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(7) ABSTRACT

A method is provided for analyzing respiration of a subject
(20). Using a non-contact microphone (22), a raw signal
indicative of air-flow sounds of the respiration is generated.
The raw signal is analyzed to determine a first set of one or
more parameters of the respiration. An algorithm is applied to
the first set of one or more parameters of the respiration. An
algorithm is applied to the first set of parameters to derive a
second set of one or more estimated parameters of the respi-
ration that are not generally directly measurable in the raw
signal. Other embodiments are also described.
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APPARATUS AND METHOD FOR
BREATHING PATTERN DETERMINATION
USING A NON-CONTACT MICROPHONE

FIELD OF THE INVENTION

[0001] The present invention relates generally to medical
devices, and specifically to devices that monitor and/or
modify biorhythmic activity of a user.

BACKGROUND OF THE INVENTION

[0002] Physical exercise often involves modifying a multi-
phase biorhythmic activity, such as breathing. Breathing pat-
terns display irregularities in a number of cardiovascular dis-
eases, including congestive heart failure (CHF), and
pulmonary diseases, including chronic obstructive pulmo-
nary disease (COPD). These irregularities are known markers
for disease-related mortality and morbidity. Typical irregu-
larities include Cheyne-Stokes breathing (recurrent episodes
of central apnea alternating with hyperpnea), amplitude-
modulated breathing (periodic breathing) at a rate of about
one modulation per minute, repeated sighs, and breathing at
random amplitudes and periods. A reduction in breathing
pattern irregularity indicates an improvement in health. The
impairment of cardiovascular reflexes, which control blood
pressure and volume in an attempt to minimize fluctuations in
blood supply to organs, is also clinically significant in cardio-
vascular and psychosomatic diseases.

[0003] U.S. Pat. Nos. 5,076,281, 5,800,337, and 6,090,037
to Gavish, which are incorporated herein by reference,
describe methods and devices for modifying biorhythmic
activity by measuring one or more variables of a user. The
patents describe the generation of a stimulus, which is pro-
vided to the user, so as to change the biorhythmic activity of
a user in a way that relates in a predetermined way to the
monitored biorhythmic activity. The 037 additionally
describes a respiration sensor.

[0004] U.S. Pat. No. 5,423,328 to Gavish, which is incor-
porated herein by reference, describes a stress-detecting
device for monitoring respiration, and, in particular, a method
for detecting and monitoring circumferential changes in the
chest or abdomen of a user resulting from breathing,

[0005] U.S. Pat. No. 6,662,032 to Gavish et al., which is
incorporated herein by reference, describes techniques for
facilitating improving health ofauser, including a first sensor,
adapted to measure a first physiological variable, which is
indicative of a voluntary action of the user; a second sensor,
adapted to measure a second physiological variable, which is
not entirely under the direct voluntary control of the user; and
circuitry, adapted to receive respective first and second sensor
signals from the first and second sensors, and responsive
thereto, to generate an output signal which directs the user to
modify a parameter of the voluntary action.

[0006] US Patent Application Publication 2004/0116784 to
Gavish, which is incorporated herein by reference, describes
apparatus including a sensor, adapted to generate a sensor
signal indicative of biorhythmic activity of a user of the
apparatus, the sensor signal having a first characteristic,
indicative of a voluntary action of the user, and a second
characteristic, indicative of a benefit-related variable of the
user.

[0007] PCT Publication WO 04/014226 to Gavish, which is
incorporated herein by reference, describes apparatus includ-
ing a memory for storing a set of computer instructions, the
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memory adapted to have stored therein an initial form of a
multi-phase biorhythmic activity pattern and an indication of
a desired form of the multi-phase biorhythmic activity pat-
tern, wherein a ratio of durations of two phases in the desired
form is different from a ratio of durations of the respective
phases in the initial form, and wherein at least one phase of the
multi-phase biorhythmic activity pattern corresponds to a
respective phase of a multi-phase biorhythmic activity of the
subject.

[0008] Intercure, Inc. (Fort Lee, N.J., USA and Lod, Israel)
markets RESPeRATE™, a device that utilizes some of the
techniques described in the above-referenced patents and
patent application publications. This device for modifying
biorhythmic activity includes an input for the respiration sig-
nal, a central processing unit, memory, a sound synthesizing
chip, and output to earphones.

[0009] U.S. Pat. No. 5,734,090 to Koppel et al., which is
incorporated herein by reference, describes a method and
apparatus for verifying an expiratory breath flow (e.g., for
determining a degree of alcohol in the breath), utilizing the
sonic characteristics of a standardized breath as a reference.
[0010] U.S. Pat. No. 6,726,636 to Der Ghazarian et al.,
which is incorporated herein by reference, describes a voice
recognition breathalyzer comprising a microphone for trans-
ducing spoken expression into electronic signals and a
breathalyzer sensor for transducing a given breath content
into electronic signals.

[0011] U.S. Pat. No. 5,509,414 to Hok, which is incorpo-
rated herein by reference, describes techniques for detecting
air flow at the mouth and nose of a subject, including a
transducer for converting electrical signals into ultrasound
waves and vice versa, means for directing the ultrasound
waves toward the mouth and nose of the subject and receiving
return waves, and a detector to analyze electrical signals
converted by the transducer from the return ultrasound waves.
[0012] U.S. Pat. No. 5,195,528 to Hok, which is incorpo-
rated herein by reference, describes an acoustic respiration
detector including at least two tubular air transmission lines
having ends which are connected to microphone elements.
Close to the other ends of the lines are openings at which
turbulence, and hence acoustic signals, are created by the
incidence of airflow caused by respiration. A holding element
secures the openings relative to the mouth or nose of a patient
whose respiratory function is to be monitored, and a flow-
directing element, for example formed like a face mask,
directs the airflow to the openings. The microphone elements
are connected in a bridge circuit with two voltage supplying
leads and at least one signal lead. This arrangement is
described as suppressing sensitivity to mechanical and acous-
tic disturbances.

[0013] U.S.Pat.No. 5,797,852 to Karakasoglu et al., which
is incorporated herein by reference, describes sleep apnea
screening and/or detection apparatus for use by a patient
breathing through the nose and/or mouth and producing an air
flow into and out of the lungs of the patient and creating
audible sounds.

[0014] U.S. Pat. No. 6,150,941 to Geiger et al., which is
incorporated herein by reference, describes a stand-off, non-
invasive acoustic detector for monitoring physical activity
and/or breathing activity of children and infants.

[0015] U.S. Pat. No. 6,261,238 to Gavriely, which is incor-
porated herein by reference, describes a method for analyzing
breath sounds produced by a respiratory system, the method
comprising: measuring breath sounds produced by the respi-
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ratory system; tentatively identifying a signal as being caused
by a breath sound of a given type if it meets a first criteria
characteristic of the breath sound of the given type; and con-
firming said identification if a tentatively identified signal
meets a second criteria characteristic of the breath sound of
the given type.

[0016] The following patents, all of which are incorporated
herein by reference, may be of interest:

[0017] U.S. Pat. No. 4,195,626 to Schweizer
[0018] U.S. Pat. No. 5,678,571 to Brown

[0019] U.S. Pat. No. 5,596,994 to Bro

[0020] U.S. Pat. No. 4,883,067 to Knispel et al.
[0021] U.S. Pat. No. 4,798,538 to Yagi

[0022] U.S. Pat. No. 5,827,179 to Lichter et al.
[0023] U.S. Pat. No. 6,001,065 to DeVito

[0024] U.S. Pat. No. 5,921,890 to Miley

[0025] U.S. Pat. No. 5,027,686 to Ishikawa
[0026] U.S. Pat. No. 6,212,135 to Schreiber
[0027] U.S. Pat. No. 4,711,585 to Fresquez et al.
[0028] The following articles, all of which are incorporated

herein by reference, may be of interest:

[0029] Cooke et al., “Controlled breathing protocols probe
human autonomic cardiovascular rhythms,” American
Journal of Physiology 274:H709-H718 (1998)

[0030] Pitzalis et al., “Effect of respiratory rate on the rela-
tionship between RR interval and systolic blood pressure
fluctuations: a frequency-dependent phenomenon,” Car-
diovascular Research 38:332-339 (1998)

[0031] Bernardi et al., “Effect of breathing rate on oxygen
saturation and exercise performance in chronic heart fail-
ure,” The Lancet 351:1308-1311 (1998)

[0032] Mortara et al., “Abnormal awake respiratory pat-

terns are common in chronic heart failure and may prevent

evaluation of autonomic tone by measures of heart rate vari-

ability,” Circulation 96:246-252 (1997)

[0033] La Rovere et al., “Baroreflex sensitivity and heart-

rate variability in prediction of total cardiac mortality after

myocardial infarction,” The Lancet 351:478-484 (1998)

SUMMARY OF THE INVENTION

[0034] In some embodiments of the present invention, a
method is provided for determining a set of parameters of a
breathing pattern of a user using a standard non-contact
microphone. The method comprises using the microphone to
measurea first subset of one or more parameters of respiration
by the user, and applying an algorithm to the first subset of
parameters in order to derive a second subset of one or more
estimated parameters of the respiration that are not generally
directly measurable using the microphone. The second subset
of parameters is typically not directly measurable using the
microphone because sounds associated with the second sub-
set, if any, cannot be detected by the microphone and/or
distinguished from background noise. For some applications,
the algorithm is applied by setting the second subset of esti-
mated parameters equal to a phenomenological function of
the first set of parameters.

