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SYSTEM AND METHOD FOR MEASURING
RESPIRATION WITH ACCELEROMETERS

RELATED APPLICATIONS

[0001] The present application claims priority from U.S.
provisional application Ser. No. 61/917,790, filed Dec. 18,
2013. The foregoing application is hereby incorporated
herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present inventions relate to measurement of
respiration in a patient, and more particularly to measurement
of respiration using accelerometers.

BACKGROUND ART

[0003] Itis known inthe prior art to measure the respiration
of a patient, including the use of breathing straps having
sensors that change impedance with the expansion and con-
traction of the patient’s chest, and via infrared thermal imag-
ing, for example. A direct measurement of respiration may be
obtained by the use of a spirometer.

[0004] Human respiration rate has also been measured by
using motion sensors (e.g., accelerometers) to sense the
change in angle of a patient’s chest wall. However, a problem
in using motion sensors to detect respiration is that motion of
apatient’s chest wall due to respiration may be small relative
to the motion of the patient’s body, for example if the patient
is walking, because a motion sensor disposed to sense a
motion of a patient’s chest also senses other motions of the
patient’s body. A chest motion signal due to the patient’s
respiration may be small relative to a signal due to such other
motions, thus making it difficult to distinguish the small res-
piration signal from the larger motion signal.

SUMMARY OF THE EMBODIMENTS

[0005] A first embodiment provides a method of detecting
the respiration of a subject, the subject having a thorax, an
abdomen, and a spine having a lower spinal region disposed
between the coccyx and the thorax, including the steps of
affixing a first accelerometer to the subject’s lower spinal
region, the first accelerometer having a first axis of sensitivity
substantially normal to a portion of the subject’s back, and
configured to produce a first motion signal indicative of
motion along the first axis of sensitivity; affixing a second
accelerometer to an anterior portion of the subject’s lower
abdominal region, the second accelerometer having a second
axis of sensitivity substantially parallel to the first axis of
sensitivity, and configured to produce a second motion signal
indicative of motion along the second axis of sensitivity, the
first accelerometer and the second accelerometer disposed
such that the subject’s abdomen is between the first acceler-
ometer and the second accelerometer, and the first axis of
sensitivity and the second axis of sensitivity pass through the
subject’s abdomen; and processing (e.g., in a circuit) the
second motion signal and the first motion signal to produce a
respiration signal, the respiration signal indicative of the
motion of the subject’s abdomen in response to the subject’s
respiration. The method may also include determining, for
example using the circuit, the number of cycles of respiration
that occurred over a predefined period of time.

[0006] In some embodiments, the first accelerometer and
the second accelerometer are disposed so as to produce a first
motion signal that is complementary to the second motion
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signal in response to a commonly applied gross motion. Fur-
ther, the step of determining the difference between the sec-
ond motion signal and the first motion signal includes sum-
ming the first motion signal and the second motion signal, for
example in a summing circuit.

[0007] Inanother embodiments, a method of detecting the
respiration of a patient includes providing a first accelerom-
eter affixed to the subject, the first accelerometer having a first
response characteristic configured to produce a first output
signal in response to both a respiration motion of the patient
and a gross motion of the patient; and providing a second
accelerometer affixed to the subject, the second accelerom-
eter having a second response characteristic configured to
produce a second output signal in response to the gross
motion of the patient, but not in response to the respiration
motion of the patient. The method then uses a circuit for
acquiring, from the first accelerometer, the first motion output
signal; acquiring, from the second accelerometer, the second
motion output signal; and determining the difference between
the second motion signal and the first motion signal to pro-
duce a cyclical respiration signal, the respiration signal pro-
duced in response to the subject’s respiration.

[0008] The accelerometers may be arranged in a variety of
configurations. For example, some embodiments include
affixing the first accelerometer and the second accelerometer
to the patient such that the first accelerometer and the second
accelerometer are within 3 centimeters of one another. In
some embodiments, the first accelerometer and the second
accelerometer are in a stacked configuration.

[0009] In some embodiments, the first response character-
istic includes a dynamic range with a noise floor sufficiently
low such that the first accelerometer is configured to produce
afirst output signal in response to both a respiration motion of
the patient and a gross motion of the patient; and the second
response characteristic includes a dynamic range with a low-
end that is above the amplitude of the respiration motion of
the patient but below the amplitude of a gross motion of the
patient, such that the second accelerometer is configured to
produce a second output signal in response to the gross
motion of the patient, but not in response to the respiration
motion of the patient.

[0010] Inanother embodiment, the first response character-
istic includes a low-frequency cutoff at a frequency suffi-
ciently low such that the first accelerometer is configured to
produce a first output signal in response to both a respiration
motion of the patient and a gross motion of the patient; and the
second response characteristic includes a low-frequency cut-
off at a frequency greater than a frequency of the patient’s
respiration motion, but lower than a frequency ofthe patient’s
gross motion, such that the second accelerometer is config-
ured to produce a second output signal in response to the gross
motion of the patient, but not in response to the respiration
motion of the patient.

[0011] Inyet other embodiments, the first response charac-
teristic includes a dynamic range with a noise floor suffi-
ciently low such that the first accelerometer is configured to
produce a first output signal in response to both a respiration
motion of the patient and a gross motion of the patient; and the
second response characteristic includes a low-frequency cut-
off at a frequency greater than a frequency of the patient’s
respiration motion, but lower than a frequency ofthe patient’s
gross motion, such that the second accelerometer is config-
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ured to produce a second output signal in response to the gross
motion of the patient, but not in response to the respiration
motion of the patient.

[0012] Inyet other embodiments, the first response charac-
teristic includes a low-frequency cutoff at a frequency suffi-
ciently low such that the first accelerometer is configured to
produce a first output signal in response to both a respiration
motion of the patient and a gross motion of the patient; and the
second response characteristic includes a dynamic range with
a low-end that is above the amplitude of the respiration
motion of the patient but below the amplitude of a gross
motion of the patient, such that the second accelerometer is
configured to produce a second output signal in response to
the gross motion of the patient, but not in response to the
respiration motion of the patient.

[0013] In some embodiments, the step of providing a first
accelerometer includes providing a providing a first acceler-
ometer having a first axis of sensitivity and a third axis of
sensitivity, the first accelerometer configured to produce a
first contributory signal in response to motion sensed by the
first accelerometer along the first axis of sensitivity, and con-
figured to provide a third contributory signal in response to
motion sensed by the first accelerometer along the third axis
of sensitivity; and the step of providing a second accelerom-
eter includes providing a providing a second accelerometer
having a second axis of sensitivity and a fourth axis of sensi-
tivity, the second accelerometer configured to produce a sec-
ond contributory signal in response to motion sensed by the
second accelerometer along the second axis of sensitivity, and
configured to provide a fourth contributory signal in response
to motion sensed by the second accelerometer along the
fourth axis of sensitivity; and the method further includes
summing the first contributory signal and the third contribu-
tory signal to produce the first motion signal, and summing
the second contributory signal and the fourth contributory
signal to produce the second motion signal.

[0014] Some embodiments also include determining respi-
ration rate of the subject by determining the number of cycles
of the cyclical respiration signal over a predefined period of
time. For example, the predefined period of time may be one
minute, such that the respiration of the patient may be
expressed in term of cycles per minute.

