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SYSTEMS AND METHODS FOR
RESPIRATORY ANALYSIS

PRIORITY CLAIM

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/468,173, entitled “SYSTEMS
AND METHODS FOR RESPIRATORY ANALYSIS” and
filed Mar. 7, 2017, which is hereby incorporated herein in its
entirety.

FIELD OF THE DISCLOSURE

[0002] The embodiments relate generally to systems and
methods that use data collected by a wearable device to
calculate, among other things. respiratory signals and rates,
as well as a variety of respiratory events including, but not
limited to, sleep apnea events and respiratory failures.

BACKGROUND

[0003] Respiration rate can provide important information
regarding a person’s health. Respiration information can
also be used to assess the quality of a person’s sleep.
Abnormal respiratory events can be used to predict the onset
of illnesses or other serious conditions. Abnormal respira-
tory events that occur during sleep can be indicative of other
health issues, such as sleep apnea.

[0004] There are a number of “contact” respiration rate
monitoring systems available today. As used herein, “con-
tact” systems include systems comprising a device or instru-
ment that makes physical contact with a person in order to
collect respiratory information. Examples of contact systems
available today can measure respiratory sounds, respiratory
air flow, respiratory related chest or abdominal events,
respiratory CO2 emission and oximetry probe SpO2. Res-
piration information can also be derived from other collected
information, such as from a electrocardiogram (ECG).
[0005] However, the contact systems available today can
be cumbersome for a subject to wear and can disrupt a
person’s lifestyle or ability to sleep comfortably. The equip-
ment used in these systems can also be expensive and
impractical for monitoring respiration on a daily basis,
particularly that of a healthy person. Trained physicians and
other medical personnel are often needed to assess the
information collected before any useful information or
insights can be provided to the subject.

[0006] Thus, a need exists for improved systems, devices,
and techniques for determining, among other things, a user’s
respiration rate and the presence of various respiratory
events. Moreover, improved systems, devices, and tech-
niques are needed to ensure the accuracy, reliability, and
comfort of systems configured to collecting such informa-
tion.

SUMMARY OF THE DISCLOSURE

[0007] In accordance with certain embodiments of the
present disclosure, components and processes used in
devices and systems that collect respiratory signals and
assess a subject’s respiratory rate or the occurrence of a
respiratory event are disclosed. In some embodiments, the
monitoring devices may be a wrist watch, bracelet, or arm
band comprising one or more components. The monitoring
devices may comprise one or more accelerometers, includ-
ing but not limited to one or more three-axis accelerometers.
In such embodiments, acceleration data collected by the
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accelerometer may be used to determine a subject’s respi-
ratory signal, respiratory rate, and/or the instance of a
respiratory event. As used herein, an “event” is intended to
describe a respiratory abnormality, such as a respiratory
signal that varies significantly from a normal or health
respiratory signal and/or a respiratory signal indicative of a
health issue or condition, the onset of an illness or disease,
or the cessation of respiration.

[0008] Because the devices disclosed herein can be worn
by the user at, for example, the wrist, they are less cumber-
some for subjects to wear during sleep and do not interfere
with or interrupt the subjects’ sleep. It has been previously
thought that accelerometers could only be used to monitor
respiratory rates at locations on the body that exhibit large-
scale motions resulting from breathing, i.e., the chest or
stomach areas. Nonetheless, the present disclosure provides
systems, devices and methods for determining respiratory
rates from micro-motions not previously monitored by
known devices. The micro-motions can be detected using
one or more accelerometers configured as described herein,
comparing one or more output signals of such accelerometer
(s), magnifying and filtering such signals, and determining
one or more qualities of the resulting signals including, but
not limited to, waveform amplitude, wavelength, signal-to-
noise ratio (“SNR”), or variance.

[0009] The monitoring devices may further comprise
other components for monitoring the subject’s heart rate
(e.g., an optical sensor), tracking the user’s physical location
(e.g., a GPS module), a time keeping component (e.g., a
clock, stopwatch, and/or timer), and one or more commu-
nication modules. The data from one or more such compo-
nents may be used in conjunction with the collected respi-
ration information to make further determinations and/or
inferences regarding the subject’s activity level, wellness,
sleep state, or physiological state.

[0010] Inembodiments where the monitoring device com-
prises an optical sensor for measuring a subject’s heart rate,
that information can be used to derive a respiration rate.
However, continuous use of the optical sensor presents
power management issues. A device operating an optical
sensor continuously will consume considerably more power
than a device that operates the optical sensor intermittently
or only in situations in which optical detection has been
triggered, is required, or would otherwise be desirable.