[0035] Typically, the first subset of parameters includes
active expiration time (i.e., duration of active expiration) and
breathing period (i.e., time between successive breaths), and
the second subset of parameters includes inspiration time.
Active expiration time is typically measured by detecting
low-frequency sounds generated by expiratory airflow. The
method enables the determination of inspiration time, which
generally cannot be directly measured using a standard non-
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contact microphone, at least in part because inspiratory air-
flow is too quiet to be detected under normal background
noise conditions.

[0036] In some embodiments of the present invention, a
method is provided for improving biorhythmic signal detec-
tion in the presence of potentially variable background signal
noise. The method comprises calibrating one or more signal
detection parameters by guiding a user through a plurality of
biorhythmic activity phases, and measuring the biorhythmic
signal during the plurality of phases. The signal detection
parameters typically include a signal-to-noise ratio and/or
filtering characteristics. The signal detection parameters are
used for filtering background noise from detected biorhyth-
mic signals.

[0037] In some embodiments, the biorhythmic activity
includes respiration, which is detected using a standard non-
contact microphone. The user is guided to inhale for a certain
period oftime, exhale for a certain period of time, and, option-
ally, to hold his breath for a certain period of time. The signal
detection parameters are typically calibrated by (a) determin-
ing signal characteristics of the background noise plus the
sounds of inhalation, and the background noise plus the
sounds of exhalation, and (b) using these signal characteris-
tics to determine net background noise, and/or signal charac-
teristics of the sounds of exhalation. Such signal characteris-
tics of the sounds of exhalation are typically used to
determine one or more of the signal detection parameters. For
some applications, this method is used in conjunction with
techniques for breathing pattern modification, such as those
described in the above-mentioned patents and patent applica-
tion publications to Gavish and Gavish et al.

[0038] These techniques for improving respiration signal
detection enable the determination of specific signal detec-
tion parameters for each user under specific conditions of use.
Such parameters typically vary from user to user based on the
user’s individual breathing habits (such as whether the user
inspires and expires from the nose or from the mouth, and
whether the user closes his lips during inspiration and expi-
ration). These techniques enable dynamic determination of
signal detection parameters during daily life in noisy envi-
ronments.

[0039] Forsome applications, an algorithm is implemented
for evaluating one or more parameters of a non-expiratory
portion of the signal substantially continuously. For example,
suich parameters may include aduration or an amplitude of the
non-expiratory portion. In an embodiment, these parameters
are determined responsively to a physiological constraint to
which most people typically adhere. One such constraint
reflects the body’s natural tendency to keep ventilation gen-
erally constant while minimizing energy expended. A practi-
cal example of this constraint is that following a relatively
deep breath (which transiently increases ventilation), a sub-
sequent breath is typically delayed.

[0040] In some embodiments of the present invention, the
techniques described herein are implemented using the stan-
dard non-contact microphone of a conventional consumer
electronics device, such as a telephone, cellular telephone,
personal digital assistant (PDA), or portable digital audio
player, which a user may have already purchased for other
purposes. For a cellular telephone, for example, the user may
speak directly into the microphone incorporated into the body
of the phone, or, alternatively, the user may speak into an
external microphone which plugs into the body of the phone.
In general, a microphone may be used which is incorporated
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into the body of the consumer electronics device, or which is
attached to the body of the consumer electronics device (e.g.,
by wire or wirelessly). Typically, the techniques described
herein are implemented in software that is installed in such a
device, and/or in a central location that is accessed by the
device over a conventional wireless or wired network.

[0041] In some embodiments of the present invention, the
techniques described herein are implemented using a non-
contact microphone that is integrated into a medical device in
fluid communication (e.g., via air or another gas) with respi-
ration-related airflow of the subject. For example, the medical
device may comprise a breathing mask or a tube, such as a
tracheotomy tube.

[0042] For some applications, the breathing mask or tube
are components of a ventilator that applies positive pressure
to the lungs of the subject. The techniques described herein
are used to detect proper performance of the ventilator, typi-
cally by detecting active expiration by the subject. Active
expiration is typically measured by detecting low-frequency
sounds indicative of expiratory airflow, rather than by detect-
ing sounds of breathing. (In such subject, sounds of breathing
often do not correlate with expiration, because the sounds of
breathing are often affected by various constrictions in the
subject’s airways. However, low-frequency sounds indicative
of expiratory airflow are not generally affected by such con-
strictions.) For some applications, the techniques described
herein are used for non-contact monitoring of breathing dur-
ing weaning from ventilation.

[0043] Inanembodiment of the present invention, the tech-
niques described herein are used for non-contact monitoring
of breathing during use of a drug inhaler by the subject. For
some applications, such non-contact monitoring of breathing
is combined with techniques for modifying breathing activity
of the subject, such as those described in the above-men-
tioned patent and patent application publications to Gavish
and Gavish et al.

[0044] Inanembodiment of the present invention, the tech-
niques described herein and/or in the above-mentioned patent
and patent application publications to Gavish and Gavish et
al. areused to treat a subject suffering from insomnia. Insom-
nia is sometimes caused by disordered breathing, such as fast
and shallow breathing. For some applications, insomnia is
treated using techniques described herein for detecting and
monitoring breathing, in combination with techniques for
modifying respiration-related biorhythmic activity of the
subject described in the above-mentioned patent and patent
application publications to Gavish and Gavish et al.

[0045] In an embodiment of the present invention, the
breathing monitoring techniques described herein are used
for detecting sleep-disordered breathing, such as sleep-disor-
dered breathing associated with sleep apnea or sudden infant
death syndrome (SIDS). Typically, breath-by-breath airflow
during exhalation is monitored. For some applications, such
non-contact monitoring of breathing is combined with tech-
niques for modifying breathing activity of the subject, such as
those described in the above-mentioned patent and patent
application publications to Gavish and Gavish et al.

[0046] There is therefore provided, in accordance with an
embodiment of the present invention, a method for analyzing
respiration of a subject, the method including:

[0047] using a non-contact microphone, detecting airflow
sounds of the respiration, and converting the sounds into a
signal,
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[0048] analyzing the signal to determine a first set of one or
more parameters of the respiration; and

[0049] applying an algorithm to the first set of parameters
to derive a second set of one or more estimated parameters of
the respiration that are not generally directly measurable in
the signal.

[0050] In an embodiment:

[0051] the first set of parameters includes an active expira-
tion time and a breathing period of the respiration,

[0052] the second set of parameters includes an inspiration
time of the respiration,

[0053] analyzing the signal includes analyzing the signal to
determine the active expiration time and the breathing period,
and

[0054] applying the algorithm includes applying the algo-
rithm to derive the inspiration time.

[0055] There is further provided, in accordance with an
embodiment of the present invention, a method for analyzing
respiration of a subject, the method including:

[0056] detecting airflow sounds of the respiration, and con-
verting the sounds into a signal;

[0057] guiding the user through a plurality of respiration
phases;
[0058] analyzing the signal during the guided respiration

phases, and defining one or more parameters of a filter
responsively to the analysis; and

[0059] filtering background noise from the signal using the
filter having the defined parameters.

[0060] In an embodiment, guiding the user includes guid-
ing the user through inspiratory and expiratory respiration
phases.

[0061] There is also provided, in accordance with an
embodiment of the present invention, a method for modifying
naturally-occurring multi-phase biorhythmic activity of a
subject, the method including:

[0062] detecting a signal indicative of the multi-phase bio-
rhythmic activity;

[0063] analyzing the signal to determine one or more
parameters of a filter;

[0064] filtering background noise from the signal using the
filter having the parameters;

[0065] at least in part responsively to the filtered signal,
determining a stimulus input which is operative to change at
least one aspect of the biorhythmic activity of the subject; and
[0066] providing the stimulus input to the subject.

[0067] For some applications, filtering the background
noise includes frequency filtering the signal. Alternatively or
additionally, filtering the background noise includes perform-
ing non-frequency spectral analysis on the signal in order to
classify the signal according to one or more variables.
[0068] In an embodiment, the background noise is indica-
tive of secondary biorhythmic activity different from the
multi-phase biorhythmic activity, and filtering the back-
ground noise from the signal includes filtering the secondary
biorhythmic activity-related background noise from the sig-
nal.

[0069] In an embodiment, the multi-phase biorhythmic
activity includes respiration of the subject, and detecting the
signal includes detecting the signal indicative of the respira-
tion. For some applications, the background noise includes a
heartbeat-related component of the signal, and filtering the
background noise from the signal includes filtering the heart-
beat-related component from the signal.
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[0070] In an embodiment, filtering the background noise
includes performing spectral analysis onthe signal to produce
a frequency spectrum. For some applications, performing the
spectral analysis includes frequency filtering the frequency
spectrum.

[0071] For some applications, filtering the background
noise includes removing non-frequency-related noise from
the signal. For some applications, the non-frequency-related
noise includes a heartbeat-related component of the signal,
and removing the non-frequency-related noise includes
removing the heartbeat-related component of the signal from
the signal.