[0015] A system for detecting the respiration of a patient,
includes a first accelerometer configured to be affixed to the
patient so as to be subject to a gross motion of the patent and
a respiration motion of the patient, the first accelerometer
having a first response characteristic configured to produce a
first output signal in response to both the respiration motion of
the patient and the gross motion of the patient; a second
accelerometer configured to be affixed to the patient so as to
be subject to atleast the gross motion of the patent, the second
accelerometer having a second response characteristic con-
figured to produce a second output signal in response to the
gross motion of the patient, but not in response to the respi-
ration motion of the patient; and a signal processing circuit
configured to determine the difference between the second
motion signal and the first motion signal and to produce a
cyclical respiration signal, the respiration signal produced in
response to the subject’s respiration.

[0016] In some embodiments, the second accelerometer is
disposed proximate to the first accelerometer such that the
first accelerometer and the second accelerometer are subject
to substantially identical respiration motion. For example, in
some embodiments, the second accelerometer is disposed
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within 3 centimeters of the first accelerometer. In some
embodiments, the first accelerometer and the second acceler-
ometer are in a stacked configuration.

[0017] Incontrast, in some embodiments the second accel-
erometer is disposed such that the second accelerometer and
the first accelerometer are not subject to substantially identi-
cal respiratory motion. In some embodiments, the first accel-
erometer has a first axis of sensitivity and a third axis of
sensitivity, the first accelerometer configured to produce a
first contributory signal in response to motion sensed by the
first accelerometer along the first axis of sensitivity, and con-
figured to provide a third contributory signal in response to
motion sensed by the first accelerometer along the third axis
of sensitivity; the second accelerometer has a second axis of
sensitivity and a fourth axis of sensitivity, the second accel-
erometer configured to produce a second contributory signal
in response to motion sensed by the second accelerometer
along the second axis of sensitivity, and configured to provide
a fourth contributory signal in response to motion sensed by
the second accelerometer along the fourth axis of sensitivity.
In such embodiments, a first summing circuit is configured to
receive and sum the first contributory signal and the third
contributory signal to produce the first motion signal; and a
second summing circuit is configured to receive and sum
second contributory signal and the fourth contributory signal
to produce the second motion signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The foregoing features of embodiments will be
more readily understood by reference to the following
detailed description, taken with reference to the accompany-
ing drawings, in which:

[0019] FIG. 1A and FIG. 1B schematically illustrate a
human spine;
[0020] FIGS. 2A-2C schematically illustrate features of

embodiments of accelerometers as known in the art;

[0021] FIG. 2D schematically illustrates vectors of an axis
of sensitivity of an accelerometer;

[0022] FIG. 2E schematically illustrates an accelerometer
having several output terminals;

[0023] FIGS. 3A-3C schematically illustrate a human at
rest and at various stages of respiration;

[0024] FIG. 3D schematically illustrates an embodiment of
a system for detecting respiration of a patient;

[0025] FIG. 4 schematically illustrates an embodiment of a
respiration belt;
[0026] FIG. 5A schematically illustrates an embodiment of

a signal processing system;

[0027] FIGS. 5B-5F schematically illustrate embodiments
of signal processing circuits;

[0028] FIGS. 6A-6C schematically illustrate an alternate
embodiment of a respiration detection system;

[0029] FIG. 7A schematically illustrates the response of an
accelerometer to respiration motion;

[0030] FIGS. 7B and 7C schematically illustrate examples
of'the response of an accelerometer to both respiration motion
and gross motion;

[0031] FIG. 7D schematically illustrates examples of the
frequency characteristics of a patient’s respiratory motion
and the frequency characteristics of the patient’s gross
motion;

[0032] FIGS. 7E and 7F schematically illustrate examples
of the frequency response characteristics of two accelerom-
eters;
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[0033] FIGS. 8A and 8B schematically illustrate examples
of the response of another accelerometer to both respiration
motion and gross motion;

[0034] FIGS. 9A-9C schematically illustrate methods of
detecting respiration in a patient;

[0035] FIG. 10 schematically illustrates breathing data
from a multiple-axis accelerometer;

[0036] FIG. 11A, FIG. 11B and FIG. 11C schematically
illustrate alternate embodiments of accelerometer respiration
sensing systems;

[0037] FIG. 12 schematically illustrates an alternate
embodiment of a respiration sensing system;

[0038] FIGS.13Aand13B schematically illustrate an alter-
nate embodiment of a respiration sensing system.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0039] Various embodiments provide a simple and direct
way of measuring respiration in a patient by using two accel-
erometers on an unobtrusive abdominal band worn by the
patient. The band holds one of the accelerometers near the
patient’s spine (herein, the “posterior” accelerometer), and
holds the other accelerometer on the other side of the patient’s
body near the anterior side of the patient’s abdomen (herein,
the “anterior” accelerometer). Each of the accelerometers
detects motions of the patient’s body, but the anterior accel-
erometer more directly senses motions of the abdomen due to
the patient’s respiration (i.e., breathing). To the extent that
either of the accelerometers detects the pull of gravity, both
accelerometers will sense approximately the same gravita-
tional influence. As such, motion attributable to the patient’s
respiration can be distinguished from other forces (e.g., the
patient’s motion, forces of gravity) by simply subtracting the
motion sensed by the posterior accelerometer from the
motion sensed by the anterior accelerometer.

[0040] Insome embodiments, the two accelerometers may
be identical. In other embodiments, however, the two accel-
erometers may be non-identical. For example, in some
embodiments, the two accelerometers may have distinct
response characteristics, which may make it easier to perform
the signal processing.

[0041] Definitions. As used in this description and the
accompanying claims, the following terms shall have the
meanings indicated, unless the context otherwise requires:
[0042] A “spinal region” means the portion of a human
spine including the coccyx, and extending through the
human’s neck. A spinal region 101 of a spine 100 of a human
patient is schematically illustrated in FIG. 1A and FIG. 1B.
[0043] A “lower spinal region” means the portion of a
human spine 100 including the coccyx 102, and extending
through the human’s abdomen to approximately the location
of the human’s diaphragm as schematically illustrated as
region 103 in FIG. 1A and FIG. 1B.

[0044] A “thorax” or “chest region” 105 means the portion
of'ahuman torso between the person’s diaphragm 112 and the
person’s neck 104, as schematically illustrated in FIG. 3A.
The location of the thorax 105 is schematically illustrated in
FIG. 1A and in FIG. 3A.

[0045] A “lower abdominal region” (e.g., 303) is a portion
of a human’s abdominal region between the person’s dia-
phragm and pelvis 111. The location 112 of a human’s dia-
phragm is schematically illustrated in FIG. 1A. A lower
abdominal region has an anterior side (for example, a per-
son’s belly button is located on the anterior side of the per-
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son’s lower abdominal region) and a posterior side (which
may be generally referred-to as the person’s lower back
103B).

[0046] The term “affixed” when used in reference to a
MEMS device and a portion of a patient’s body means that the
MEMS device is disposed such that movement of the portion
of the patient’s body is transmitted to, and able to be sensed
by, the MEMS device. For example, in an extreme case, an
accelerometer may be attached to a bone in the patient’s body
by securing the accelerometer with a surgical screw. As such,
the accelerometer would be attached to the patient’s body
such that the accelerometer would be absolutely immovable
with respect to the bone, and therefore motion of the bone
could be easily and faithfully sensed by the accelerometer.
However, such absolute attachment may not be necessary in
all embodiments. For example, in some embodiments, one or
more accelerometers 301, 311 may be attached to a an item of
clothing, such as a shirt or belt, worn by the patient, such that
the accelerometers are substantially immobile with respect to
the patient’s body. The amount of allowable motion of an
accelerometer with respect to a patient’s body may be deter-
mined by the needs of the system in which the accelerometer
is employed, and thus may vary from one system to another,
at the discretion of each system’s designer. If an accelerom-
eter is physically coupled to a patient’s body such that the
motion of the accelerometer with respect to the patient’s body
is acceptable to the system designer, then the accelerometer
may be said to be affixed to the patient’s body.