[0011] In one embodiment, monitoring devices described
herein may utilize the one or more accelerometers to moni-
tor a user’s respiration rate (i.e., breaths/minute) by counting
the number of breaths taken by a user in a predetermined
time frame (e.g., 5 seconds, 30 seconds, 5 minutes, 30
minutes, etc.). This has the advantage of conserving the
battery power consumption of the device as the accelerom-
eter(s) requires significantly less power compared to the
light sources of the optical sensor. In some examples, where
a respiratory condition or event is detected using the accel-
erometer data, the optical signal can be activated to measure
heart rate or respiratory rate. In this manner, the optical
sensor can be used in a power-conserving way to confirm the
data provided by the accelerometer(s).

[0012] Additional objects and advantages of the present
disclosure will be set forth in part in the description which
follows, and in part will be obvious from the description, or
may be learned by practice of the disclosure.
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[0013] 1t is to be understood that both the foregoing
general description and the following detailed description
are illustrative and explanatory only.

[0014] The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illustrate
several embodiments and together with the description,
serve to explain the principles of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 provides an illustration of an example
apparatus for performing respiratory analysis.

[0016] FIG. 2 provides an illustration of an example
apparatus for performing respiratory analysis in use by a
user.

[0017] FIG. 3 provides a diagram of an example proces-
sor-based computing system that can be used for performing
respiratory analysis.

[0018] FIG. 4A provides a graphical representation of
example raw data collected by a three-axis accelerometer
calibrated to detect micro-motion during a rest or sleep state.
[0019] FIG. 4B provides a zoomed-in view of a portion of
the example raw data of FIG. 4A.

[0020] FIG. 4C provides a zoomed-in view of a portion of
the example raw data of FIG. 4A.

[0021] FIG. 5 provides an example of smoothing raw data
collected by an accelerometer.

[0022] FIG. 6 provides an example illustration of using
accelerometer output to identify sleep stages.

[0023] FIG. 7 provides an example output signal for two
sleep subjects.
[0024] FIG. 8 provides examples of respiratory signals

indicative of sleep apnea events.

DESCRIPTION OF THE EMBODIMENTS

[0025] Disclosed herein are embodiments of an apparatus
for use in respiratory monitoring and analysis. Of course,
these examples are only illustrative of the possibilities and
the systems, devices, and methods described herein may be
used in any suitable context.

[0026] In one aspect, an apparatus may comprise one or
more accelerometers incorporated into a portable or wear-
able device. In other embodiments, rather than comprising
one or niore accelerometers, the portable or wearable device
may communicate with another device or system comprising
one or more accelerometers. In one embodiment, the device
may comprise one or more three-axis accelerometers. In
other embodiments, the device may comprise one or more
single-axis accelerometers, two-axis accelerometers, or
some other suitable accelerometers.

[0027] In another aspect, the apparatus may receive accel-
eration data from the one or more accelerometers and, based
at least in part on the acceleration data, determine whether
a subject is sleeping or resting. Upon a determination that
the subject is sleeping, the received acceleration data can be
used to extrapolate respiration information. In further
embodiments, the apparatus may comprise (or be in com-
munication with) a time keeping component. In such
embodiments, the apparatus may further determine and/or
record the duration of a subject’s sleep and the subject’s
respiration rate (i.e., a number of breaths per time interval)
during sleep.

[0028] In a further aspect, the apparatus may comprise or
be in communication with a database containing one or more
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records associating detected respiration rates (or ranges of
respiration rates) with respiration rates typically found dur-
ing one or more sleep stages. The records may be unique to
the subject or may be based on a larger sample size com-
prising a plurality of subjects. In one embodiment, a first
range of respiration rates can be associated with “light
sleep.” A second range of respiration rates can be associated
with “deep sleep.” And a third range of respiration rates can
be associated with “REM sleep.”

[0029] Detected respiration rates and respiration signals
can also be analyzed to detect the presence of a sleep event,
such as sleep apnea or respiratory arrest. In one embodi-
ment, a sleep event can be detected by a respiration rate that
accelerates or decelerates beyond a threshold. In some
embodiments, a sleep event can be detected by a respiration
signal that increases or decreases in amplitude, wavelength,
or some other characteristic beyond a threshold.

[0030] While the systems and devices described herein
may be depicted as wrist worn devices, one skilled in the art
will appreciate that the systems, devices, and methods
described below can be implemented in other contexts,
including the sensing, measuring, and recording of respira-
tion data gathered from a device worn at any suitable portion
of a user’s body, including but not limited to, other portions
of the arm, other extremities, and/or the head.

[0031] Reference will now be made in detail to certain
illustrative embodiments, examples of which are illustrated
in the accompanying drawings. Wherever possible, the same
reference numbers will be used throughout the drawings to
refer to the same or like items.

