and gyroscope. The software tries to
find a period of time within the N samples where the level
of activity reported by the accelerometer and gyroscope are
low. Once the data is segmented into N/4 or N/2 samples, the
software analyzes the segmented data as described above.
By doing so, we can perform more accurate frequency
analysis by excluding data samples that are too obscured by
noise.

[0121] FIG. 5B shows schematic of the PPG sensing
circuit. The signal from the transimpedance amplifier is sent
into two sets of cascaded active filters tuned for heart rate
sensing and respiration monitoring, respectively. The out-
puts of the amplifier stages are sensed by two channels of an
on-board 10-bit analog-to-digital converter on a Bluetooth-
enabled microcontroller. The signals are processed by the
on-board microcontroller. R3, R14, and R15 (highlighted
with a dashed box) are digitally controlled potentiometers
enabling automatic gain control. Using these potentiom-
eters, the microcontroller can modulate system gain in order
to adjust for differences in the optical reflective properties of
skin across difference subjects.

[0122] FIG. 6 depicts the circuit board design for our
biometric sensor board showing how the circuit board is
physically laid out in space. Along the left side are the
amplifiers and filters. At the center and bottom of the board
are the LEDs and light sensor. At the top is the brightness
control mechanism for the LEDs.

[0123] FIG. 7 shows the back side of the circuit board of
FIG. 6
[0124] FIG. 8 shows the auxiliary sensor board that con-

tains battery management systems (voltage regulation, bat-
tery charging, battery status), a locomotion sensor (acceler-
ometer and gyroscope), a real-time clock (for accurate time
keeping), a motor (for user feedback), and a buzzer (also for
user tactile feedback).

[0125] FIG. 9 shows the circuit board layout for the
auxiliary sensor board and where all the components are laid
out.

[0126] FIG. 10 shows the communications and central
processing board that contains our Bluetooth capable central
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processing unit, an external memory chip (RAM), a screen
for displaying information to the user (OLED), an SD card
for long term data storage, and buttons for user input. This
board handles all the data processing to measure heart rate,
respiratory rate, and pulse oximetry. This board is also
responsible for controlling all other boards and for sending
data to the user.

[0127] FIG. 11A depicts the circuit board layout for our
communications and central processing board. FIG. 11B
shows the back side of the circuit board.

[0128] It will be appreciated by persons skilled in the art
that the present invention is not limited by what has been
particularly shown and described herein. The details of one
or more embodiments of the invention are set forth in the
accompanying the description below. Other features,
objects, and advantages of the invention will be apparent
from the description and drawings, and from the claims.
[0129] The growth of mobile platforms and smart devices
has introduced a revolution in healthcare. Despite such
growth, premature infants in high-resource neonatal inten-
sive care units (NICU’s) remain tied to bulky equipment
with numerous wires to perform vital signs monitoring.
These tethers limit Kangaroo Mother Care (KMC), a widely
recognized standard of care to provide skin-to-skin contact
for critical thermal management and mother-baby bonding.
Mobile health platforms have the potential to provide valu-
able monitoring abilities in low resource settings where
skin-to-skin contact is substituted for NICU’s. To alleviate
this limitation, an alternate form of the devices described
herein is presented in the present disclosure to measure heart
and respiratory rate by analyzing the electrocardiogram
(ECG) while seamlessly being integrated into a KMC
pouch. A low-processing power, algorithm that analyzes the
rhythmic changes in heart rate variability, termed respiratory
sinus arrhythmia (RSA), is used in order to determine
respiratory rate.

[0130] This alternate device uses an AD8226 instrumen-
tation amplifier with a common mode rejection ratio
(CMRR) of 120 dB at 60 Hz and 20 dB gain to measure the
ECG. The alternate device operates off of a single supply of
3.3V with a gain of 22.6 dB. The system utilizes a ground-
less, two-lead ECG system by biasing the leads towards %2
Vpp, making it a simple, compact system. A SAMD21
microcontroller sampling at 500 Hz with a 12-bit analog-
to-digital converter processes the incoming signal. A simple
digital high pass filter with a cut-off frequency of 67.8 Hz is
applied off-board to remove the effect of motion artifacts on
the ECG signal. The R-R interval is measured, resulting in
instantaneous heart rate for measuring heart rate variability.
The sinusoidal oscillations in the heart rate are known as
respiratory sinus arrhythmia and can be translated to instan-
taneous respiratory rate by measuring the time between the
heart rate local maximums. The electrodes for this alternate
device were placed on the lead author’s chest and the
electrodes for the reference impedance pneumograph were
placed on either side of the chest. Movement trials were
conducted by walking back and forth during the trial. Breath
holds consisted of stationary, rhythmic breathing with a
breath hold of 15 seconds in the middle of the trial.
[0131] Using RSA, the algorithm calculates respiratory
rate from the ECG measured by Roo LL which consistently
follows the trend of the gold standard impedance pneumo-
graph’s instantaneous respiratory rate even while moving.
The RSA method was also shown to stay consistent with the
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gold standard’s respiratory rate during a breath hold. Thus,
this approach allows constant detection of whether a baby is
breathing or not regardless if the mother or infant is moving.
According to one embodiment, additional sensing modali-
ties, such as blood oxygen and temperature are also included
with this alternate device.