[0047] A “respiratory motion” is a motion of a part of a
patient’s body due to the patient’s respiration. For example,
respiratory motion may be motion of one part of the patient’s
body relative to another part of the patient’s body, such as the
motion of a point on the surface of a patient’s abdomen with
respectto a point on the patient’s lower spine (i.e., in the lower
spinal region), which motion occurs as the patient inhales and
exhales. In addition, respiratory motion may be motion of one
part of the patient’s body between two positions, such as the
motion of the patient’s chest between a point when the patient
has inhaled, and a point when the patient has exhaled.
[0048] A “gross motion” of a patient includes bodily
motions other than a respiratory motion. For example, a sub-
ject’s gross motion may be motion sensed by a MEMS sensor
in response to the subject walking, running, or rolling over in
bed.

[0049] The “sensitivity” of a MEMS device is the ratio of
the device’s output to a given stimulus. For example, an
accelerometer may produce a voltage output in response to an
acceleration applied to the accelerometer. As such, the sensi-
tivity of the accelerometer could be expressed in volts per g
(volts/g) or millivolts per g (mV/g), where “g” denotes the
quantity of acceleration due to gravity on the surface of the
Earth (i.e., 9.8 meters/second-squared). For example, if a first
accelerometer produces an output of 2 volts in response to a 1
g acceleration, then the first accelerometer could be described
as having a sensitivity of 2V/g. Similarly, if a second accel-
erometer produces an output of 3 volts in responsetoa l g
acceleration, then the second accelerometer could be
described as having a sensitivity of 3V/g.

[0050] The “dynamic range” of a MEMS device is the
difference between the largest stimulus that the device can
accurately transduce, and the smallest stimulus that the
device can accurately transduce. The largest stimulus that the
device can accurately transduce may be defined as the signal
amplitude at which the output of the MEMS device become
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non-linear or otherwise beyond the ability of the MEMS
device to produce an output signal that accurately reports the
characteristics of the stimulus, and may be limited, for
example, by the stiffness of the suspension system of the
movable element within the MEMS device, or the extent to
which a movable element within the MEMS device can move.
The smallest stimulus that the device can accurately trans-
duce may be limited, for example, by the device’s noise floor,
if the output signal from the device in response to a given
stimulus is lower than the device’s noise floor. The noise floor
of'a given MEMS device is typically specified by the device’s
manufacturer.

[0051] The “bandwidth” of a MEMS device is the differ-
ence between the highest frequency motion the device can
accurately transduce, and the lowest frequency motion that
the device can accurately transduce. The frequencies that a
device can accurately transduce may be limited, for example,
by the mass of the device’s beam, or the stiffness of the
suspension of the device’s beam. A frequency may be below
the bottom-end of the device’s bandwidth (i.e., the device’s
low-frequency cutoff) if the device’s response to a motion of
that frequency is half (-3 db) or less than the device’s
response to a higher frequency. The bandwidth of a given
MEMS device is typically specified by the device’s manufac-
turer.

[0052] A “response characteristic” of a MEMS device
means the characteristics of a response of the MEMS device
to an input stimulus. A response characteristic may also be
described as the transfer function of the MEMS device. The
response characteristic of a MEMS device may be influenced
by the sensitivity, dynamic range, bandwidth or low-fre-
quency cutoff, and noise floor of the MEMS device. For
example, two accelerometers that have distinct dynamic
ranges will have distinct response characteristics to an accel-
eration that is within the dynamic range of one of the accel-
erometers, but not within the dynamic range of the second of
the accelerometers.

[0053] The term “patient” refers generally to a breathing
organism, and is not limited to humans, or even to humans
seeking medical attention. For example, a patient may be a
non-human animal.

[0054] FIG. 2A and FIG. 2B schematically illustrate an
example of a MEMS accelerometer 200, although the
embodiments described herein are not necessarily limited to
the use of accelerometers, and are not limited to the use of the
accelerometer described in connection with FIGS. 2A and
2B. FIG. 2A schematically illustrates a single cell of a prior
art differential capacitor 209 that could be used in an accel-
erometer. The accelerometer 200 has a beam 201 suspended
above, and substantially parallel to, a substrate 202. The beam
201 is movable along axis 203, which may be known as the
“axis of sensitivity” of accelerometer 200, because this is the
axis for which the accelerometer 200 senses acceleration and
for which the accelerometer produces an electrical output
signal. In other words, an accelerometer (e.g., 200) senses
motion along its axis of sensitivity, and produces an output
signal in response to such motion.

[0055] Some accelerometers have more than one axis of
sensitivity. For example, some accelerometers have two or
three axes of sensitivity. Indeed, in some multiple-axis accel-
erometers, the axes are mutually orthogonal (or substantially
mutually orthogonal) to one another.

[0056] In addition, an axis of sensitivity (e.g., 203) may be
characterized as including a positive direction of sensitivity,
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such that the accelerometer produces a positive output in
response to an acceleration in the same direction as the posi-
tive direction of sensitivity, and a negative direction of sensi-
tivity along the same line as the positive direction of sensi-
tivity, such that the accelerometer produces an output that is
the inverse of the positive output in response to an accelera-
tion in the opposite direction as the positive direction of
sensitivity. In other words, such an accelerometer might pro-
duce an output of 2V/g for an acceleration in the direction of
the positive direction of sensitivity, and an output of -2V/g for
an acceleration of equal magnitude in the direction of the
negative direction of sensitivity. In a system with two accel-
erometers, the two accelerometers could be disposed such
that their respective positive directions of sensitivity are dia-
metrically opposed, so the two accelerometers will produce
output signals of opposite polarity in response to the same
applied acceleration (in other words, the output signals would
be complementary with respect to one another). As such, the
difference between the respective output signals could be
produced by simply summing the two output signals.

[0057] The beam 201 includes at least one finger 204 that
moves with the beam. Movable finger 204 is an electrode, and
a plurality of such movable fingers may be connected to one
another to form a larger movable electrode. Adjacent to the
beam are fixed fingers 205 and 206, which are also electrodes,
and which are electrically independent in illustrative embodi-
ments. The fixed fingers 205 and 206 are meshed or inter-
digitated with the movable finger 204 to form a differential
capacitor 209 comprising a first capacitor 207 formed from
the movable finger 204 and fixed finger 205, and a second
capacitor 208 formed from the movable finger 204 and fixed
finger 206.

[0058] When a force is applied to the substrate 202 along
axis 203, the substrate 202 and fixed fingers 205 and 206
move in the direction of the applied force, while the beam 201
inertially, at first, remains in its prior position. When the force
is in one direction, the separation between movable finger 204
and fixed finger 205 increases, decreasing the capacitance in
the first capacitor 207. Conversely, the separation between
movable finger 204 and fixed finger 206 decreases, increasing
the capacitance in the second capacitor 208. When the force
on the substrate 202 is in the opposite direction, the effect on
the first and second capacitors 207 and 208 is reversed.
[0059] It should be noted that various embodiments apply
to MEMS devices with different variable capacitors. For
example, illustrations may apply to variable capacitors hav-
ing one fixed plate or finger and one movable plate or finger.
Any discussion of a system with two fixed fingers is illustra-
tive and not intended to be limiting.

[0060] A perspective view of some portions of a differential
capacitor cell of FIG. 2A is shown in FIG. 2B. Not all struc-
tures are shown. Double-headed arrows 210 schematically
illustrate the suspension of the beam 201, and the height of
fixed fingers 205 and 206, above substrate 202.