[0072] There is further provided, in accordance with an
embodiment of the present invention, a method for analyzing
respiration of a subject, the method including:

[0073] using a non-contact microphone, generating a raw
signal indicative of airflow sounds of the respiration;

[0074] analyzing the raw signal to determine a first set of
one or more parameters of the respiration; and

[0075] applying an algorithm to the first set of parameters
to derive a second set of one or more estimated parameters of
the respiration that are not generally directly measurable in
the raw signal.

[0076] In anembodiment, applying the algorithm includes
setting the second set of one or more estimated parameters
equal to a phenomenological function of the first set of one or
more parameters.

[0077] In an embodiment, the first set of parameters
includes a measure of breathing amplitude of the respiration,
and analyzing the raw signal includes integrating the airflow
sounds for a breath of the respiration to determine the mea-
sure of breathing amplitude. For some applications, the first
set of parameters includes a measure of breathing amplitude
of the respiration, the second set of parameters is selected
from the list consisting of: a measure of ventilation of the
subject, and ameasure of breathing irregularity of the subject,
and applying the algorithm includes applying the algorithm to
the measure of breathing amplitude to derive the selected
second set of parameters.

[0078] For some applications, the method includes analyz-
ing at least one of the first and second sets of parameters to
derive at least one additional breathing-related parameter of
the subject selected from the list consisting of: breathing
amplitude, a geometrical property of airflow of the subject, a
characteristic of the airflow indicative of pursed lips breath-
ing, a characteristic of the breathing indicative of relaxed
breathing, a characteristic of the breathing indicative of pas-
sive elastic recoil of lungs of the subject, a characteristic of
breathing with effort, and a characteristic of breathing during
which the lungs of the subject undergo a functional change.

[0079] Inanembodiment, the method includes guiding the
subject to perform breathing in a plurality of respiration
phases determined at least in part responsively to the second
set of parameters. For some applications, guiding the subject
to perform the breathing includes treating insomnia of the
subject by guiding the subject to perform the breathing in the
plurality of respiration phases.

[0080] In an embodiment, the non-contact microphone
includes a non-contact microphone of'a consumer electronics
device capable of performing at least one function that does
not facilitate analyzing respiration of the subject, and gener-
ating the raw signal includes using the non-contact micro-
phone. In an alternative embodiment, the non-contact micro-
phone is integrated into a medical device n fluid
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communication with respiration-related airflow of the sub-
ject, and generating the raw signal includes using the inte-
grated non-contact microphone. For example, the medical
device may include a drug inhaler, and generating the raw
signal includes using the non-contact microphone integrated
into the drug inhaler.

[0081] In an embodiment, analyzing the raw signal
includes deriving an expiratory airflow sound signal from the
raw signal, and analyzing the expiratory airflow sound signal
to determine the first set of parameters. For some applica-
tions, the method includes generating a real-time indication
for the subject that indicates whether expiration has been
detected.

[0082] In an embodiment, the first set of parameters
includes an active expiration time and a breathing period of
the subject, and analyzing the expiratory airflow sound signal
includes analyzing the expiratory airflow sound signal to
determine the active expiration time and the breathing period.
For some applications, the second set of parameters includes
an amplitude of a non-expiratory portion of the respiration,
and applying the algorithm includes applying the algorithm to
derive the amplitude of the non-expiratory portion of the
respiration.

[0083] In an embodiment, the second set of parameters
includes an inspiration time of the subject, and applying the
algorithm includes applying the algorithm to derive the inspi-
ration time.

[0084] Inanembodiment, applying the algorithm to derive
the inspiration time includes determining whether a differ-
ence between the breathing period and the active expiration
time is greater than or equal to a first function of the active
expiration time, responsively to a positive determination, set-
ting the inspiration time equal to a second function of the
difference, and responsively to a negative determination, set-
ting the inspiration time equal to a third function of the active
expiration time.

[0085] For some applications, determining includes deter-
mining whether the difference between the breathing period
and the active expiration time is greater than or equal to the
active expiration time.

[0086] For some applications, setting responsively to the
positive determination includes setting the inspiration time
equal to a value within plus or minus 20% of the difference,
such as within plus or minus 10% of'the difference. For some
applications, the second function includes a function of the
difference and a phenomenological constant, and setting
responsively to the positive determination includes setting the
inspiration time equal to the second function of the difference
and the phenomenological constant. For some applications,
setting responsively to the positive determination includes
determining the phenomenological constant at least in part
responsively to at least one parameter of the first set of one or
more parameters.

[0087] For some applications, setting responsively to the
negative determination includes setting the inspiration time
equal to a value within plus or minus 20% of the active
expiration time, such as within plus or minus 10% of the
active expiration time. For some applications, the third func-
tion includes a function of the active expiration time and a
phenomenological constant, and setting responsively to the
negative determination includes setting the inspiration time
equal to the third function of the active inspiration time and
the phenomenological constant. For some applications, set-
ting responsively to the negative determination includes
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determining the phenomenological constant at least in part
responsively to at least one parameter of the first set of one or
more parameters.

[0088] For some applications, applying the algorithm to
derive the inspiration time includes setting the inspiration
time equal to a function of a difference between the breathing
period and the active expiration time. For some applications,
setting the inspiration time includes setting the inspiration
time equal to a value within plus or minus 20% of the differ-
ence, such as within plus or minus 10% of the difference. For
some applications, the function includes a function of the
difference and a phenomenological constant, and setting the
inspiration time includes setting the inspiration time equal to
the function of the difference and the phenomenological con-
stant. For some applications, setting the inspiration time
includes determining the phenomenological constant at least
in part responsively to at least one parameter of the first set of
one or more parameters.

[0089] For some applications, applying the algorithm to
derive the inspiration time includes setting the inspiration
time equal to a function of the active expiration time. For
some applications, setting the inspiration time includes set-
ting the inspiration time equal to a value within plus or minus
20% of the active expiration time, such as plus or minus 10%
of the active expiration time. For some applications, the func-
tion includes a function of the active expiration time and a
phenomenological constant, and setting the inspiration time
includes setting the inspiration time equal to the function of
the active expiration time and the phenomenological con-
stant. For some applications, setting the inspiration time
includes determining the phenomenological constant at least
in part responsively to at least one parameter of the first set of
one or more parameters.

[0090] For some applications, the method includes analyz-
ing the derived inspiration time to determine an amplitude of
breathing during the inspiration time.

[0091] In an embodiment, deriving the expiratory airflow
signal includes:

[0092] digitizing the raw signal to generate a digital signal;
[0093] performing spectral analysis on the digital signal to

produce a frequency spectrum; and

[0094] filtering the frequency spectrum to eliminate fre-
quencies outside of a range of frequencies associated with
expiratory airflow sounds.

[0095] For some applications, filtering the frequency spec-
trum includes setting the range to be between a first frequency
and a second frequency, the first frequency between 30 and 50
Hz, and the second frequency between 100 and 200 Hz.

[0096] For some applications, filtering the frequency spec-
trum includes:
[0097] guiding the subject to perform breathing in a plural-

ity of alternating inspiratory and expiratory respiration
phases;

[0098] using the non-contact microphone, generating a raw
calibration signal indicative of airflow sounds of the respira-
tion during the respiration phases;

[0099] digitizing the raw calibration signal to generate a
digital calibration signal, and performing spectral analysis on
the digital calibration signal to produce an inspiration fre-
quency spectrum and an expiration frequency spectrum;
[0100] subtracting the inspiration spectrum from the expi-
ration spectrum to obtain a net frequency spectrum;

[0101] determining a first frequency and a second fre-
quency by analyzing the net frequency spectrum; and
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[0102] setting the range to be between the first and second
frequencies.
[0103] Forsome applications, determining the firstand sec-

ond frequencies includes:

[0104] setting the first frequency such that an area under a
first portion of the net spectrum having a frequency less than
the first frequency is less than a first percentage of a total area
under the net spectrum; and

[0105] setting the second frequency such that an area under
a second portion of the net spectrum having a frequency
greater than the second frequency is less than a second per-
centage of the total area under the net spectrum.

[0106] In an embodiment, deriving the expiratory airflow
sound signal from the raw signal includes filtering the raw
signal to eliminate frequencies outside of a range of frequen-
cies associated with expiratory airflow sounds. For some
applications, filtering the raw signal includes setting the range
to be between a first frequency and a second frequency, the
first frequency between 30 and 50 Hz, and the second fre-
quency between 100 and 200 Hz.

[0107] In an embodiment, analyzing the raw signal
includes setting a detection threshold, and deriving the expi-
ratory airflow sound signal includes interpreting portions of
the raw signal having a signal strength greater than the detec-
tion threshold as the expiratory airflow sound signal. For
some applications, setting the detection threshold includes
setting the detection threshold at a level sufficient to reduce
erratic peaks in the raw signal that are not associated with
functional breathing. For some applications, setting the
detection threshold includes:

[0108] digitizing the raw signal to generate a digital signal
having flow values at respective points in time, and buffering
the flow values of the digital signal over a period of time;
[0109] transforming the buffered flow values into a histo-
gram having a plurality of bins;

[0110] designating one ofthe bins having a greatest number
of points as a maximum bin;

[0111] selecting two of the bins on opposite sides of the
maximum bin;
[0112] setting a width of a noise band equal to a flow

interval between the two bins; and

[0113] setting the detection threshold responsively to a flow
value of the maximum bin and the width of the noise band.
[0114] For some applications, setting the detection thresh-
old includes setting the detection threshold equal to the flow
value of the maximum bin plus a product of a constant and the
width of the noise band.