[0032] FIG. 1 depicts an illustrative embodiment of an
apparatus 100. In one aspect, apparatus 100 may be a device
worn by a user to sense, collect, monitor, and/or display
information pertaining to the user’s activity and/or one or
more physiological parameters. In the depicted embodiment,
apparatus 100 may comprise a wrist band. In alternative
embodiments, apparatus 100 may be a bracelet, watch, or an
arm band. In further embodiments, apparatus 100 may be
any wearable monitor device configured for positioning at a
user’s wrist, arm, another extremity of the user, or some
other suitable area of the user’s body.

[0033] In another aspect, apparatus 100 may comprise one
or more accelerometers (not depicted) and components for
processing and displaying information that may or may not
be related to a user’s past or present activity, activity level,
physical training sessions, or general wellness and/or one or
more physiological parameters of a user. For example, in
one embodiment, apparatus 100 may sense, process, and/or
display the time, a timer or stopwatch, a distance traveled,
a pace, a speed, calories burned, steps taken, step rate, an
activity level, heart rate information, and/or other user- or
activity-specific information. In a further aspect, apparatus
100 may house a display unit 110 for displaying or otherwise
conveying information to the user. In one embodiment,
display unit 110 may comprise a dot matrix liquid crystal
display. In alternative embodiments, display unit 110 may
comprise some other suitable display.

[0034] In a further aspect, apparatus 100 may comprise a
casing 120 and one or more bands 130 extending from
opposite edges of casing 120 for securing apparatus 100 to
the user. In one embodiment, band(s) 130 may comprise an
elastomeric material. In alternative embodiments, band(s)
130 may comprise some other suitable material, including
but not limited to, a fabric or metal material.
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[0035] Apparatus 100 may further comprise one or more
buttons or switches 140 operable for accepting input from
the user. Buttons 140 may comprise any suitable device for
accepting input from the user including, but not limited to,
a button, switch, touchscreen, or sensor. FIG. 1 depicts a
single button 140, positioned adjacent display unit 110.
Other embodiments, however, may comprise fewer or addi-
tional buttons. Moreover, the buttons may be located at any
suitable location on apparatus 100.

[0036] In further embodiments, buttons 140 may be incor-
porated into display unit 110. For example, buttons 140 may
comprise “soft” buttons configured to accept input from the
user via a touchscreen.

[0037] In another aspect, the user may manipulate buttons
140 for setting the time display, establishing the operational
mode of the heart rate monitor, reviewing respiration infor-
mation, and/or otherwise configuring/interacting with appa-
ratus 100 during use.

[0038] Display unit 110 may be configured to display
information to the subject in the form of text, lights, and/or
icon(s). For example, display 110 can be configured to
display sleep information or respiration information during
monitoring. Display 110 can also be used to indicate battery
conditions, the time of day, the mode in which apparatus 100
is operating (such as “sleep” or “active” mode), the subject’s
heart rate, or the subject’s respiration rate. Of course, the
aforementioned examples are only illustrative of the possi-
bilities. Fewer, additional, or alternative text, information,
and/or icon(s) for display are also possible.

[0039] It should be noted that although a wrist band-like
embodiment of apparatus 100 is depicted in FIG. 1, appa-
ratus 100 may comprise alternative wearable embodiments
such as watches, bracelets, straps, or clips. Such embodi-
ments may include some or all of the features of the watch
embodiment described above. For example, some embodi-
ments may not comprise a display unit 110 or a casing 120.
Rather, the various components of apparatus 100 may be
housed or embedded in a single strap 130. In such embodi-
ments, information may be conveyed to a user using tactile
feedback (e.g., vibration), sound (e.g., tones of varying
volume, pitch, frequency, and duration), and light (e.g.,
LEDs of one or more colors that may blink or be illuminated
for some predetermined period).

[0040] Inanother aspect, apparatus 100 may be configured
to communicate information to a subject via a secondary
device such as a smart phone, tablet, or personal computer.
In such embodiments, information collected, analyzed, or
stored at apparatus 100 may be communicated to a second-
ary device for further analysis, storage, or presentation to the
user. Conversely, apparatus 100 may be configured to
receive information from such secondary devices for further
analysis, storage, or presentation to the user.