[0061] An alternate arrangement 250 of the beam 251, and
illustrative movable fingers 260 and 263 and fixed fingers
256,257,258 and 259, is schematically illustrated in FIG. 2C.
Thebeam 251 is rectangular, and suspended above a substrate
266 (not shown) from the anchors 252 and 253 by the springs
254 and 255, respectively. The beam 251 is movable in the Y
axis, and the axis of sensitivity of the accelerometer 250 is
parallel to the Y axis.

[0062] The movable fingers 260 and 263 extend from sides
of the internal wall of the beam. The stationary fingers 256,
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257, 258 and 259 are fixed to the substrate 266 and are in the
plane of the beam 251. The fixed fingers 256 and 257, along
with movable finger 260, form first capacitor 261 and second
capacitor 262, respectively. Similarly, fixed fingers 258 and
259, and movable finger 263, form capacitors 264 and 265,
respectively. In FIG. 2C, the accelerometer is schematically
illustrated as subject to an acceleration in the —Y direction,
such that the beam is nearer to the anchor 252 than to anchor
253, and spring 254 is compresses and spring 255 is extended.
[0063] FIG. 2D schematically illustrates an accelerometer
270 having an axis of sensitivity 271. If the accelerometer is
subject to acceleration along an the X axis, which is not
parallel to the axis of sensitivity 271, the accelerometer 270
will still produce an output signal representing a portion of the
magnitude of the applied acceleration. As such, it may be said
that the axis of sensitivity 271 of an accelerometer (e.g., 270)
may have a vector of sensitivity (e.g., 272) parallel to the X
axis (and also a vector of sensitivity 273 perpendicular to the
X axis).

[0064] FIG.2E schematically illustrates a three-axis accel-
erometer 280 that has three output terminals (281, 282, 283),
each of which is configured to produce an output signal (e.g.,
a voltage signal or a current signal or a digital signal) in
response to a measured acceleration. For example, output
terminal 281 may produce a signal in response to acceleration
along an X-axis, output terminal 282 may produce a signal in
response to acceleration along a Y-axis, and output terminal
283 may produce a signal in response to acceleration along a
Z-axis (see, e.g., FIG. 2B). Accelerometers with fewer than
three axes of sensitivity may have fewer output terminals. For
example, a single-axis accelerometer would have only a
single output terminal 281, and a dual-axis accelerometer
would have two output terminals 281 and 282. As such, accel-
erometer 280 may represent any of the accelerometers
described in any of the embodiments herein.

[0065] As described above, an accelerometer is a type of
transducer that converts a motion, such as a motion of a
human subject, or a part of a human subject, into an electrical
signal. Other types of MEMS devices, such as gyroscopes for
example, are also transducers that convert a motion, such as a
motion of a human subject, or a part of a human subject, into
an electrical signal. In practice, transducers have a dynamic
range defined by a “top end” and a “bottom end.”

[0066] The bottom-end of a transducer’s dynamic range is
determined primarily by electrical noise signals inherent in
the transducer. This electrical noise may be known as
“Brownian” noise. The electrical signal output by the trans-
ducer includes a component representing the incident motion
signal and a component representing the noise. If the ampli-
tude of the noise signal approaches that of the motion signal,
the motion signal may not be distinguishable from, or detect-
able from within, the noise. In other words, the noise may
overwhelm the signal. The point where the noise signal over-
whelms the motion signal is known as the noise floor, and the
bottom-end of the dynamic range is a function of the noise
floor of the transducer.

[0067] The top-end of a transducer’s dynamic range is
determined by the distortion present in the output electrical
signal. In an ideal accelerometer, for example, the accelerom-
eter’s output will always be an undistorted representation of
the incident acceleration forces acting on the accelerometer.
In real accelerometers, however, as the incident acceleration
grows more powerful, the electrical signal output from the
accelerometer begins to distort because the accelerometer’s
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movable member (or “beam”) cannot perfectly respond to
high acceleration levels, and the output becomes nonlinear. At
some point, the level of distortion exceeds the system toler-
ance, so accelerations above that point fall outside the
dynamic range of the accelerometer. The point of unaccept-
able distortion must be determined by the system designer as
a function of the system being designed. Some applications
may tolerate higher distortion than others.

[0068] Thus, a transducer’s dynamic range is determined
primarily by the noise floor at the bottom-end, and the point of
unacceptable distortion at the top-end.

[0069] FIG. 3A schematically illustrates a human patient
300 not engaging in respiration. FIG. 3B schematically illus-
trates a patient 300 exhaling, and FIG. 3C schematically
illustrates a patient 300 inhaling. In each of FIGS. 3A-3C, two
accelerometers 301, 311 are affixed to the patient 300. The
accelerometers 301, 311 may of the type described above, for
example. More specifically, an anterior accelerometer 301 is
affixed to the abdominal region 303 of the patient 300, while
a posterior accelerometer 311 is affixed to the lower spinal
region 103 of the patient 300, such that the patient’s abdomen
303 is disposed between the anterior accelerometer 301 and
the posterior accelerometer 311. In some embodiments, the
axis of sensitivity 312 of the posterior accelerometer 311 is
perpendicular to the patient’s back, and in some embodiments
the axis of sensitivity 302 of the anterior accelerometer 301 is
parallel to the axis of sensitivity 312 of the posterior acceler-
ometer 311.

[0070] In some embodiments, the accelerometers 301 and
311 may be affixed to the patient 300 by a sensor belt or band
400 as schematically illustrated in FI1G. 4. The sensor includes
abeltstrap 401 configured to fit around, and be secured to, the
patient 300. For example the band 400 may be secured around
the patient’s abdomen 303, so as to affix the two accelerom-
eters 301 and 311 into the positions described above.

[0071] The band 400 may include other elements of a res-
piratory measurement system 575. For example, in addition
to accelerometers 301, 311, a system 575 may include ele-
ments such as a power source 502 and/or signal processing
circuitry. The power source 502 may include one or more
batteries or other power sources. Some embodiments of sig-
nal processing circuitry 500 may include, for example, one or
more buffers or amplifiers 521, signal filters 522, analog-to-
digital converters 523, microprocessor or digital signal pro-
cessor integrated circuits 501 (each of which may be referred
to as a “DSP”), wireless transmitter circuits 503, phase
shifters 527, or other circuitry to receive and process the
outputs of the accelerometers 301 and 311. In some embodi-
ments, a digital signal processor integrated circuit 501 may
control one or more analog-to-digital converters 523, for
example via one or more control signals 529, so that the
digital signal processor integrated circuit 501 can control and
record the time at which a signal was sampled.

[0072] For example, as schematically illustrated in FIG.
5B, the circuitry 520 may include a differential amplifier 521
configured to receive, at its differential inputs 521A and
521B, the outputs 5301 and 5311 of the accelerometers 301
and 311, respectively, and configured to produce an output
signal at its output terminal 521C, which output signal has an
amplitude defined by the difference between the outputs 5301
and 5311 ofthe accelerometers 301 and 311. In some embodi-
ments, if the output signals 5301 and 5311 from accelerom-
eters 301, 311 are out of phase (e.g., the output of one of the
accelerometers 301, 311 is delayed relative to the output of
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the other one of the accelerometers 301, 311), the circuit 520
may include one or more delay elements to delay one or both
of'the signals 5301, 5311, so as to lessen the difference in the
times that a response to a motion sensed by both accelerom-
eters 301, 311 arrives at the amplifier 521, for example.
[0073] The circuitry 520 also includes an analog-to-digital
converter 523 configured to convert the output signal from the
amplifier 521 to produce a digital signal, and provide that
digitized signal to computer processor hardware 501, such as
a digital signal processor integrated circuit (i.e., a “DSP”)
programmed to filter the outputs 5301 and 5311 of the accel-
erometers 301 and 311. Ifthe two accelerometers 301 and 311
do not have similar sensitivities, their outputs may be scaled
by amplifier 521 in circuit 520, or by either of optional ampli-
fiers 526 in circuit 530 of FIG. 5C, for example such that the
outputs 5301 and 5311 of the accelerometers 301 and 311
have similar or identical amplitudes. Alternately, or in addi-
tion, one or both of the amplifiers 526 may introduce a delay
or phase shift into the outputs 5301 and 5311 so as to mitigate
any delay or phase difference between them, as described
previously.