[0115] In an embodiment, the method includes detecting
sleep-disordered breathing by analyzing at least one param-
eter selected from: the first set of parameters, and the second
set of estimated parameters. For some applications, the sleep-
disordered breathing includes breathing associated with
apnea, and detecting the sleep-disordered breathing includes
detecting the apnea. For other applications, the sleep-disor-
dered breathing includes breathing associated with sudden
infant death syndrome (SIDS), and detecting the sleep-disor-
dered breathing includes detecting the SIDS.

[0116] Thereis still further provided, in accordance with an
embodiment of'the present invention, a method for analyzing
respiration of a subject, the method including:

[0117] generating a signal indicative of airflow sounds of
the respiration;
[0118] guiding the subject to perform breathing in a plural-

ity of respiration phases;
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[0119] analyzing the signal during the guided respiration
phases, and defining one or more parameters of a filter
responsively to the analysis; and

[0120] filtering background noise from the signal using the
filter having the defined parameters.

[0121] In an embodiment, generating the signal includes
generating the signal using a non-contact microphone.
[0122] for someapplications, the one or more parameters of
the filter include a signal-to-noise ratio, and defining the one
or more parameters includes defining the signal-to-noise
ratio.

[0123] In an embodiment, guiding the subject includes
guiding the subject to perform breathing in a plurality of
inspiratory and expiratory respiration phases. For some appli-
cations, guiding the subject includes guiding the subject to
perform breathing in inspiratory, expiratory, and breath-hold-
ing respiration phases.

[0124] For some applications, defining the one or more
parameters of the filter includes:

[0125] determining signal characteristics of background
noise plus airflow sounds of inhalation, and of the back-
ground noise plus airflow sounds of exhalation;

[0126] determining net background noise responsively to
the signal characteristics; and

[0127] defining the one or more parameters of the filter
responsively to the net background noise.

[0128] For some applications, the one or more parameters
of the filter include a first frequency and a second frequency,
analyzing the signal includes:

[0129] digitizing the signal to generate a digital signal,
and performing spectral analysis on the digital signal to
produce an inspiration frequency spectrum and an expi-
ration frequency spectrum;

[0130] subtracting the inspiration spectrum from the
expiration spectrum to obtain a net frequency spectrum;
and

[0131] determining the first and second frequencies by

analyzing the net frequency spectrum, and
[0132] filtering the background noise includes eliminating
frequencies outside of a range of frequencies defined by the
first and second frequencies.
[0133] Forsome applications, determining the first and sec-
ond frequencies includes:
[0134] setting the first frequency such that an area under a
first portion of the net spectrum having a frequency less than
the first frequency is less than a first percentage of a total area
under the net spectrum; and
[0135] setting the second frequency such that an area under
a second portion of the net spectrum having a frequency
greater than the second frequency is less than a second per-
centage of the total area under the net spectrum.
[0136] Thereis yet further provided, in accordance with an
embodiment of the present invention, a method for analyzing
respiration of a subject, the method including:
[0137] determining an active expiration time and a breath-
ing period of the subject;
[0138] determining whether a difference between the
breathing period and the active expiration time is greater than
or equal to a first function of the active expiration time;
[0139] responsively to a positive determination, estimating
that an inspiration time of the subject is equal to a second
function of the difference; and

Oct. 31,2013

[0140] responsively to a negative determination, estimating
that the inspiration time is equal to a third function of the
active expiration time.

[0141] In an embodiment, determining the active expira-
tion time and the breathing period includes:

[0142] generating a raw signal indicative of airflow sounds
of the respiration;

[0143] analyzing the raw signal to derive an expiratory
airflow sound signal from the raw signal; and

[0144] analyzing the expiratory airflow sound signal to
determine the active expiration time and the breathing period.
[0145] For some applications, determining includes deter-
mining whether the difference between the breathing period
and the active expiration time is greater than or equal to the
active expiration time.

[0146] For some applications, setting responsively to the
positive determination includes setting the inspiration time
equal to a value within plus or minus 20% of the difference,
such as within plus or minus 10% of'the difference. For some
applications, the second function includes a function of the
difference and a phenomenological constant, and setting
responsively to the positive determination includes setting the
inspiration time equal to the second function of the difference
and the phenomenological constant. For some applications,
setting responsively to the positive determination includes
determining the phenomenological constant at least in part
responsively to at least one parameter of the respiration.
[0147] For some applications, setting responsively to the
negative determination includes setting the inspiration time
equal to a value within plus or minus 20% of the active
expiration time, such as within plus or minus 10% of the
active expiration time. For some applications, the third func-
tion includes a function of the active expiration time and a
phenomenological constant, and setting responsively to the
negative determination includes setting the inspiration time
equal to the third function of the active inspiration time and
the phenomenological constant. For some applications, set-
ting responsively to the negative determination includes
determining the phenomenological constant at least in part
responsively to at least one parameter of the respiration.
[0148] There is also provided, in accordance with an
embodiment of the present invention, a method for analyzing
respiration of a subject, the method including:

[0149] generating a raw signal indicative of airflow sounds
of the respiration;

[0150] defining a detection threshold by:

[0151] digitizing the raw signal to generate a digital sig-
nal having flow values at respective points in time, and
buffering the flow values of the digital signal over a
period of time,

[0152] transforming the buffered flow values into a his-
togram having a plurality of bins,

[0153] designating one of the bins having a greatest
number of points as a maximum bin,

[0154] selecting two of the bins on opposite sides of the
maximum bin,
[0155] setting a width of a noise band equal to a flow

interval between the two bins, and
[0156] setting the detection threshold responsively to a
flow value of the maximum bin and the width of the
noise band; and
[0157] deriving an expiratory airflow sound signal from the
raw signal by interpreting portions of the raw signal having a
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signal strength greater than the detection threshold as the
expiratory airflow sound signal.

[0158] For some applications, setting the detection thresh-
old includes setting the detection threshold equal to the flow
value of the maximum bin plus a product of a constant and the
width of the noise band.

[0159] There is yet additionally provided, in accordance
with an embodiment of the present invention, a method
including;

[0160] using a non-contact microphone integrated into a
ventilator, generating a signal indicative of airflow sounds of
respiration of a subject; and

[0161] analyzing the signal to detect active expiration of the
subject.
[0162] For some applications, the method includes analyz-

ing the active expiration to determine whether the ventilator is
functioning properly.

[0163] Forsome applications, analyzing the signal includes
analyzing a low-frequency component of the signal to detect
the active respiration.

[0164] For some applications, generating the signal
includes generating the signal during weaning of the subject
from ventilation.

[0165] There is still additionally provided, in accordance
with an embodiment of the present invention, a method
including:

[0166] using a non-contact microphone integrated into a
drug inhaler, generating a signal indicative of airflow sounds
of respiration of a subject; and

[0167] analyzing the signal to detectactive expiration of the
subject.
[0168] Forsome applications, the method includes guiding

the subject to perform breathing in a plurality of respiration
phases determined at least in part responsively to the detected
active expiration.

[0169] Forsome applications, analyzing the signal includes
analyzing a low-frequency component of the signal to detect
the active respiration.

[0170] There is yet additionally provided, in accordance
with an embodiment of the present invention, a method
including:

[0171] selecting a subject suffering from insomnia;

[0172] usinganon-contact microphone, generating a signal
indicative of airflow sounds of respiration of the subject;

[0173] analyzing the signal to detectactive expiration of the
subject; and
[0174] treating the insomnia by guiding the subject to pet-

form breathing in a plurality of respiration phases determined
at least in part responsively to the detected active expiration.
[0175] There is still additionally provided, in accordance
with an embodiment of the present invention, apparatus for
analyzing respiration of a subject, including:

[0176] a non-contact microphone, adapted to generate a
raw signal representing airflow sounds of the respiration; and
[0177] a control unit, adapted to:

[0178] analyze the raw signal to determine a first set of one
or more parameters of the respiration, and

[0179] apply an algorithm to the first set of parameters to
derive a second set of one or more estimated parameters of the
respiration that are not generally directly measurable in the
raw signal.

[0180] There is yet additionally provided, in accordance
with an embodiment of the present invention, apparatus for
analyzing respiration of a subject, including:
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[0181] a microphone, adapted to generate a signal repre-
senting airflow sounds of the respiration;

[0182] an output generator; and
[0183] a control unit, adapted to:
[0184] drive the output generator to guide the subject to

perform breathing in a plurality of respiration phases,
[0185] analyze the signal during the guided respiration
phases, and define one or more parameters of a filter respon-
sively to the analysis, and
[0186] filter background noise from the signal using the
filter having the defined parameters.
[0187] There is also provided, in accordance with an
embodiment of the present invention, apparatus for modify-
ing naturally-occurring multi-phase biorhythmic activity of'a
subject, the apparatus including:
[0188] asensor, adapted to detect a signal indicative of the
multi-phase biorhythmic activity;
[0189] a control unit, adapted to:
[0190] analyze the signal to determine one or more
parameters of a filter,
[0191] filter background noise from the signal using the
filter having the parameters, and
[0192] at least in part responsively to the filtered signal,
determine a stimulus input which is operative to change
at least one aspect of the biorhythmic activity of the
subject; and

[0193] astimulator, adapted to provide the stimulus input to
the subject.
[0194] There is further provided, in accordance with an

embodiment of the present invention, apparatus for analyzing
respiration ofa subject, the apparatus including a control unit,
adapted to:

[0195] determine an active expiration time and a breathing
period of the subject,

[0196] determine whether a difference between the breath-
ing period and the active expiration time is greater than or
equal to a first function of the active expiration time,

[0197] responsively to a positive determination, estimate
that an inspiration time of the subject is equal to a second
function of the difference, and

[0198] responsively to a negative determination, estimate
that the inspiration time is equal to a third function of the
active expiration time.