[0132] Referring to FIG. 12, a block diagram of an alter-
nate heart rate and respiration system 100 according to the
present disclosure is provided. The system 100 includes a
processor 102 that receives signals from amplified elec-
trodes 104 via an amplification block 106. The processor and
other blocks (connections not shown) are powered by a
power circuit block 108. The processor then communicates
respiration and heart rate information via a communication
block 110 which can provide information via a display (not
shown) as discussed above.

[0133] An actual reduction to practice of the system 100 is
provided in FIG. 13, which is a circuit of the system 100.
Different blocks of the system 100 are shown in FIG. 13. An
ADS8226 instrumentation amplifier with a common mode
rejection ratio (CMRR) of 120 dB at 60 Hz and 20 dB gain
is used to measure the ECG. The system 100 (also referred
herein as the Roo LL system) operates off of a single supply
of 3.3V with a gain of 22.6 dB. The system utilizes a
groundless, two-lead ECG system by biasing the leads
towards %2 V,, making it a simple, compact system. A
SAMD21 microcontroller (processor 102 ) sampling at 500
Hz with a 12-bit analog-to-digital converter processes the
incoming signal. A simple digital high pass filter with a
cut-off frequency of 67.8 Hz is applied off-board to remove
the effect of motion artifacts on the ECG signal. The R-R
interval (i.e., peaks of R-waves as discussed below) is
measured, resulting in instantaneous heart rate for measur-
ing heart rate variability. A schematic of a layout of system
100 with actual dimensions is shown in FIG. 14.

[0134] The processor 102 of the system 100 carries out a
complex operation to determine respiration. The electrodes
coupled to the electrodes block 104 provide an EEG signal
to the processor via the amplification block 106. The EEG
signal includes the well-known PQRST signal from the heart
of the subject. The R-wave represents the peak of each
heartbeat. A peak detector (operating via hardware or soft-
ware, as known to a person having ordinary skill in the art)
detects the R-waves. The timing between the peaks of the
R-waves is then determined to establish intra-periodicity of
the heart rate. FIG. 15 is a plot of relative amplitude vs. time
in seconds of the PQRST waves with the peaks of the
R-waves marked with circles. With the peaks identified,
heart rate can be determined by dividing 60 (i.e., beats per
minute) by the identified intra-timing between the peaks.
Referring to FIG. 16, a graph of relative amplitude is shown
vs. time in seconds with intra-timing between R-wave peaks
shown as Atl, At2, At3, At4, and so on with heart rate (HR)
calculated based on dividing 60 by each intra-timing
between R-wave peaks (i.e., HR1=60/Atl, HR2=60/At2,
HR3=60/At3, HR4=60/At4, and so on). The measured R-R
interval (i.e., peaks of R-waves) can be related to instanta-
neous heart rate for measuring heart rate variability. The
sinusoidal oscillations in the heart rate are known as respi-
ratory sinus arrhythmia, as seen in FIGS. 17 and 18 which
are complex graphs of heart rate in beats per minute (BPM)
and relative amplitude vs. time in seconds, and which can be
translated to instantaneous respiratory rate by measuring the
time between the heart rate local maxima. The electrodes of
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the system 100 were placed on a subject’s chest and the
electrodes for the reference impedance pneumograph (which
represents the gold standard) were simultaneously placed on
either side of the chest. Movement trials were conducted by
walking back and forth during the trial. Breath holds con-
sisted of stationary, rhythmic breathing with a breath hold of
15 seconds in the middle of the trial.