[0074] Insomeembodiments, the outputs 5301 and 5311 of
the accelerometers 301 and 311 may be summed, for example
by a summing junction 550 as schematically illustrated in
FIG. 5E. For example, the summing junction 550 may be
substituted for amplifier 521 in circuit 520 of FIG. 5B. The
design, construction and use of a summer junction, such as the
three-resistor summing junction 550, are well known in the
art and are therefore not described further here.

[0075] Some embodiment include one or more optional
analog filters 522 to filter one or both of the outputs 5301 and
5311 of the accelerometers 301 and 311 (FIG. 5C), or to filter
the output of the amplifier 521. For example, such filters may
be high-pass filters configured to reduce the amplitude of
signal components that represent low-frequency respiration
motion. Some embodiments omit the amplifier 521, as sche-
matically illustrated by circuit 530 in FIG. 5C.

[0076] Inaddition, some embodiments may include atrans-
mitter circuit 503 configured to receive an output from the
processor 501 and to wirelessly transmit signals to an external
receiver 510 (e.g., FIG. 5A), such as a laptop computer,
mobile phone, tablet computer, or computer server, as sche-
matically illustrated in FIG. 5B and FIG. 5C. Such signals
may include the digitized outputs 5301 and 5311 of the accel-
erometers 301, 311, or a digital output produced from the
outputs 5301 and 5311 of the accelerometers 301, 311 by a
signal processor 501. Alternately, some embodiments may
transmit outputs 5301 and 5311 of the accelerometers 301,
311 in the analog domain, for example as schematically illus-
trated by circuit 540 in FIG. 5D.

[0077] Returning to FIG. 3A, as schematically illustrated,
the posterior accelerometer 311 and the anterior accelerom-
eter 301 are disposed such that the patient’s abdomen 303 is
between them, or in other words, such that the axes of sensi-
tivity 302 and 312 both pass through the patient’s abdomen.
As such, there is a nominal distance 320 between them.
[0078] In operation, as the patient 300 breathes, the poste-
rior accelerometer 311 remains substantially immobile with
respect to the patient. As such, the posterior accelerometer
311 senses the gross motion of the patient 300, but does not
sense the respiratory motion of the patient.

[0079] Incontrast, the anterior accelerometer 301 moves in
response to the patient’s respiration. More specifically, the
anterior accelerometer 301 moves closer to the posterior
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accelerometer 311 when the patient exhales, as schematically
illustrated by arrow 330 in FIG. 3B. As shown in FIG. 3B, the
distance 320 between the accelerometers 301 and 311 has
closed, or been reduced, by an amount 321 as a result of the
patient 300 having exhaled.

[0080] Similarly, the anterior accelerometer 301 moves
away from the posterior accelerometer 311 when the patient
inhales, as schematically illustrated by arrow 331 in FIG. 3C.
As shown in FIG. 3C, the distance 320 between the acceler-
ometers 301 and 311 has widened, or been increased, by an
amount 322 as a result of the patient 300 having inhaled.
[0081] As the patient 300 breathes, the distance 320
between the accelerometers 301, 311 increases and decreases
cyclically, in sympathy with the patient’s respiration. As a
practical matter, not all human abdomens are as flat as the
abdomen 303 of patient 300. In such circumstances, the axis
of sensitivity 302 of the anterior accelerometer 301 may not
be exactly parallel to the axis of sensitivity 312 of the poste-
rior accelerometer 311. However, the signals output from
those accelerometers 301, 311 will still be useable in deter-
mining the respiration rate of the patient 300 as long as the
axis of sensitivity 312 of the anterior accelerometer 302 has a
vector of sensitivity parallel to the axis of sensitivity 312 of
the posterior accelerometer 311.

[0082] The patient’s respiration rate may be determined by,
among other ways, by counting the number of peaks in the
patient’s respiration signal over a given time interval. For
example, see the peaks 701-1, 701-2 . . . 701-12 in the signal
701 of FIG. 7A.

[0083] Some embodiments detect respiration without
needing to sense motions at different locations on a patient,
and/or without having to be disposed at different places on a
patient’s body. For example, an alternate embodiment 600
includes two accelerometers 301, 311 with different (i.e.,
non-identical) response characteristics, as schematically
illustrated in FIGS. 6 A and 6B. Both accelerometers 301 and
311 are affixed to the subject 300, and both therefore are
subjected to one or more motions of the subject (e.g., gross
motion and/or respiratory motion). In some embodiments, the
accelerometers 301 and 311 may be positioned very close to
one another, since the operation of the system 600 does not
depend on sensing motions from two distinct positions on the
body of the patient 300. In other words, some embodiments
may detect a respiration signal by sensing a motion (a “com-
pound motion”) that has a first component generated by gross
motion and a second component generated by respiratory
motion.

[0084] To that end, in some embodiments the accelerom-
eters 301 and 311 may be positioned within 1 centimeter, or 2
centimeters or 3 centimeters of one another. In some embodi-
ments, the accelerometers 301 and 311 may even be in a
stacked configuration (e.g., a line 650 normal to the patient’s
body 300 would pass through both of the accelerometers 301
and 311, as schematically illustrated in FIG. 6C). Indeed, in
some embodiments, both accelerometers 301 and 311 are
mounted on the same substrate 601, and may even be fabri-
cated on the same silicon die or substrate 601.

[0085] However, because the two accelerometers have non-
identical response characteristics, the outputs of the respec-
tive accelerometers will not be identical, even if they are both
subjected to the same motions. In preferred embodiments,
one of the accelerometers produces an output signal in
response to both gross motion and respiration motion, while
the other accelerometer produces an output signal in response
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only to the gross motion. As such, the outputs of the two
accelerometers may be compared or processed to determine
the contribution made only by the respiration motion.
[0086] For example, in one embodiment, the two acceler-
ometers 301, 311 may have different (i.e., distinct; non-iden-
tical) dynamic ranges, such that a patient’s respiration motion
is within the dynamic range of one of the accelerometers (and
therefore is represented in the output signal from that accel-
erometer), but not within the dynamic range of the second
accelerometer (and therefore is not represented in the output
signal from that accelerometer). For purposes of this descrip-
tion and the accompanying claims, if a stimulus is outside of
the dynamic range of a transducer, then that transducer is
deemed to have a response characteristic that is not config-
ured to transduce (e.g., produce a response to) that stimulus.
[0087] In an alternate embodiment, the two accelerometers
may have different frequency ranges, such that the low-fre-
quency (e.g., <1 Hz; <5 Hz; <10 Hz) of a respiration motion
is within the bandwidth of that accelerometer (and therefore
is represented in the output of that accelerometer), but is not
within the bandwidth of the other accelerometer (and there-
fore is not represented in the output signal from that acceler-
ometer). For purposes of this description and the accompa-
nying claims, if a stimulus is below the low frequency cutoff
ofatransducer’s bandwidth, then that transducer is deemed to
have a response characteristic that is not configured to trans-
duce (e.g., produce a response to) that stimulus.