[0199] Thereis still further provided, in accordance with an
embodiment of the present invention, apparatus for analyzing
respiration of a subject, the apparatus including:

[0200] asensor, adapted to generate a raw signal indicative
of airflow sounds of the respiration; and

[0201] a control unit, adapted to:
[0202] define a detection threshold by:
[0203] digitizing the raw signal to generate a digital sig-

nal having flow values at respective points in time, and
buffering the flow values of the digital signal over a
period of time,

[0204] transforming the buffered flow values into a his-
togram having a plurality of bins,

[0205] designating one of the bins having a greatest
number of points as a maximum bin,

[0206] selecting two of the bins on opposite sides of the
maximum bin,

[0207] setting a width of a noise band equal to a flow
interval between the two bins, and
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[0208] setting the detection threshold responsively to a
flow value of the maximum bin and the width of the
noise band, and

[0209] derive an expiratory airflow sound signal from the
raw signal by interpreting portions of the raw signal having a
signal strength greater than the detection threshold as the
expiratory airflow sound signal.

[0210] There is additionally provided, in accordance with
an embodiment of the present invention, apparatus for use
with a ventilator, the apparatus including:

[0211] a non-contact microphone, adapted to be integrated
into the ventilator, and to generate a signal indicative of
airflow sounds of respiration of a subject; and

[0212] acontrol unit, adapted to analyze the signal to detect
active expiration of the subject.

[0213] There is yet additionally provided, in accordance
with an embodiment of the present invention, apparatus for
use with a drug inhaler, the apparatus including:

[0214] a non-contact microphone, adapted to be integrated
into the drug inhaler, and to generate a signal indicative of
airflow sounds of respiration of a subject; and

[0215] acontrol unit, adapted to analyze the signal to detect
active expiration of the subject.

[0216] Thepresent invention will be more fully understood
from the following detailed description of embodiments
thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0217] FIG. 1 is a schematic pictorial illustration of a
microphone-based breathing pattern modification system
applied to a user, in accordance with an embodiment of the
present invention;

[0218] FIG.2isaschematic block diagram of the system of
FIG. 1, in accordance with an embodiment of the present
invention;

[0219] FIG.3isa flow chartillustrating a method for deter-
mining a breathing pattern from a raw analog signal, in accor-
dance with an embodiment of the present invention;

[0220] FIGS. 4A and 4B are schematic illustrations of sig-
nals analyzed at a threshold calculation step of the method of
FIG. 3, in accordance with an embodiment of the present
invention;

[0221] FIG. 5 is a schematic illustration of a recording of
microphone-detected airflow, recorded using the techniques
described herein, and a corresponding recording of chest
circumference, recorded using techniques known in theart, in
accordance with an embodiment of the present invention;
[0222] FIG. 6 shows an exemplary correlation between a
microphone-detected expiration time and a belt-determined
active expiration time, based on experimentally-obtained
data like (but different from) the data shown in FIG. 5, in
accordance with an embodiment of the present invention;
[0223] FIG.7isa graph showing experimental results mea-
sured in accordance with an embodiment of the present inven-
tion;

[0224] FIG. 8isa flow chartillustrating a method for adap-
tively determining filtering frequencies, in accordance with
an embodiment of the present invention; and

[0225] FIGS. 9A and 9B are schematic illustrations of sev-
eral exemplary spectra, in accordance with an embodiment of
the present invention.

Oct. 31,2013

DETAILED DESCRIPTION OF EMBODIMENTS

[0226] . FIG. 1 is a schematic pictorial illustration of a
microphone-based breathing pattern modification system 10
applied to a user 20, in accordance with an embodiment ofthe
present invention. System 10 comprises a microphone 22 and
a speaker 24, which typically are standard components of a
standard headset or telephone. System 10 further comprises a
control unit 26, which is coupled to microphone 22 and
speaker 24 via a cable or wirelessly.

[0227] FIG.21isaschematic block diagram of system 10, in
accordance with an embodiment of the present invention.
Control unit 26 comprises an amplifier 28, an A/D converter
30, a CPU 32, and a sound synthesizer 34. Sound synthesizer
34 is typically adapted to generate tones, music, and/or syn-
thesized or recorded oral messages.

[0228] For some applications, control unit 26 comprises a
standard consumer electronics device, programmed in soft-
ware to carry out the functions described herein. For example,
control unit 26 may comprise a standard or pocket computer,
a personal digital assistant (PDA), a “smart” phone, a tele-
phone, or a cellular phone. Alternatively, at least a portion of
the functions of control unit 26 are executed on a remote
system that is accessed by a local device over a conventional
wireless or wired network. Further alternatively, control unit
26 comprises a custom control unit produced to carry out the
techniques described herein.

[0229] In general, a non-contact standard microphone in a
headset designed for a human user can detect the sound of
effortless breathing from two sources: (a) sound waves, typi-
cally at the frequency range of 500 to 5000 Hz, generated
inside the body and propagated in the environment. such as
speech, and (b) lower-frequency sound waves, which reflect
turbulences generated by the airflow in the vicinity of the
microphone during expiration and sometimes under windy
conditions. Standard microphones are designed to detect
speech, which is categorized in the first source (a). Speech is
specific to the user’s specific anatomy, typically can be
detected anywhere in the vicinity of the user, and may be
generated during inspiration and/or expiration. Sound of the
second source (b) is usually considered to be noise that should
be minimized (see, for example, U.S. Pat. No. 4,887,693 to
Nice, which is incorporated herein by reference). Such sound
is unrelated to the user’s specific anatomy, is usually
restricted to expiration only, and generally can be detected
only if the microphone is placed in the path of the airflow.
[0230] FIG. 3isa flow chartillustrating a method for deter-
mining a breathing pattern from a raw analog signal, in accor-
dance withan embodiment of the present invention. Amplifier
28 amplifies a raw analog signal generated by microphone 22,
at an amplification step 100, and A/D converter 30 digitizes
the amplified signal, at a digitization step 102. Control unit 26
buffers the digital signal, at a buffer step 104. The size of the
buffer is determined responsive to the requirements of the
detection process. For example, if it is desired to perform
spectral analysis as described hereinbelow every t seconds,
and if data are sampled at a sampling rate f, then the buffer
should typically be large enough to hold at least t*f data
points.

[0231] At a filtering step 106, control unit 26 periodically
performs spectral analysis on the buffered data, e.g., every
0.05-1 second (such as every 0.1 seconds). Control unit 26
typically performs the spectral analysis using a discrete Fou-
rier transform (DFT), operating within a range of frequencies
between a minimum frequency (fmin) and a maximum fre-
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quency (fimax). The minimum and maximum frequencies are
typically determined based on characteristics of microphone
22 and the specific application. In general, the maximum
frequency is set such that the spectral power at frequencies
higher than the maximum frequency is dominated by sounds
not associated with the airflow of expiration. The minimum
frequency is generally set such that the spectral power at
frequencies lower than the minimum frequency is dominated
by environmental airflows, e.g., wind. Typically, at filtering
step 106, control unit 26 eliminates frequencies that are less
than a frequency f1 and greater than a frequency 2, where f1
is greater than minimum frequency fmin, and 2 is less than
maximum frequency fmax. For some applications, control
unit 26 determines f1 and {2 using adaptive optimization
techniques described hereinbelow with reference to FIGS. 8,
9A, and 9B. Alternatively, 1 and f2 are pre-selected (in which
case the filtering is not adaptive). Typically, f1 is between
about 30 and about 50 Hz, and 2 is between about 100 and
about 200 Hz.

[0232] At a spectrum integration step 108, control unit 26
integrates the power of the spectrum, and, typically, smoothes
the signal using a moving-average calculation, at a moving
average calculation step 110. The resulting temporal (i.e.,
non-spectral) signal is indicative of the microphone-detected
expiratory airflow. The control unit (a) buffers this signal ata
buffer step 112, and (b) analyzes this signal at an expiratory
airflow detection step 114, both of which are described here-
inbelow.

[0233] At buffer step 112, control unit 26 buffers the tem-
poral signals detected during the N most recent breathing
periods. N is determined by the pattern parameters to assure
that the data distribution is sufficient for threshold determi-
nation. For example, N may be selected to include at least five
detected breathing periods, as shown hereinbelow in FIG. 4A.
[0234] At a threshold calculation step 116, using data
stored at buffer step 112, control unit 26 calculates a detection
threshold at selected time intervals, typically using the tech-
niques described hereinbelow with reference to FIGS. 4A and
4B. For some applications, the detection threshold is set equal
to the greater of (a) the threshold determined using the tech-
niques described hereinbelow with reference to FIGS. 4A and
4B, and (b) a secondary threshold determined at step 118, as
described hereinbelow. At expiratory airflow detection step
114, control unit 26 detects the onset and cessation of expi-
ratory-related airflow by analyzing the microphone-detected
airflow with respect to the detection threshold. The control
unit interprets airflow having a signal strength greater than the
detection threshold as expiration, and airflow having a signal
strength less than the detection threshold as background
noise.