[0041] FIG. 2 depicts an illustrative embodiment of appa-
ratus 100 in use. In one aspect, subject 200 may wear
apparatus 100 during an activity. In the embodiment
depicted in FIG. 2, apparatus 100 is a wrist-worn device.
[0042] In one aspect, apparatus 100 may comprise one or
more accelerometers (not depicted), including but not lim-
ited to, one or more three-axis accelerometers. Generally,
one or more accelerometers may be configured to convert
the movement or acceleration of a body into digital mea-
surements. The acceleration data collected or transmitted by
the accelerometer(s) may comprise information regarding
the frequency, duration, intensity, and patterns of movement
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associated with the body, all or some of which may be used
to determine when a user has taken a step and/or an activity
type that the user may be engaged in. For example, in some
embodiments, patterns associated with a user walking or
running may be identified and movements exceeding pre-
determined amplitude thresholds may be counted as a step.
A frequency associated with such threshold-exceeding
amplitudes may be used, for example, to determine whether
the user is walking or running. In further embodiments,
moving averages of such data may be used to further refine
a step count and/or take potential uneven steps or missteps
into account. In other embodiments, other systems, devices,
or methods may be used to determine when a user takes a
step and/or determine other activity information.

[0043] As shown in FIG. 2, the accelerometer(s) may
collect acceleration data attributable to the swinging or
rhythmic movement 210 specific to a body portion or
appendage associated with apparatus 100 (e.g., the swinging
motion of an arm during running or walking), the user’s
forward or backward movement 220 resulting from a step,
and/or the user’s upward or downward movement 230
resulting from or following a step, respectively.

[0044] In use, acceleration data attributable to swinging/
rhythmic movement 210 that masks or interferes with accel-
eration data attributable to movements 220 and 230 may be
accounted for so as to arrive at accurate step determinations
or other activity information. Further details regarding the
interpretation of acceleration data for determining when a
user takes a step and/or for the assessment of activity
information are beyond the scope of this disclosure as
several such systems, devices, and methods are known.
[0045] FIG. 3 depicts an illustrative processor-based com-
puting system 300 representative of the type of computing
system that may be present in or used in conjunction with
any aspect of apparatus 100 comprising electronic circuitry.
For example, processor-based computing system 300 may
be used in conjunction with any one or more of transmitting
signals to and from the one or more accelerometers, sensing
or detecting signals received by one or more sensors of
apparatus 100, processing received signals from one or more
components or modules of apparatus 100 or a secondary
device, and storing, transmitting, or displaying information.
Computing system 300 is illustrative only and does not
exclude the possibility of another processor- or controller-
based system being used in or with any of the aforemen-
tioned aspects of apparatus 100.

[0046] In one aspect, system 300 may include one or more
hardware and/or software components configured to execute
software programs, such as software for storing, processing,
and analyzing data. For example, system 300 may include
one or more hardware components such as, for example,
processor 305, a random-access memory (RAM) module
310, a read-only memory (ROM) module 320, a storage
system 330, a database 340, one or more input/output (I/O)
modules 350, an interface module 360, and one or more
sensor modules 370. Alternatively and/or additionally, sys-
tem 300 may include one or more software components such
as, for example, a computer-readable medium including
computer-executable instructions for performing methods
consistent with certain disclosed embodiments. It is con-
templated that one or more of the hardware components
listed above may be implemented using software. For
example, storage 330 may include a software partition
associated with one or more other hardware components of
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system 300. System 300 may include additional, fewer,
and/or different components than those listed above. It is
understood that the components listed above are illustrative
only and not intended to be limiting or exclude suitable
alternatives or additional components.

[0047] Processor 305 may include one or more processors,
each configured to execute instructions and process data to
perform one or more functions associated with system 300.
The term “processor,” as generally used herein, refers to any
logic processing unit, such as one or more central processing
units (CPUs), digital signal processors (DSPs), application
specific integrated circuits (ASICs), field programmable
gate arrays (FPGAs), and similar devices. As illustrated in
FIG. 3, processor 305 may be communicatively coupled to
RAM 310, ROM 320, storage 330, database 340, I/O
module 350, interface module 360, and one more sensor
modules 370. Processor 305 may be configured to execute
sequences of computer program instructions to perform
various processes, which will be described in detail below.
The computer program instructions may be loaded into
RAM for execution by processor 305.

[0048] RAM 310 and ROM 320 may each include one or
more devices for storing information associated with an
operation of system 300 and/or processor 305. For example,
ROM 320 may include a memory device configured to
access and store information associated with system 300,
including information for identifying, initializing, and moni-
toring the operation of one or more components and sub-
systems of system 300. RAM 310 may include a memory
device for storing data associated with one or more opera-
tions of processor 305. For example, ROM 320 may load
instructions into RAM 310 for execution by processor 305.
[0049] Storage 330 may include any type of storage device
configured to store information that processor 305 may need
to perform processes consistent with the disclosed embodi-
ments.