[0088] In yet other embodiments, the two accelerometers
have distinct dynamic ranges (e.g., noise floors) and also have
distinct bandwidths, such that respiration motion is within the
response characteristic of that accelerometer (and therefore is
represented in the output of that accelerometer), but is not
within the response characteristic of the other accelerometer
(and therefore is not represented in the output signal from that
accelerometer).

[0089] In yet other embodiments, a first accelerometer
(e.g., 301) may have a dynamic range such that the first
accelerometer is configured to transduce both respiration and
gross motion, and the second accelerometer (e.g., 311) may
have alow-frequency cutoff'that is above the frequency of the
respiration motion such that the second accelerometer (311)
is configured to transduce a gross motion but not a respiration
motion.

[0090] Alternately, in another embodiment, a first acceler-
ometer (e.g., 301) may have a frequency range such that the
first accelerometer is configured to transduce both respiration
and gross motion, and the second accelerometer (e.g., 311)
may have a dynamic range such that the second accelerometer
(311) is configured to transduce a gross motion but not a
respiration motion.

[0091] In general, two transducers (e.g., two accelerom-
eters) that have different response characteristics will pro-
duce output signals that are distinguishable from one another,
even in response to the same stimulus. Embodiments of such
systems 600 are schematically illustrated in FIG. 6 A and FIG.
6B, and are described below.

[0092] In some embodiments, the two accelerometers 301,
311 may both be subject to the same motions or substantially
the same motions. Two motions may be considered to be
substantially the same (or signals representing the two
motions are substantially the same) if their waveforms are
identical, and/or if their respective energies are within 90
percent or 95 percent of each other, although higher or lower
ratios of their energies (i.e., greater than 95 percent or less
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than 90 percent) may be acceptable in some applications, as
determined by the engineer designing the system or the per-
son operating the system. The ratio of the two energies may be
higher or lower in various embodiments, for example accord-
ing to the requirements and tolerances of the system being
designed. A person of ordinary skill in the art will, after
having read this disclosure, be able to determine an accept-
able ratio of the two energies for determining whether two
motions (or signals representing the two motions) are sub-
stantially the same.

[0093] Also, two stacked accelerometers, or two acceler-
ometers closely mounted on a common substrate (e.g., 601)
may be deemed to sense the same motion. For example, the
two accelerometers may be affixed to the patient in close
proximity to one another, and therefore may not need to be
affixed to portions of the patient’s body that move difterently
in response to respiration, or be affixed to the anterior and
posterior portions of the patient’s body or otherwise posi-
tioned such that a portion of the patient’s body is physically
between the two accelerometers. Generally, the various
embodiments 600 do not require that the two accelerometers
301, 311 be subjected to different stimuli. Indeed, in some
embodiments, the two accelerometers may be enclosed
within a single package, and may even on the same substrate,
such as silicon or silicon-on-insulator substrate for example.

Example NF

[0094] An example of an embodiment system 600 having
two accelerometers with distinct response characteristics,
and in particular, with distinct noise floors, is described
below. Although an embodiment of a system 600 having two
accelerometers with distinct noise floors produces similar
signals, those signals are not identical and can be processed in
the ways described below.

[0095] The nature of respiration is that it is cyclical, and
therefore a signal representing respiration is also cyclical,
although may not be precisely periodic. As such, a patient’s
respiration rate may be determined, for example, by deter-
mining the number of cycles of a respiration signal occurring
in a given time interval. Also, typically, a person’s respiration
motions are small relative to the person’s gross motions.

[0096] In system 600, the first accelerometer 301 has a
noise floor that is below the amplitude of the respiration
motion, so that the first accelerometer 301 produces an output
signal having a component in response to a respiration
motion.

[0097] Forexample, as shown in FIG. 7A, anaccelerometer
301 might produce a motion signal 701 with an amplitude of
0.025 volts/g (which equals 0.05 volts peak-to-peak) in
response to a respiration signal. The signal 701 of FIG. 7A
schematically illustrates 12 cycles over a period of sixty sec-
onds, as evidenced for example by the twelve peaks (701-1,
701-2 . ..701-12). As such, the respiration rate of the respi-
ration indicated by signal 701 is 12 cycles per minute (or
12/60=0.2 Hz).

[0098] In practice, the first accelerometer 301 will also
transduce the patient’s gross motion, as schematically illus-
trated by signal segment 711 of the motion signal 701, in FI1G.
7B. Such gross motion might produce a contribution to the
motion signal 701, in addition to the respiration motion, such
that the motion signal 701 has an amplitude of2.25 volts (i.e.,
4.5 volts peak-to-peak), as shown in FIG. 7B for example.
The portion of the output of the first accelerometer 301 pro-
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duced in response to such gross motion may be referred to as
an “aggressor” signal, or simply as an “aggressor.”

[0099] As such, the portion 712 of the motion signal 701
produced by the first accelerometer 301 in response to the
respiration motion, as schematically illustrated in FIG. 7C, is
significantly smaller than the portion ofthe motion signal 701
produced by the same accelerometer 301 in response to the
patient’s gross motion, even though both the respiration
motion and the gross motion are within the response charac-
teristic of the first accelerometer 301 (i.e., the accelerometer
301 is capable of sensing both the respiration motion and the
gross motion; for example the motion signals are not below
the noise floor of the accelerometer 301). As illustrated in
FIG. 7B, the total motion signal 701 in segment 711 has an
amplitude of approximately 2.25 volts (3.4 volts peak-to-
peak), and as illustrated in FIG. 7C, the signal 712 has an
amplitude of approximately 0.025 volts (0.32V-0-0.27V=0.
05 V peak-to-peak). As such, in the foregoing example, the
ratio of the two (motion due to respiration and gross motion)
is approximately 100:1 (2.25:0.025).

[0100] In practice, the output of the first accelerometer 301
will also include some noise. The noise output of an acceler-
ometer is typically expressed in units of micro-g per root
Hertz, and is typically specified by the manufacturer of the
accelerometer. In the present embodiment, both the first
accelerometer 301 and the second accelerometer 311 have
similar noise density. In preferred embodiments, the ratio of
the noise density of the first accelerometer to the noise density
of the second accelerometer is between 0.1 and 10. In other
words, the specified noise density of one accelerometer
should not be significantly more than (e.g., in some embodi-
ments, not more than ten times) the specified noise density of
the other accelerometer.

[0101] As such, the output of the first accelerometer 301 in
response to respiration motion and gross motion is motion
signal 701 schematically illustrated in FIG. 7B, and may be
described by the following equation (1):

Voutl=V_respirationl+V_aggressorl+V_noisel (€8]

[0102] As schematically illustrated in FIG. 7B, all three of
the foregoing components appear in the segment 711 of signal
701. However, in this example, the gross motion stops at the
30second point, after which the segment 712 of the signal 701
includes only the response of accelerometer 301 to the respi-
ration motion and noise, as schematically illustrated in FIG.
7C, which schematically illustrates an enlarged portion of
signal 701 from oval window 702.

[0103] In system 600, the second accelerometer 311 has a
response characteristic that is distinct from the response char-
acteristic of the first accelerometer 301. In this embodiment,
the response of the second accelerometer 311 to a respiration
motion is below the noise floor of the second accelerometer
311.