[0235] For some applications, at expiratory airflow detec-
tion step 114, control unit 26 generates a real-time indication
for user 20, indicating that expiration has been detected. For
some applications, this indication helps user 20 optimize the
positioning of microphone 22. Alternatively or additionally, if
no respiration signal has been detected over a certain period
of time, control unit 26 notifies user 20 that microphone 22
should be repositioned.

[0236] At a pattern determination step 118, control unit 26
determines breathing pattern parameters, such as described
hereinbelow with reference to FIGS. 5, 6, and 7. In order to
determine these parameters, it is desirable to have a suffi-
ciently large number of recent breathing data points to pro-
cess, and these are stored at buffer step 112. For example, if it
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is desired to have breathing data representative of five breaths,
and if the most recent five breaths occurred over a 45 second
period and were sampled at 10 Hz, then the buffer should
typically contain at least 450 points. (Data processing tech-
niques as are known in the art may be applied to reduce this
number.)

[0237] In an embodiment, use of a secondary threshold at
threshold calculation step 116, described hereinabove,
reduces or eliminates erratic peaks that cannot be associated
with functional breathing according to predetermined rules.
For example, the secondary threshold may be used to identify
erratic peaks in certain recorded signals that are associated
with the user: (a) talking (rather than breathing), or (b) exhal-
ing due to a change in posture, thereby forcing air out of his
lungs (not as part of a functional breathing cycle).

[0238] As appropriate, control unit 26 may define and uti-
lize one or more secondary thresholds by: (a) defining sec-
ondary thresholds responsive to one or more values associ-
ated with the previous 1-5 breaths (e.g., setting a secondary
threshold to be n times larger than the average respiration
volume associated with the breaths), (b) comparing the cor-
responding parameters for the currently-recorded breathing
data with the secondary thresholds, and (c) accepting the
currently-recorded breathing data as being indicative of
actual functional breathing if the corresponding parameters
do not pass the secondary thresholds. For some applications,
control unit 26 determines a secondary threshold value at
pattern determination step 118 (for example by taking a per-
centage, e.g., 20%, of the most recent average flow amplitude,
as reflected in the breathing pattern and/or a series of breaths).
[0239] Reference is now made to FIGS. 4A and 4B, which
are schematic illustrations of signals analyzed at threshold
calculation step 116 (FIG. 3), in accordance with an embodi-
ment of the present invention. FIG. 4A shows a trace 160 of
the digitized microphone signal stored at buffer step 112 over
a20-second period. Trace 160 is transformed into a histogram
170, shown in FIG. 4B. Typically, this transformation is per-
formed by setting the bin width of histogram 170 equal to the
smallest value that results in at least one bin having at least a
threshold number of points n, e.g., about 20 data points.
Typically, the bin width is set such that a minimum or near-
minimum number of the bins have at least the threshold
number of points.

[0240] According to a first method for setting the bin width,
control unit 26 sets an initial, transitional bin width to a low
value, typically 1. The control unit counts the number of
points in each resulting bin. If all the bins have fewer than n
points, the control unit increments the transitional bin width,
typically by 1, and the method loops back to the previous
counting step. On the other hand, if any of the bins has at least
npoints, the control unit designates the bin having the greatest
number of points M as a maximum bin 172.

[0241] According to a second method for setting the bin
width, control unit 26 applies a successive-approximation
procedure to the data of trace 160. The control unit creates an
initial, transitional histogram, having a single bin having a
flow data range between 0 and F, where F is the maximum
flow value of trace 160. The control unit divides the flow data
range into two equal flow intervals: (1) from 0 to F/2 and (2)
from F/2 to F. The control unit selects the flow interval con-
taining the larger number of points, and compares the number
of points in the selected flow interval to n. If the number of
points in the selected flow interval is greater than or equal to
n, the method returns to the division step above, at which the
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selected flow interval is divided into two flow intervals. On
the other hand, if the number of points in the selected flow
interval is less than n, the control unit typically reverses the
most recent division, resulting in a flow interval having M
points, where M is greater than or equal to n. The control unit
uses the resulting flow interval as the bin width of histogram
170. The control unit designates the bin of histogram 170
having the greatest number of points M as maximum bin 172.
[0242] Maximum bin 172 has a flow value (y-axis) of B.
Flow value B typically corresponds to the average flow of the
background noise of the signal. Typically, control unit 26
selects two bins 176 and 178 on opposite sides of maximum
bin 172 having numbers of points closest to M/2, and sets a
width W of a noise band 180 equal to the flow interval
between bins 176 and 178. (Instead of using M/2, as
described, for some applications a value of M/k is used, where
k is typically between 1.5 and 4.) The control unit typically
sets a detection threshold 182 equal to (a) B plus (b) the
product of W and a constant, for example, equal to B plus an
integer multiple of W, e.g., B+2W. Typically, control unit 26
determines detection threshold 182 substantially continu-
ously, resulting in an adaptive detection process.

[0243] Reference is now made to FIG. 5, which is a sche-
matic illustration of a recording 250 of microphone-detected
airflow, recorded using the techniques described herein, and a
corresponding recording 252 of chest circumference,
recorded using techniques known in the art, in accordance
with an embodiment of the present invention. Microphone-
detected recording 250 and chest circumference recording
252 were recorded simultaneously in the same user. Micro-
phone-detected recording 250 was filtered using frequencies
f1 and f2 of 30 Hz and 150 Hz, respectively, at filtering step
106, described hereinabove with reference to FIG. 3. Chest
circumference recording 252 was recorded using a belt-type
sensor similar to the belt-type sensor described in the above-
mentioned U.S. Pat. Nos. 5,423,328 and 6,090,037 to Gavish.
Because such belt-type sensors produce highly accurate mea-
surements of breathing phases, chest circumference record-
ing 252 serves as a control for determining the accuracy of
microphone-based breathing phase determinations using the
techniques described herein.

[0244] Chest circumference recording 252 clearly shows
all phases of normal breathing: inspiration and expiration,
including active expiration and a post-expiratory pause. Chest
circumference recording 252 is analyzed using min-max
analysis to derive inspiration time T,,, breathing period T,
expirationtime T, =T-T, , the active expirationtime T ., and
breathing amplitude A, for example as described in the above-
mentioned U.S. Pat. No. 5,800,337.

[0245] In contrast, microphone-detected recording 250
shows only the active expiration phase of breathing. At least
an estimation of inspiration time is necessary for certain
applications (including breathing pattern modification by
generating inspiration- and expiration-related guiding tones,
as described, for example, in the above-referenced patents
and patent application publications to Gavish and Gavish et
al.).

[0246] Reference is made to FIG. 6, which shows an exem-
plary correlation between microphone-detected expiration
time T and belt-determined active expiration time T, using
the data shown in FIG. 5, in accordance with an embodiment
of the present invention. The correlation between T,and T,
as determined using linear regression, is r=0.98 with slope
0.97£0.05 (expected 1) and an intercept of nearly zero (ex-

Oct. 31,2013

pected 0). The accuracy in time is 0.22 seconds, where 0.14
seconds is the statistical error in measuring the time interval
under a 10 Hz sampling rate. A similar correlation was found
between the microphone-detected and belt-determined
breathing periods (data not shown). These data indicate that
the microphone-detected parameters are comparable to those
detected by a belt-type sensor.
[0247] Reference is again made to FIG. 5. In an embodi-
ment of the present invention, a method is provided for esti-
mating inspiration time T, using microphone-detected
active expiration time T, and breathing period T (time
between successive breaths). This method is typically used
for carrying out pattern determination step 118, described
hereinabove with reference to FIG. 3. The airflow signal
reflected in recording 250 generally corresponds to the time
derivative (with inverted sign) of the chest-circumference
recording 252 during expiration, because airflow is the time
derivative of lung volume as indicated by chest circumfer-
ence.
[0248] The inventors have observed that effortless breath-
ing generally can be characterized by one of two patterns:
[0249] a first pattern 260, in which the end of active
expiration T _ occurs generally at the same time as the
beginning of the subsequent inspiration T, . For this
pattern, T,, -is estimated using the following formula:

T T-T, O]

For some applications, T, -is set to a function of T-T,
For example, T, -may be set to the product of T-T and
a constant between about 0.8 and about 1.2, such as
between about 0.95 and about 1.05. Alternatively, T, -
may be setto the sum of T-T ;and the value, wherein the
value is positive or negative. For some applications, T, -
is set to be equal to T-T within plus or minus 20%, such
as within plus or minus 10%. For some applications, T;,,-
is setto a phenomenological function of T-T, or of other
respiration-related parameters measured using tech-
niques described herein. For some applications, one or
more constants of the phenomenological function is
determined at least in part responsively to at least one
parameter of the respiration.