[0050] Database 340 may include one or more software
and/or hardware components that cooperate to store, orga-
nize, sort, filter, and/or arrange data used by system 300
and/or processor 305. For example, database 340 may
include user profile information, historical activity and user-
specific information, physiological parameter information,
predetermined menw/display options, and other user prefer-
ences. Alternatively, database 340 may store additional
and/or different information.

[0051] I/O module 350 may include one or more compo-
nents configured to communicate information with a user
associated with system 300. For example, I/O module 350
may comprise one or more buttons, switches, or touch-
screens to allow a user to input parameters associated with
system 300. I/O module 350 may also include a display
including a graphical user interface (GUI) and/or one or
more light sources for outputting information to the user. /O
module 350 may also include one or more communication
channels for connecting system 300 to one or more second-
ary or peripheral devices such as, for example, a desktop
computer, a laptop, a tablet, a smart phone, a flash drive, or
a printer, to allow a user to input data to or output data from
system 300.

[0052] Interface 360 may include one or more components
configured to transmit and receive data via a communication
network, such as the Internet, a local area network, a
workstation peer-to-peer network, a direct link network, a
wireless network, or any other suitable communication
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channel. For example, interface 360 may include one or
more modulators, demodulators. multiplexers, demultiplex-
ers, network communication devices, wireless devices,
antennas, modems, and any other type of device configured
to enable data communication via a communication net-
work.

[0053] System 300 may further comprise one or more
sensor modules 370. In one embodiment, sensor modules
370 may comprise one or more of an accelerometer module,
an optical sensor module, and/or an ambient light sensor
module. Of course, these sensors are only illustrative of a
few possibilities and sensor modules 370 may comprise
alternative or additional sensor modules suitable for use in
apparatus 100. It should be noted that although one or more
sensor modules are described collectively as sensor modules
370, any one or more sensors or sensor modules within
apparatus 100 may operate independently of any one or
more other sensors or sensor modules. Moreover, in addition
to collecting, transmitting, and receiving signals or infor-
mation to and from sensor modules 370 at processor 305,
any one or more sensors of sensor module 370 may be
configured to collect, transmit, or receive signals or infor-
mation to and from other components or modules of system
300, including but not limited to database 340, /O module
350, or interface 360.

[0054] As described above, the one or more accelerom-
eters of apparatus 100 can be used to detect large-scale
motions of a subject indicative of physical activity (e.g.,
steps, running, walking, swimming, etc.). The same accel-
erometers can be used to determine the onset of a rest or
sleep period through the detection of a lack of motion.
However, the sensitivity of the accelerometer(s) that detect
large-scale motions aren’t sensitive enough to detect move-
ment at the wrist (or other suitable location of the body) due
to breathing. In one embodiment, upon determining that the
subject is engaged in rest or sleep, the sensitivity of the
accelerometer(s) can be reconfigured to detect significantly
smaller motions (“micro-motions™). Alternatively, apparatus
100 may comprise one or more accelerometers that are
dedicated to, and configured for, detecting micro-motions
while one or more other accelerometers are used to detect
large-scale motions.

[0055] To detect micro-motions, an accelerometer can be
configured to increase its sensitivity and sampling rate. The
sensitivity of an accelerometer is expressed in terms of
millivolts per G-force (mV/g). Where an accelerometer
configured for large-scale motions may use 7-12 g as the
denominator, an accelerometer configured for micro-motion
detection may use 0.001-5.0 g. In some embodiments, an
accelerometer for micro-motion detection may use 1-4 g.
[0056] Additionally, it may be advantageous to increase
the sampling rate of an accelerometer for measuring micro-
motions as compared to when measuring large-scale
motions. For example, where a frequency of 1-3 Hz may be
sufficient to sample large-scale motions, a frequency of 5
Hz-1 KHz may be desirable when detecting micro-motions.
In some embodiments, a frequency of 5-100 Hz may be
desirable. Again, regardless of the disparate sensitivity and/
or sampling frequency between accelerometer settings for
measuring large-scale and micro-motions, the same accel-
erometer(s) in apparatus 100 can either be reconfigured upon
detection of a rest or sleep state, or alterative accelerometer
(s) having a higher sensitivity can be activated during the
rest or sleep state. If an accelerometer that is calibrated for
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large-scale motions is used to measure micro-motions, the
amplitude of the output signal will not be great enough for
accurate analysis. Conversely, if an accelerometer calibrated
for micro-motions is used to measure large-scale motions,
the amplitude of the output signal will always be very large,
resulting in a saturated signal that provides little useful
information.