[0104] As such, the output 5311 of the second accelerom-
eter 311 in response to respiration motion and gross motion is
a signal 801 schematically illustrated in FIG. 8 A, and may be
described by the following equation (2):

Vout2=V_aggressor2+V_noise2. 2)

[0105] It should be noted that Vout2 does not include a
response to respiration (i.e., there is no “V_respiration2”).
This is because, for purpose of this example, the respiration
signal is outside of the response characteristic (and specifi-
cally, below the noise floor of) the second accelerometer 311.
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[0106] As schematically illustrated in FIG. 8A, both of the
foregoing components appear in the segment 811 of signal
801. However, the gross motion stops at the 30 second point,
after which the segment 812 of the signal 801 includes only
noise output of the accelerometer 311, as schematically illus-
trated in FI1G. 8B, which schematically illustrates an enlarged
portion of signal 801 (i.e., segment 812) from oval window
802.

[0107] A signal 712 representing the respiration motion
may be extracted from the signals output from the first accel-
erometer 301 and the second accelerometer 311. In some
embodiments, the respiration signal may be determined by
subtracting the output of the second accelerometer 311 from
the output of the first accelerometer 301, as expressed by
equation (3):

V_respiration_signal=Voutl-Vout2=

V_respirationl+V_aggressorl+¥_noisel-V_aggres-
sor2—¥_noise2 3)

[0108] If the aggressor signal is above the noise floor of
both accelerometer 301 and accelerometer 311, and if both
accelerometer 301 and accelerometer 311 produce output
signals having the same volts/g, then V_aggressor]l will be
equal to V_aggressor2. However, if accelerometer 301 and
accelerometer 311 do not produce output signals having the
same volts/g amplitude, then the output of one of the accel-
erometers 301, 311 could be amplified so that the amplitude
of V_aggressorl is equal to the amplitude of V_aggressor2.
For example, such amplification could be performed by either
or both of amplifiers 526, as schematically illustrated in FIG.
5C.

[0109] As such, the equation for the respiration signal
reduces to equation (4):

V_respiration_signal="V_respirationl+¥V_noisel-¥_
noise2. 4

[0110] Thus, even though the respiration signal includes
some noise, the respiration signal is sufficient to determine
the respiration rate of the subject.

[0111] It should be reiterated that, in Example NF, the
response of the second accelerometer 311 (Vout2) does not
include a component in response to respiration (i.e., there is
no “V_respiration2”). However, if the output signal (Vout2)
of'accelerometer 311 does include a component produced in
response the respiration (i.e., “V_respiration2”), then the sys-
tem might still produce an output useable for the purposes
described herein, although the presence of that component
might degrade the performance of the system. For example,
such an output signal may be represented by equation 2':

Vout2=V_respiration2+V_aggressor2+V_noise2. 2"

[0112] In such a case, the output of the system could be
represented by equation (3'):

V_respiration_signal=Voutl-Vour2=

V_respirationl+V _aggressorl+¥_noisel-V_respira-
tion2-V_aggressor2—V_noise2. 3"

[0113] As shown by equation (3'), the respiration signal
V_respiration2 produced by accelerometer 311 detracts from
the respiration signal V_respiration1 produced by accelerom-
eter 301. Although the system would still produce an output
(V_respiration_signal), that output may not have the fidelity
of the signal represented by equation (4). Indeed, in a worst
case scenario, V_respiration1=V_respiration2. In that case,
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the system output would not include a component represent-
ing respiration, as shown by equation (4'), in which the res-
piration components (V_respirationl; V_respiration2) have
cancelled each other and the aggressor components (V_ag-
gressorl; V_respiration2) have cancelled each other, leaving
only noise:

System Output=V_noisel—V_noise2. 4)

[0114] Therefore, in view of the foregoing disclosure, a
system designer would know to select the accelerometers 301
and 311 such that accelerometer 301 produces an output
signal (Voutl) having a component produced by respiration
(V_respirationl), and such that accelerometer 311 produces
an output (Vout2) that does not include a component pro-
duced by respiration (V_respiration2) equal to the corre-
sponding component (V_respiration]) in the output of accel-
erometer 301, and preferably produces an output (Vout2) that
does notinclude any component produced by respiration (i.e.,
V_respiration2=0).

Example F

[0115] In an alternate embodiment, also schematically
illustrated by FIGS. 6A, 6B, and FIGS. 7A-7C, the first accel-
erometer 301 has a low-frequency cutoft thatis low enough to
transduce a respiration motion. In other words, the frequency
of the respiration motion is within the frequency response of
the first accelerometer 301. For illustration, a plot 780 of the
frequencies of a respiration motion of a patient (781) and the
frequencies of the patient’s gross motion (782) is schemati-
cally illustrated in FIG. 7D, and the frequency response char-
acteristic 784 [“H(s)”] of the first accelerometer (301) is
schematically illustrated in FIG. 7E. As shown in this
example, the respiration frequency 781 is, in this less than 1
Hz and the gross motion frequency 782 has components about
100 Hz. The frequency response characteristic 784 of the first
accelerometer (301) has a bandwidth that spans both the
respiration frequency 781 and the gross motion frequency
782, so that the first accelerometer will produce an output
signal in response to both the respiration motion and the gross
motion of the patient.

[0116] A second accelerometer 311 has a frequency
response which does not overlap with the frequency content
of' the respiration signal. For example, as schematically illus-
trated in FIG. 7F, accelerometer 311 may have a high pass
frequency response (786) which will block the respiration
signal. For example, the frequency response 786 of the sec-
ond accelerometer 311 has a low-frequency cutoff (787)
between the respiration frequency 781 and the gross motion
frequency 782, such that the second accelerometer will pro-
duce an output signal in response to the the gross motion of
the patient, but will filter out (i.e., dampen, or not produce, an
output signal in response to) the patient’s respiratory motion.
[0117] It should be noted that Vout2 does not include a
response to respiration (i.e., there is no “BV_respiration2”).
This is because the respiration signal is outside of the
response characteristic (and specifically, outside of the fre-
quency range or bandwidth of) the second accelerometer 311.
The output signals (e.g., 5301, 5311, respectively) from the
first accelerometer 301 and the second accelerometer 311
may then be processed as described above to produce a res-
piration signal (i.e., V_respiration_signal).

[0118] Insomeembodiments, it may be desirable to further
process the output signals from the first accelerometer 301
and the second accelerometer 311 to reduce the impact of the
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noise. In some embodiments, the output signals from the first
accelerometer 301 and the second accelerometer 311, or the
difference between those outputs, may be digitized by an
analog-to-digital converter, as schematically illustrated in
FIGS. 5B and 5C, for example, and provided to a digital
signal processor 501 as signal data. The digital signal proces-
sor 501 may then apply a digital filter to the signal data to filter
out some of the noise.

[0119] A method 900 of determining respiratory motion in
a patient is schematically illustrated in a flow chart in FIG.
9A. At step 901, the method 900 provides two accelerom-
eters, and affixes them to a patient, as described in various of
the foregoing embodiments. At step 902, the method 900 then
uses the accelerometers to acquire motion signals (or motion
signal data) from the accelerometers, either directly or via a
signal processing system (e.g., system 500) as described in
various of the foregoing embodiments.

[0120] The method 900, at step 903, processes the motion
signals to produce a respiration signal, as described in various
of the foregoing embodiments. For example, step 903 may
include calculating the net difference between the signals, as
described above, and/or amplifying, buffering, analog-to-
digitally converting, delaying, and/or filtering of one or more
of the motion signals.

[0121] Then, in step 904, the method 900 may optionally
perform some post-processing or analysis on the respiration
signal. For example, the method 900 may process the data to
identify peaks that represent inhaling and exhaling, and by
counting the peaks, and/or the time at which the peaks occur,
the method 900 may determine a respiration rate for the
patient.