[0250] a second pattern 262, in which the end of active
expiration T, is followed by a phase Tp with no chest
movement, which is followed by the beginning of the
subsequent inspiration T,,. For this pattern, T,,is typi-
cally estimated using the following formula:

L,,~T @

For some applications, T;, is set to a function of T, For
example, T, may be set to the product of T, and a
constant between about 0.8 and about 1.2, such as
between about 0.95 and about 1.05. Alternatively, T,
may be set to the sum of Trand the value, wherein the
value is positive or negative. For some applications, T, -
is set to be equal to T,within plus or minus 20%, such as
within plus or minus 10%. For some applications, T, s
set to a phenomenological function of Ty or of other
respiration-related parameters measured using tech-
niques described herein. For some applications, one or
more constants of the phenomenological function is
determined at least in part responsively to at least one
parameter of the respiration.

[0251] Theinventors have observed that in first pattern 260,

active expiration time T, generally has a duration greater

ax o
than the duration of inspiration time T,,, sometimes up to 5

ind
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times greater. In contrast, in second pattern 262, T, generally
has a similar duration to that of T,,. The inventors have
observed that first pattern 260 is usually obtained when a user
is performing an action such as pursed lips breathing, i.e.,
artificially prolonging expiration by narrowing the gap
between the lips. which is a known natural therapeutic
maneuver. Second pattern 262 reflects a general natural ten-
dency to match the flow at the beginning of inspiration and
expiration.

[0252] Formulas (1) and (2) can be combined and repre-
sented by the following algorithm:

UT-T=T,
then T, = T-T,

else T;,=T, 3)

As mentioned above, for some applications, T,,,is set to a
function of T-T,or T, depending on the evaluation of the
condition. Alternatively or additionally, the condition evalu-
ated by the algorithm is: If T-T za function of T,

[0253] FIG.7isa graph showing experimental results mea-
sured in accordance with an embodiment of the present inven-
tion. The graph shows microphone-detected T, calculated
using algorithm (3) (y-axis) vs. T,, measured with a belt-type
sensor (x-axis), with the data points randomly selected from
data of 10 different users (3 breaths for each user). The cor-
relation between T, and T,,, as determined using linear
regression, is r=0.82 with slope 0.97+0.13 (expected 1) and
an intercept of nearly zero (expected 0). The accuracy in time
is 0.54 seconds, where 0.14 seconds is the statistical error in
measuring the time interval under a 10 Hz sampling rate. This
error represents about 25% of the average inspiration time T,
of 2.1 seconds, and 7.8% of the average breathing period T of
6.9 seconds. These results are generally sufficiently accurate
for the purpose of modifying breathing patterns by generating
guiding tones. The nearly-unity slope between the parameters
found using algorithm (3) and the belt-type sensor suggests
that the differences are attributable to random data scattering.
In an embodiment (typically during a breathing pattern modi-
fication procedure), the scattering is reduced to an acceptable
level by averaging the value of T measured during multiple
breathing cycles, and/or by averaging the value of T, -mea-
sured during multiple breathing cycles.

[0254] In an embodiment of the present invention, addi-
tional breathing parameters are derived from the microphone-
detected airflow. The airflow can be expressed as Y (i,t), where
Y is the magnitude of airflow, 1 is breath number, and t is the
time extending from the beginning of breath i until the end of
breath 1. The additional breathing parameters include:

[0255] breathing amplitude, which is represented by the
integrated airflow for a single breath, which is given by:

Af(D) = Z Y(i, 1) ©

1

The integrated airflow represents the depth of breathing
for the i breath. (Alternatively, breathing amplitude is
represented by the maximum value of Y(i,t) over a suit-
able interval.)
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[0256] the geometrical properties of the airflow pattern
by means of moments, which is given by:

PONERTIS )

t

[0257] where:

D@0

(a)ri) = W,
[0258] and
[0259] (b) n is the order of the moment.

[0260] Forexample, if n=0, 1, 2, or 3, the sum corresponds,
respectively, to (a) integrated area, (b) zero by definition, (c)
variance of the airflow pattern, and (d) asymmetry of the
airflow pattern.
[0261] Forsome applications, breathing amplitude is deter-
mined, such as described above, and at least one additional
parameter is derived from the breathing amplitude. For
example, the additional parameter may be: (a) a measure of
ventilation (amount of air per unit time), such as a product of
the breathing amplitude and the respiration period, or (b) a
measure of breathing irregularity, such as relative fluctuations
in breathing amplitude (e.g., the standard deviation of the n
last breathing amplitude values, divided by the mean of the
breathing amplitude). Breathing irregularity generally
increases during stress and some diseases. For some applica-
tions, other characteristics of the airflow are detected, such as
by fitting mathematical models having a physiological ratio-
nale, such as:
[0262] a square pulse that corresponds to uniform expi-
ration, which characterizes pursed lips breathing;
[0263] a fast-rising but gradually decreasing flow fol-
lowed by a post-expiratory pause, which characterizes
relaxed breathing; or
[0264] an exponential-decay that characterizes passive
elastic recoil of the lungs against airways resistance.
[0265] For some applications, the airflow is analyzed to
detect a characteristic of breathing with effort. For some
applications, the airflow is analyzed to detect a characteristic
of breathing during which the lungs undergo a functional
change, such as when the subject suffers from asthma,
emphysema, or another condition in which small airways
collapse during expiration (which cannot be characterized as
a simple elastic recoil).
[0266] FIG. 8is a flow chartillustrating a method for adap-
tively determining filtering frequencies, in accordance with
an embodiment of the present invention. For some applica-
tions, control unit 26 uses this method to determine filtering
frequencies f1 and 2, described hereinabove with reference
to filtering step 106 of FIG. 3, when system 10 is used for
breathing pattern modification. Typically, when system 10 is
turned on, or when airflow is undetected for a predetermined
amount of time, control unit 26 automatically enters a met-
ronome mode of operation. In this mode of operation, CPU 32
alternatingly generates inspiration and expiration phase indi-
cators, at a phase indicators generation step 300. For example,
CPU 32 may generate each inspiration phase indicator for
between about 1 and about 5 seconds, e.g., about 2 seconds,
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and each expiration phase indicator for between about 2 and
about 10 seconds. e.g., about 4 seconds. CPU 32 typically
generates each of the phases between about 5 and about 10
times.

[0267] Responsively to the phase indicators, sound synthe-
sizer 34 generates tones and/or oral messages that instruct
user 20 to synchronize breathing with the inspiration and
expiration phases, at a guide user step 302. Microphone 22
detects the resulting user-generated airflow, at an airflow
detection step 304. Amplifier 28 amplifies the signal, and A/D
converter 30 digitizes the amplified signal, at an amplification
and digitization step 306. At a buffer and mark step 308,
control unit 26 buffers the digital signal, and marks the buff-
ered signal with the phase indicator generated when the signal
was recorded.

[0268] At a filtering step 310, control unit 26 periodically
performs spectral analysis on the buffered data, e.g., every 0.1
seconds. Control unit 26 typically performs the spectral
analysis using a DFT, operating within a range of frequencies
between fmin and fmax, as described hereinabove with ref-
erence to filtering step 106 of FIG. 3. Control unit 26 elimi-
nates frequencies that are less than fmin and greater than
fmax. At a spectrum integration step 312, control unit 26
integrates the power of separate spectrums for the signals
stored during the inspiration phase and the expiration phase,
respectively, and typically smoothes the signals using a mov-
ing-average calculation, at a moving average calculation step
314. Theresulting inspiration and expiration spectra are sepa-
rately buffered at an inspiration buffer step 316 and an expi-
ration buffer step 318, respectively.

[0269] Reference is made to FIGS. 9A and 9B, which are
schematic illustrations of several exemplary spectra, in accor-
dance with an embodiment of the present invention. FIG. 9A
shows an exemplary inspiration spectrum 350, and an exem-
plary expiration spectrum 352. At a spectra subtraction step
320 (FIG. 8), control unit 26 subtracts inspiration spectrum
350 from expiration spectrum 352 to obtain a net spectrum
354, shown in FIG. 9B, which is associated with expiratory
airflow sounds. Control unit 26 typically averages net spec-
trum 352 over a selected number of guided breaths. At a
parameter calculation step 322, control unit 26 calculates
parameters of net spectrum 352, including fl1 and {2,
described hereinabove with reference to filtering step 106 of
FIG. 3. The resulting parameters are used at filtering step 106,
as described hereinabove with reference to FIG. 3. For some
applications, f1 is set to a value such that the area under net
spectrum 354 to the left of f1 is r1 % (e.g., 10%) of the total
area under net spectrum 354, and {2 is set to a value such that
the area under net spectrum 354 to the right of £2 is 12 % (e.g.,
10%) of the total area under net spectrum 354. As appropriate,
rl may be equal or not equal to r2. Alternatively or addition-
ally, control unit 26 derives other parameters of net spectrum
354 that are used for filtering at filtering step 106 of FIG. 3.

[0270] Reference is again made to FIG. 1. In an embodi-
ment of the present invention, microphone 22 is integrated
into a medical device in fluid communication (e.g., via air or
another gas) with respiration-related airflow of user 20. For
example, the medical device may comprise a breathing mask
or a tube, such as a tracheotomy tube. For some applications,
the breathing mask or tube are components of a ventilator that
applies positive pressure to the lungs of user 20. The tech-
niques described herein are used to detect proper perfor-
mance of the ventilator, typically by detecting active expira-
tion by the user. Active expiration is typically measured by
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detecting low-frequency sounds indicative of expiratory ait-
flow, rather than by detecting sounds of breathing. (In such
subject, sounds of breathing often do not correlate with expi-
ration, because the sounds of breathing are often affected by
various constrictions in the subject’s airways. However, low-
frequency sounds indicative of expiratory airflow are not
generally affected by such constrictions.) For some applica-
tions, the techniques described herein are used for non-con-
tact monitoring of breathing during weaning from ventilation.