[0135] As can be seen from FIG. 17, using RSA to
calculate respiratory rate from the ECG measured by the
system 100 consistently follows the trend of the gold stan-
dard impedance pneumograph’s instantaneous respiratory
rate even while moving. This calculation is better shown in
reference to FIG. 19 which is a graph of heart rate in BMP
vs. time in seconds and which shows instantaneous heart rate
calculated as discussed above over time. The BPM vs. time
graph can be used to obtain the differences in time between
consecutive peaks in the ECG signal. Then by dividing that
difference in time in the ECG data by 60, yields instanta-
neous breaths per minute. It should be noted that the
intra-peak timing in FIG. 16 are used to obtain heart rate
from the ECG (HR=60/dt), whereas the intra-peak timing in
FIG. 19 are used to obtain respiration (RR=60/dt) from heart
rate (which is over the course of about 5 seconds). This is
depicted in FIG. 19. Alternatively, a Fourier transform (e.g.,
a fast Fourier transform) can be computed of the BPM vs.
time which can also yield instantaneous respiratory rate. The
ECG detection algorithm or hardware is primarily based on
detection of the R-wave since these are the most dominant
feature of the ECG. We utilized a dynamic threshold to
detect the R-wave. On initialization, the algorithm first
collects the ECG signal from the output of the electrodes for
2 seconds, which is sufficient to sample at least one full ECG
cycle given a normal, healthy person’s slowest possible
heart rate of 42 BPM. The algorithm then calculates the
standard deviation of the measured signal within the entire
2 seconds and sets a signal amplitude threshold at 1.25 times
the standard deviation of the measured signal. After the
initial threshold is set, each incoming data point is compared
to the threshold in real-time, allowing detection of R-waves
in the instant they occur in contrast to other methodologies
that only check for R-waves when a programmer-defined
number of samples have been collected, thus causing a time
lag in the heart rate determination. The threshold is then
updated every 2 seconds to adjust for changing ECG ampli-
tudes that could be due to cardiovascular changes or changes
in electrode-skin contact that might affect the signal ampli-
tude.

[0136] Measuring heart rate variability allows us to utilize
RSA, which is the physiological phenomenon of synchro-
nization of heart rate with breathing. When plotted over
time, the instantaneous heart rate, as previously calculated,
shows peaks when breathing in and valleys when breathing
out. This can be converted into respiratory rate using simple
analysis in both the time domain and the frequency domain.

[0137] The time domain analysis includes a simple deriva-
tive method to determine the peaks of instantaneous heart
rate. This method is achieved by comparing the current and
previous values against each other to find a local maximum.
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A peak in instantaneous heart rate is found if the following
rule is satisfied,

HR[{]<HR[i-1]>HR[i-2], or
alternatively
HR[{]<HR[i-1]<HR[i-2]>HR[i-3]>HR[i-4]

where HR[i] is the most recent heart rate value,

[0138] HR[i-1] is the previous heart rate value,

[0139] HR[i-2] is the heart rate value two heartbeats ago,

[0140] HR[i-3] is the heart rate value three heartbeats ago,
and

[0141] HR[i-4] is the heart rate value four heartbeats ago.

Similar to the instantaneous heart rate calculations, respi-
ratory rate can be calculated by measuring the time
between peaks in the heart rate. The following equation is
used to calculate the instantaneous respiratory rate

Respiratory Rate =60/Time (HR)

where Time (HR) is measured between the current and the
previous heart rate value that satisfied the rule stated above.
[0142] As discussed above, a Fourier transform can also
be used. Thus a second method for respiratory rate detection
is analysis in the frequency domain using a fast Fourier
transform (FFT). Assuming the maximum breathing rate of
a normal human will not exceed 40 breaths per minute, it
follows that our signal of interest must reside below 0.67 Hz.
This approach is not limited to frequency range of interest
and can be expanded. It is only bound by half the frequency
of the heart rate. Thus, the original ECG signal can be down
sampled to 2 Hz. A 25 second sliding window can then be
used to capture data points to be used in the calculation.
After performing the FFT, the frequency with the maximum
amplitude within our frequency range is taken to be the
signal of interest. A peak beyond our frequency range of
interest may be viewed as noise. The calculated frequency
can then be converted to respiratory rate using the equation

Respiratory Rate=fzz760

where f -, is the frequency of interest.

[0143] FIG. 20 is another graph of respiratory rate (i.e.,
breaths per minute) vs. time in seconds comparing the
results of the system 100 vs. the gold standard (impedance
pneumography). Thus the RSA method is shown to stay
consistent with the gold standard’s respiratory rate during a
breath hold or cessation in breathing. Referring to FIGS. 21
and 22 (where FIG. 21 shows a graph of heat rate in BPM
vs. time and FIG. 22 shows the calculated respiratory rate,
i.e., breaths per minute vs. time in seconds, both shown with
comparison to the gold standard of impedance pneumogra-
phy), output of the system 100 is shown during breath hold
periods with excellent correlation against the gold standard,
particularly also as seen in FIG. 28 discussed below. In order
to show a quantitative comparison of the correlation
between heart rate determined by our device (Roo LL) and
the respiration pattern from the impedance pneumography
(the gold standard), a statistical comparison was carried out
for FIG. 21. The results include a correlation coefficient of
r=0.84, and p value<0.05 (indicating significant correlation),
with the actual p-value being 7.4 e-68 (a very small number),
indicating superb correlation.