[0057] FIG. 4A depicts an example of the raw data col-
lected by a three-axis accelerometer calibrated to detect
micro-motion during a rest or sleep state. In this embodi-
ment, apparatus 100 comprising the accelerometer is located
in a wearable band worn at the wrist of the subject. Based
on the output signals, one can discern when large-scale
movements (such as the subject shifting his weight, rolling
over, or moving an arm) have taken place by the spikes in
the accelerometer output. When such spikes occur, they can
mask the micro-motions caused by respiration. However,
where the output signals are stable, one can magnify and
smooth the output signal to discern a respiratory signal.
Moreover, where a three-axis (or two-axis) accelerometer is
used, one axis may provide a more stable output signal than
another axis. This disparity in the outputs of two axis of
three-axis accelerometer is depicted in FIG. 4B.

[0058] At any given time during the rest or sleep state, the
output of each axis of the accelerometer can be assessed and
the clearest signal (relatively higher amplitudes, relatively
stable frequencies) can be selected for respiratory analysis.
A magnified view of a signal output from one of the
accelerometer axis is depicted in FIG. 4C.

[0059] FIG. 5 depicts what such a single-axis output looks
like after it has been magnified and smoothed using a
smoothing filter (several of which are known) and noise has
been removed (several methods of which are known). The
smoothing and/or noise filters can be implemented using
either hardware or software components. One can see where
a period of no large-scale motions was selected, then the
clearest axis output was selected, then the selected output
was magnified and smoothed resulting in a series of waves
of similar amplitude and frequency.

[0060] FIG. 6 depicts how the output of the accelerometer
(s) can be used not only to detect sleep but to identify sleep
stages (i.e., light sleep, deep sleep, and REM sleep). During
a sleep stage, breathing can become heavier or lighter
resulting in larger or smaller amplitude, respectively, output
signals from the accelerometer(s). Noise within an output
signal can also be used to determine sleep stage, particularly
when viewed in light of signal amplitude. Thus, amplitude,
noise, the signal-to-noise ratio (“SNR”), or the signal vari-
ance of the output signals can be indicative of sleep stage.
Generally, deep breathing (relatively large amplitude sig-
nals) can be associated with deep stage sleep. In other
embodiments, a relatively high SNR (e.g., 1:1) can be
indicative of deep stage sleep. In alternative embodiments,
relatively low signal variance can be used to determine deep
stage sleep. Relatively light or shallow breathing (relatively
small amplitude signals) can be associated with light stage
sleep. In other embodiments, a relatively low SNR (e.g.,
approximately 0) can be indicative of light stage sleep. In
alternative embodiments, relatively high signal variance can
be used to determine light stage sleep. Similar to light stage
sleep, REM stage sleep can be associated with shallow
breathing (relatively small amplitude signals). In particular,
relatively shallow breathing (small amplitude signals)
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against a background of high variance (variation in the
output waveform) can be associated with REM stage sleep.
[0061] FIG. 7 depicts the sleep stages of two subjects. The
output signal from an axis of the accelerometer(s) can be
used to determine when sleep commenced, as well as
instances of light stage, deep stage, and REM stage sleep.
Additionally, when the output signal becomes saturated, it
can be determined that the subject was either restless or
awake.

[0062] With the data collected from the accelerometer(s)
described above, a number of insights can be gained into a
subject’s sleeping habits. For example, the total duration of
physiological sleep can be determined, a ratio of deep to
light sleep (or REM to other sleep) can be determined, the
number of instances the subject awoke during a sleep state
can be determined, or the time of the first REM-stage sleep
can be determined (which may have implications in a
sports/recovery application).

[0063] Other components of apparatus 100 can also be
configured to aid in a subject’s sleep, falling asleep, or
waking up. For example, studies have shown that particular
respiratory rates (e.g., 6 breaths per minute) can activate a
subject’s parasympathetic branch of ANS and make it easier
for a subject to fall asleep. Apparatus 100 can use respiratory
data in conjunction with tactile feedback (e.g., vibrations),
audible sounds, or visual indicators (e.g., flashing lights) to
pace the subject’s breathing. In other words, apparatus 100
may vibrate, beep. or light up when the subject should inhale
and/or exhale. In further embodiments, the intensity or the
vibration, volume of the beep, or intensity of the light could
be used to inform the subject as to the depth of the breaths
they should be, or are, taking. By specifying the respiratory
rate and depth of the subject’s breathing, apparatus 100 can
guide the subject to sleep.

[0064] Apparatus 100 can also be used to gently wake a
subject. Waking from a deep sleep can be disruptive and
disorienting to a subject. Because apparatus can recognize
when the subject is in a light stage sleep, it can wake the
subject at an advantageous time.