[0271] Inanembodiment of the present invention, the tech-
niques described herein are used for non-contact monitoring
of breathing during use of a drug inhaler by the subject.
Typically, microphone 22, and, optionally, other components
of system 10, are integrated into the drug inhaler. For some
applications, such non-contact monitoring of breathing is
combined with techniques for modifying breathing activity of
the subject, such as those described in the above-mentioned
patent and patent application publications to Gavish and Gav-
ishetal.

[0272] Inanembodiment of the present invention, the tech-
niques described herein and/or in the above-mentioned patent
and patent application publications to Gavish and Gavish et
al. are used to treat a subject suffering from insomnia. Insom-
nia is sometimes caused by disordered breathing, such as fast
and shallow breathing. For some applications, insomnia is
treated using techniques described herein for detecting and
monitoring breathing, in combination with techniques for
modifying respiration-related biorhythmic activity of the
subject described in the above-mentioned patent and patent
application publications to Gavish and Gavish et al.

[0273] In an embodiment of the present invention, the
breathing monitoring techniques described herein are used
for detecting sleep-disordered breathing, such as sleep-disor-
dered breathing associated with sleep apnea or sudden infant
death syndrome (SIDS). Typically, breath-by-breath airflow
during exhalation is monitored. For some applications, such
non-contact monitoring of breathing is combined with tech-
niques for modifying breathing activity of the subject, such as
those described in the above-mentioned patent and patent
application publications to Gavish and Gavish et al.

[0274] In an embodiment of the present invention, tech-
niques described herein are used in combination with tech-
niques for modifying biorhythmic activity of user 20. Typi-
cally, the biorhythmic activity includes respiration. The user
is guided to inhale for a certain period of time, exhale for a
certain period of time, and, optionally, to hold his breath for a
certain period of time.

[0275] Inanembodimentofthe present invention, amethod
is provided for modifying naturally-occurring multi-phase
biorhythmic activity of a subject, such as respiration of the
subject. The method comprises detecting a signal indicative
of the multi-phase biorhythmic activity, and analyzing the
signal to determine one or more parameters of a filter. Back-
ground noise is filtered from the signal using the filter. At least
in part responsively to the filtered signal, a stimulus input,
such as an audio and/or visual stimulus input, is determined
which is operative to change at least one aspect of the bio-
rhythmic activity of the subject, and the stimulus input is
provided to the subject. For some applications, the back-
ground noise is indicative of secondary biorhythmic activity
different from the multi-phase biorhythmic activity, and the
secondary biorhythmic activity-related background noise is
filtered from the signal.



US 2013/0289431 Al

[0276] For some applications, the background noise is fil-
tered from the signal by frequency filtering the signal. Alter-
natively or additionally, the signal is filtered by performing
spectral analysis on the signal to produce a frequency spec-
trum. For example, the frequency spectrum may be frequency
filtered. Further altematively, non-frequency spectral analy-
sis is performed on the signal in order to classify the signal
according to one or more variables.

[0277] For some applications, the background noise is fil-
tered to remove non-frequency-related noise from the signal,
typically to eliminate a portion of the signal that is not rel-
evant to determining to the stimulus input. For example, a
breathing-related signal (e.g., monitored using a belt-type
sensor) may include a heartbeat-related component which is
noise with respect to the respiration-related component of the
signal. This heartbeat-related component is eliminated from
the signal, typically using non-frequency-related filtering,
such as by identifying small peaks characteristic of the heart-
beats and removing them from the signal.

[0278] As appropriate, techniques described herein are
practiced in conjunction with techniques described in the
above-mentioned patents and patent application publications
to Gavish and Gavish et al.

[0279] Although metronome stimuli and/or other instruc-
tions have generally been described herein as including audio
tones and/or oral messages, such stimuli and instructions may
also take additional forms, such as visual display images, e.g.,
text messages (e.g., “inhale” and “exhale”), and/or dynami-
cally changing graphical features, e.g., color and form. In
such cases, sound synthesizer 34 and speaker 24 are replaced
with an appropriate output generator. Alternatively, sound
synthesizer 34 generates oral guiding messages only, rather
than tones.

[0280] It will be appreciated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described hereinabove. Rather, the
scope of the present invention includes both combinations
and subcombinations of the various features described here-
inabove, as well as variations and modifications thereof that
are not in the prior art, which would occur to persons skilled
in the art upon reading the foregoing description.

1. A method for analyzing respiration of a subject, the
method comprising:

using a non-contact microphone, generating a raw signal

indicative of airflow sounds of the respiration;
analyzing the raw signal to determine a first set of one or
more parameters of the respiration; and

applying an algorithm to the first set of parameters to derive

a second set of one or more estimated parameters of the
respiration that are not generally directly measurable in
the raw signal.

2. The method according to claim 1, wherein applying the
algorithm comprises setting the second set of one or more
estimated parameters equal to a phenomenological function
of the first set of one or more parameters.

3. The method according to claim 1, wherein the first set of
parameters includes a measure of breathing amplitude of the
respiration, and wherein analyzing the raw signal comprises
integrating the airflow sounds for a breath of the respiration to
determine the measure of breathing amplitude.

4. The method according to claim 1,

wherein the first set of parameters includes a measure of
breathing amplitude of the respiration,
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wherein the second set of parameters is selected from the
list consisting of: a measure of ventilation of the subject,
and a measure of breathing irregularity of the subject,
and

wherein applying the algorithm comprises applying the

algorithm to the measure of breathing amplitude to
derive the selected second set of parameters.

5. The method according to claim 1, comprising analyzing
at least one of the first and second sets of parameters to derive
at least one additional breathing-related parameter of the
subject selected from the list consisting of: breathing ampli-
tude, a geometrical property of airflow of the subject, a char-
acteristic of the airflow indicative of pursed lips breathing, a
characteristic of the breathing indicative of relaxed breathing,
a characteristic of the breathing indicative of passive elastic
recoil of lungs of the subject, a characteristic of breathing
with effort, and a characteristic of breathing during which the
lungs of the subject undergo a functional change.

6. The method according to claim 1, comprising guiding
the subject to perform breathing in a plurality of respiration
phases determined at least in part responsively to the second
set of parameters.

7. The method according to claim 6, wherein guiding the
subject to perform the breathing comprises treating insomnia
of the subject by guiding the subject to perform the breathing
in the plurality of respiration phases.

8. The method according to claim 1, wherein the non-
contact microphone includes a non-contact microphone of a
consumer electronics device capable of performing at least
one function that does not facilitate analyzing respiration of
the subject, and wherein generating the raw signal comprises
using the non-contact microphone.

9. The method according to claim 1, wherein the non-
contact microphone is integrated into a medical device in
fluid communication with respiration-related airflow of the
subject, and wherein generating the raw signal comprises
using the integrated non-contact microphone.

10. The method according to claim 9, wherein the medical
device includes a drug inhaler, and wherein generating the
raw signal comprises using the non-contact microphone inte-
grated into the drug inhaler.

11. The method according to claim 1, wherein analyzing
the raw signal comprises deriving an expiratory airflow sound
signal from the raw signal, and analyzing the expiratory air-
flow sound signal to determine the first set of parameters.

12. The method according to claim 11, comprising gener-
ating a real-time indication for the subject that indicates
whether expiration has been detected.

13. The method according to claim 11, wherein the first set
of parameters includes an active expiration time and a breath-
ing period of the subject, and wherein analyzing the expira-
tory airflow sound signal comprises analyzing the expiratory
airflow sound signal to determine the active expiration time
and the breathing period.

14. The method according to claim 13, wherein the second
set of parameters includes an amplitude of a non-expiratory
portion of the respiration, and wherein applying the algorithm
comprises applying the algorithm to derive the amplitude of
the non-expiratory portion of the respiration.

15. The method according to claim 13, wherein the second
set of parameters includes an inspiration time of the subject,
and wherein applying the algorithm comprises applying the
algorithm to derive the inspiration time.
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16. The method according to claim 15, wherein applying
the algorithm to derive the inspiration time comprises:
determining whether a difference between the breathing
period and the active expiration time is greater than or
equal to a first function of the active expiration time;

responsively to a positive determination, setting the inspi-
ration time equal to a second function of the difference;
and

responsively to a negative determination, setting the inspi-

ration time equal to a third function of the active expi-
ration time.

17. The method according to claim 16, wherein determin-
ing comprises determining whether the difference between
the breathing period and the active expiration time is greater
than or equal to the active expiration time.

18. The method according to claim 16, wherein setting
responsively to the positive determination comprises setting
the inspiration time equal to a value within plus or minus 20%
of the difference.

19. The method according to claim 18, wherein setting
responsively to the positive determination comprises setting
the inspiration time equal to a value within plus or minus 10%
of the difference.

20. The method according to claim 16, wherein the second
function includes a function of the difference and a phenom-
enological constant, and wherein setting responsively to the
positive determination comprises setting the inspiration time
equal to the second function of the difference and the phe-
nomenological constant.
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