[0144] Referring to FIG. 23, two graphs of relative ampli-
tude are shown vs. time in seconds of the PQRST waveform
with one shown as an unfiltered signal and the other as a
high-pass filtered signal. The filtering allows the respiratory
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determination to be unaffected by movement of the subject.
This immunity is shown in FIG. 24, where the output of the
system 100 is shown in comparison with gold standard for
respiratory rate in breaths per minute vs. time in seconds
over a period of time when the subject is moving. It should
be noted that an acceptable correlation between the calcu-
lated respiratory rate and the gold standard is within +2
breaths per minute between the two measures.

[0145] Furthermore, the out of system 100 can also pro-
vide instantaneous changes in respiratory rate as compared
to the gold standard or other commercially available
devices, e.g., the BIOHARNESS 3.0. This comparison is
shown in FIG. 25, which is a graph of respiratory rate in
breaths per minute vs. time in seconds for the three
approaches with excellent correlation.

[0146] While the electrodes shown in FIG. 14 can be
placed on the chest of a subject, the electrodes can also be
placed on the back of the subject. Referring to FIG. 26, the
respiratory rate in breaths per minute vs. time in seconds is
shown in FIG. 26 with electrodes placed on the back of the
subject. There continues to be excellent correlation to the
gold standard, as seen in FIG. 26.

[0147] Additional testing was performed on subjects as
shown in FIGS. 27 and 28 which include comparisons of
breaths per minute vs. time in seconds based on the output
of the system of the present disclosure and as compared to
the gold standard for when the subject is walking (FIG. 27)
and during breath holds (FIG. 28), again showing excellent
tracking as compared to the gold standard of impedance
pneumography. Again to show a quantitative comparison, a
statistical analysis was carried out for the datasets shown in
FIG. 28. The results is based on the correlation between the
actual respiratory rates calculated by device of the present
disclosure and by the impedance pneumograph (the gold
standard) with the subject holding breath from roughly the
90 second mark to the 140 second mark. The correlation
coefficient is 0.3798 with a p-value of 0.0171, indicating
excellent correlation.

[0148] The results provided here show a surprising level
of tracking based on instantaneous heart rate calculations
and extrapolations of respiratory rate without complicated
equipment that are impractical for kangaroo mother care
standard for monitoring respiration of an infant. Towards
this end, the system of the present disclosure simply uses
ECG data based on electrodes placed on the chest or the
back of a subject to determine respiration rate.

[0149] While the inventions have been illustrated and
described in detail in the drawings and foregoing descrip-
tion, the same is to be considered as illustrative and not
restrictive in character, it being understood that only certain
embodiments have been shown and described and that all
changes and modifications that come within the spirit of the
invention are desired to be protected. It is intended that the
scope of the present methods and apparatuses be defined by
the following claims. However, it must be understood that
this disclosure may be practiced otherwise than is specifi-
cally explained and illustrated without departing from its
spirit or scope. It should be understood by those skilled in
the art that various alternatives to the embodiments
described herein may be employed in practicing the claims
without departing from the spirit and scope as defined in the
following claims.

[0150] Those skilled in the art will recognize that numer-
ous modifications can be made to the specific implementa-
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tions described above. The implementations should not be
limited to the particular limitations described. Other imple-
mentations may be possible.
1. A method for measuring and monitoring respiration rate
of a subject, comprising the step of
a) placing at least two electrodes on a subject to thereby
communicate electrocardiogram (ECG) signals;
b) amplifying the ECG signals;
¢) processing the amplified ECG data to generate respi-
ration rate data of the subject; and
d) communicating the processed respiration rate data.
2. The method of claim 1, wherein the electrodes are
placed on the chest of the subject.
3. The method of claim 1, wherein the electrodes are
placed on the back of the subject.
4. The method of claim 1, wherein the processing of the
amplified ECG data includes:
i) parsing the ECG data into a P-wave, a Q-wave, an
R-wave, an S-wave, and a T-wave;
ii) detecting peaks of the parsed ECG data;
iii) determining the intra-timing between the detected
R-wave peaks;
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iv) dividing 60 by the determined intra-timing to generate
instantaneous heart rate; and

V) assigning instantaneous respiration rate as the instan-
taneous heart rate.

5. The method of claim 1, wherein the subject is moving.

6. The method of claim 5, wherein the subject is walking

7. The method of claim 1, wherein the subject has erratic
breathing.

8. The method of claim 7, wherein the subject holds
his/her breaths.

9. The method of claim 1, further comprising:

filtering the amplified ECG data prior to the processing

step.

10. The method of claim 9, wherein the filtering is with a
high-pass filter.

11. The method of claim 4, wherein the peak detection is
via software.

12. The method of claim 4, wherein the peak detection is
via hardware.