[0065] In one embodiment, a subject may input a window
of time during which he would like to be woken (e.g., 6:00
am-7:00 am). When the subject is awake or is in a light stage
sleep during this timeframe, apparatus 100 can initiate a
wake-up routine. Using the communication module of appa-
ratus 100 in a “smart home” environment, apparatus can
transmit a signal to turn a light or gradually increase the
brightness of lights proximate the subject. Should the end of
the timeframe be reached, and the subject has neither
awoken nor entered light stage sleep, apparatus 100 can
initiate the wake-up routine to wake the subject.

[0066] While in this example, a smart home light source is
used to wake the subject, it should be recognized that any
other suitable device can be used. For example, apparatus
100 can begin to vibrate, beep, or light up. Alternatively or
additionally, apparatus 100 can communicate with other
smart home devices, such as blinds, A/V equipment, appli-
ances, eic.

[0067] Apparatus 100 can also be configured to detect
sleep events, such as sleep apnea or respiratory arrest. FIG.
8 provides examples of respiratory signals indicative of
sleep apnea events. In the top graph, a brief episode of
extremely deep breathing is depicted. This can result when
the subject has been breathing shallowly for an extended
period of time and needs more oxygen. The bottom graph of
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FIG. 8 depicts another type of sleep apnea. In this situation,
regular breathing tapers off and becomes very shallow until
the subject needs oxvgen and starts breathing normally
again.

[0068] Neither of these patterns, in isolation, is indicative
of sleep apnea or any other disorder. However, if numerous
instances of such patterns are exhibited during a sleep state,
it can be diagnosed as sleep apnea. For example, one or two
instances where the accelerometer(s) of apparatus 100 out-
put signals similar to those shown in FIG. 8 over the course
of several hours would not necessarily lead to a sleep apnea
diagnosis. But if the same signal patterns are experienced a
number of times in a given time period (e.g. 10 times in 6
hours) over some threshold, or if one of the signal patterns
is seen once every time period (e.g., once an hour, once
every half-hour) over some percentage of the overall sleep
state (e.g., 5% or 10%), then a sleep apnea diagnosis can be
made.

[0069] Similarly, apparatus 100 can monitor for instances
of respiratory arrest (i.e., the cessation of breathing). This
can be a sign of a significant problem or emergency. In one
embodiment, the accelerometer(s) of apparatus 100 can
determined that no respiration signals (i.e., micro-motions)
are detected at the subject. This may cause the optical sensor
to activate and check for respiration or a heartbeat. If a
heartbeat is found or the optical detector determines that
apparatus 100 is not being worn by the subject, then no
further action may be taken or respiratory monitoring using
the accelerometer(s) may continue. On the other hand, if no
respiration or heartbeat is determined by the optical sensor,
then the communication module of apparatus 100 can trans-
mit an emergency signal or initiate an emergency commu-
nication. For example, apparatus 100 can instruct a BLU-
ETOOTH-paired smartphone to call 911. Or apparatus 100
can transmit a signal to a device belonging to a caregiver or
medical professional. In some embodiments, the period of
non-responsiveness (i.e., no respiration or no heartbeat)
must last some minimum duration of time (e.g., one minute)
before any emergency or alert communications are initiated.
[0070] Apparatus 100 can also be used to aid a subject in
taking a nap (i.e., a sleep state of relatively short duration,
e.g., 30 minutes, 1 hour). If one enters deep stage sleep
during a nap, he or she may feel very drowsy or groggy
when they wake up and may be unable to perform at an
optimal level for some amount of time. In one embodiment,
the subject can initiate a napping state at apparatus 100.
Apparatus 100 can monitor the respiratory rate of the subject
during the nap and wake the subject (as described above
with respect to other embodiments) when apparatus 100
determines the onset of deep stage sleep (as described above
with respect to other embodiments). In this manner, the
subject will be in an alert state upon waking and will not feel
the drowsiness associated with being woken out of deep
stage sleep.

[0071] While illustrative embodiments have been illus-
trated and described, it will be appreciated that various
changes can be made therein without departing from the
spirit and scope of the disclosure. Moreover, the various
features of the embodiments described herein are not mutu-
ally exclusive. Rather any feature of any embodiment
described herein may be incorporated into any other suitable
embodiment.

[0072] Additional features may also be incorporated into
the described systems, devices, and methods to improve
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their functionality. For example, those skilled in the art will
recognize that the disclosure can be practiced with a variety
of activity monitoring devices, including but not limited to
activity, wellness, heart rate, blood pressure, exertion, and
perspiration monitors, and that various components, sensors,
and modules may be employed within such monitoring
devices. The devices may or may not comprise one or more
features to ensure they are water resistant or waterproof.
Some embodiments of the devices may be hermetically
sealed or even surgically implanted in the user’s body.
Alternatively, some embodiments of the devices may be
embedded or integrated with clothing items such as shirts,
shorts, pants, jackets, or shoes, to name only a few
examples.

[0073] Other embodiments of the aforementioned sys-
tems, devices, and methods will be apparent to those skilled
in the art from consideration of the specification and practice
of this disclosure. It is intended that the specification and the
aforementioned examples and embodiments be considered
as illustrative only.

What is claimed is:

1. A method for determining sleep characteristics based
on movement data, comprising:

providing a device comprising a processor and an accel-

erometer configured to detect small motions of a user
when the device is being worn by the user;

storing the output signal from the accelerometer during

sleep;

applying a filter to a portion of the output signal;

determining, based at least in part on the filtered portion

of the output signal, whether the user was sleeping
during a time corresponding to the filtered portion of
the output signal; and

if the user was sleeping, determining a sleep characteristic

for at least a portion of the time corresponding to the
filtered portion of the output signal.

2. The method of claim 1, wherein determining a sleep
characteristic comprises determining whether the user was
experience deep slight, light sleep, or random-eye-move-
ment (“REM”) sleep.

3. The method of claim 1, wherein determining a sleep
characteristic comprises comparing a portion of the filtered
output signal to a stored pattern.

4. The method of claim 3, wherein the stored pattern is at
least partially based on data collected from the user.

5. The method of claim 1, wherein determining a sleep
characteristic comprises determining that the user experi-
enced a pattern of obstructive apnea.

6. The method of claim 1, wherein determining a sleep
characteristic comprises determining that the user experi-
ence a pattern of central apnea.

7. The method of claim 1, wherein the accelerometer is
configured to detect small motions of a user based on setting
the sensitivity of the accelerometer between 0.1-5.0 milli-
volts per G-force.

8. The method of claim 1, wherein the accelerometer is
configured to detect small motions of a user based on setting
the sensitivity of the accelerometer between 1-4 millivolts
per G-force.

9. The method of claim 1, wherein the accelerometer is
configured to detect small motions of a user based on setting
a sampling rate of the accelerometer between 5-1000 Hz.
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10. The method of claim 1, wherein the accelerometer is
configured to detect small motions of a user based on setting
a sampling rate of the accelerometer between 5-100 Hz.
11. A device for determining sleep characteristics based
on movement data, comprising an accelerometer configured
to detect small motions of a user when the device is being
worn by the user;
a memory store including non-transitory, computer-read-
able medium containing instructions for determining
sleep characteristics;
a processor configured to execute the instructions to
perform stages comprising:
storing the output signal from the accelerometer during
sleep;

applying a filter to a portion of the output signal;

determining, based at least in part on the filtered portion
of the output signal, whether the user was sleeping
during a time corresponding to the filtered portion of
the output signal; and

if the user was sleeping, determining a sleep charac-
teristic for at least a portion of the time correspond-
ing to the filtered portion of the output signal.

12. The device of claim 11, wherein determining a sleep
characteristic comprises determining whether the user was
experience deep slight, light sleep, or random-eye-move-
ment (“REM”) sleep.

13. The device of claim 11, wherein determining a sleep
characteristic comprises comparing a portion of the filtered
output signal to a stored pattern.

14. The device of claim 13, wherein the stored pattern is
at least partially based on data collected from the user.

15. The device of claim 11, wherein determining a sleep
characteristic comprises determining that the user experi-
enced a pattern of obstructive apnea.
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16. The device of claim 11, wherein determining a sleep
characteristic comprises determining that the user experi-
ence a pattern of central apnea.

17. The device of claim 11, wherein the accelerometer is
configured to detect small motions of a user based on setting
the sensitivity of the accelerometer between 0.1-5.0 milli-
volts per G-force.

18. The device of claim 11, wherein the accelerometer is
configured to detect small motions of a user based on setting
the sensitivity of the accelerometer between 1-4 millivolts
per G-force.

19. The device of claim 11, wherein the accelerometer is
configured to detect small motions of a user based on setting
a sampling rate of the accelerometer between 5-1000 Hz.

20. A non-transitory, computer-readable medium contain-
ing instructions that, when executed by a processor of a
computing device, cause the processor to perform stages for
determining sleep characteristics based on movement data,
the stages comprising:

receiving data from an accelerometer configured to detect

small motions of a user when the device is being worn
by the user;

storing the output signal from the accelerometer during

sleep;

applying a filter to a portion of the output signal;

determining, based at least in part on the filtered portion

of the output signal, whether the user was sleeping
during a time corresponding to the filtered portion of
the output signal; and

if the user was sleeping, determining a sleep characteristic

for at least a portion of the time corresponding to the
filtered portion of the output signal.
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