[0122] For example, a method 920 of determining a respi-
ration rate is schematically illustrated in FIG. 9B. For
example, if the respiration signal is converted from analog to
digital form using an analog-to-digital converter 523, the
resulting data may be processed by a digital signal processor
501. At step 921, the DSP 501 may count a pre-determined
number of peaks within the data, and at step 922 the DSP 501
may determine the amount of time that passed between the
first and last peak within that number of peaks. At step 923,
the method 920 determines the respiration rate by dividing the
number of peaks by the amount of time that passed between
the first and last peak.

[0123] In an alternate embodiment schematically illus-
trated in FIG. 9C, a method 930 counts the number of peaks,
within the data, which peaks occur over a pre-determined
time interval (step 931). At step 932, the method 930 deter-
mines the respiration rate by dividing the number of peaks by
the pre-determined amount of time.

[0124] Method 930 may be implemented, in part, on a DSP
501 operating on digitized data. Alternately, method 930 may
be implemented in a circuit such as circuit 570, as schemati-
cally illustrated in FIG. 5F. For example, the output 521C of
amplifier 521 produces a respiration signal 571. The respira-
tion signal is input to a comparator 572, which compares the
respiration signal 571 to a reference voltage (Vref) 572R. If
and when the respiration signal 571 exceeds the reference
voltage 572R, the output 572C of the comparator 572 incre-
ments a counter 578. In this way, the counter counts the
number of breaths drawn by the patient. The number of
breaths counted is provided as a binary output at digital inter-
face, and represents the respiration rate of the patient over the
time during which the patient’s breaths are counted.
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[0125] The time during which breaths our counted by
counter 578 may be controlled by a controller 575, and may
be pre-determined. The controller may a state machine that
changes state with each pulse of an input clock 576, or a timer
that counts such clock pulses. Alternately, in some embodi-
ments, the controller may be the DSP 501. The controller
periodically sends a reset signal 577 to reset input 579 of
controller, causing the digital output 578D to reset to binary
zero. After a reset, and prior to the next reset, the counter
counts the number of the patients breaths, as described above.
In some embodiments, the time between resets may be the
interval over which the patient’s respiration rate is calculated.
For example, if the time between resets is one minute, the
respiration rate of the patient is the number of peaks counted
during that minute, and may be expressed in breaths per
minute. In some embodiment, the DSP 501 may read the
digital output 578D after a pre-determined amount of time, so
that the DSP 501 has the data and also has information about
the time interval over which the pulses were counted.

[0126] Although the foregoing embodiments have been
described as employing single-axis accelerometers, that is not
a limitation on all embodiments. For example, some embodi-
ments use one or more two-axis accelerometers or three-axis
accelerometers, and select, for purposes of signal processing
as described above, one of the two output signals produced by
such two-axis accelerometers. An example of the outputs of
from each axis of a two-axis accelerometer is schematically
illustrated in FIG. 10. In particular, the accelerometer used
was an ADXIL.362 from Analog Devices, Inc. A system 500
may use either of these signals 1002X and 1002Y as the
output of the accelerometer for purposes described above.
[0127] To capture the data illustrated in FIG. 10, the accel-
erometer 301 was fastened to a patient’s abdomen by a band,
and the patient was lying on a bed. The accelerometer 301
monitored the patient’s breathing in two orthogonal axes (X
and Y), as illustrated by trace 1002X for the X-axis motion,
and trace 1002Y for the Y-axis motion. The traces 1002X and
1002Y show motion signals due to the patient breathing nor-
mally (region 1001N), during deep breathing (region 1001D),
and during a pause in the patient’s breathing (region 1001P).
[0128] In some embodiments, signals from various two-
axis accelerometers may be processed by, for example, the
circuit 1100 in FIG. 11A, or circuit 1150 in FIG. 11B, to
identify but a few examples.

[0129] In FIG. 11A, each of the accelerometers 301 and
311 produce two output signals (5301X and 5301Y, and
5311X and 5311Y, respectively). In this embodiment, signals
5301X and 5311X represent the respective responses of the
accelerometers 301, 311 to motions in the X-axis, and signals
5301Y and 5311Y represent the respective responses of the
accelerometers 301, 311 to motions in the Y-axis, where the
respective X and Y axes of the accelerometer 301, 311 are
aligned or at least have a common vector of sensitivity. A
system may then process either the two X-axis signals
(5301X and 5311X), or the two Y-axis signals (5301Y and
5311Y), or any combination of those signals, in a signal
processing circuit (e.g., circuit 500).

[0130] In an alternate embodiment 1150, as schematically
illustrated in FIG. 11B, the X and Y signals 5301X and 5301Y
from accelerometer 301 are summed (e.g., in summing circuit
550) to produce a composite signal 5301C, and the X and Y
signals 5311X and 5311Y from accelerometer 311 are
summed (e.g., in summing circuit 550) to produce a compos-
ite signal 5311C. As such, each of the signals 5301X and
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5301Y may be referred to as contributory signals, because
they both contribute to the composite signal 5301C. Simi-
larly, each of the signals 5311X and 5311Y may be referred to
as contributory signals, because they both contribute to the
composite signal 5311C.

[0131] The composite signals 5301C and 5311C may then
be provided to a signal processing circuit 500 (e.g., as signal
5301 and 5311 in FIGS. 5B-5E). In FIG. 11A and FIG. 11B,
signal processing circuit 500 may be any of the circuits in
FIGS. 5A-5C, to identify but a few examples.

[0132] In an alternate embodiment 1160, as schematically
illustrated in FIG. 11C, the Y signal 5301Y is subtracted from
the X signal 5301X, for example by differential amplifier 521,
to produce a signal representative of the patient’s respiration.
For example, consider an embodiment in which if the Y-axis
signal 5301Y includes a component in response to an aggres-
sor signal having an amplitude of “A.” and a component in
response to a patient’s respiration having an amplitude of, for
example. 0.25 volts. Consider also that the embodiment pro-
duces an X-axis signal 5301X that also has an a component in
response to an aggressor signal having an amplitude of “A.”
but has a component in response to a patient’s respiration
having an amplitude less than the amplitude of the component
in response to a patient’s respiration in signal 5301Y. For
example, consider that the component of signal 5301X in
response to a patient’s respiration has an amplitude of 0.15
volts. In this example, the result of the subtraction (e.g., the
output 5301D of the differential amplifier 521) would be
expressed by the following equation:

Vout=4+0.25V—(4+0.15V)=
A+0.25V-4-0.15V=0.10V. )

[0133] Inother words, the result of subtracting the signal of
one axis (5301Y) from the signal from another axis (5301X)
is a signal of amplitude 0.1V representing only the respiration
of the patient.

[0134] An alternate embodiment is schematically illus-
trated in FIG. 3D, and has a first accelerometer 350 disposed
on the chest 105 of a patient 300, and a second accelerometer
301 disposed on the abdomen 330 of the patient 300. Both of
the accelerometers 301, 350 sense a gross motion of the
patient 300, and both accelerometers 301, 350 respond to
respiratory motion of the patient 300. However, the responses
of'the two accelerometers 301, 350 to respiratory motion are
not identical, even ifthe accelerometers 301, 350 are identical
to each other. For example, the response of the accelerometer
350 to gross motion and respiratory motion may be described
by the following equation:

V350=V{(gross motion)+# V(respiratory motion) (6)

[0135] and the response of the accelerometer 301 to gross
motion and respiratory motion may be described by the fol-
lowing equation:

V301=V{(gross motion)+m V(respiratory motion) (7

where “n” and “m” are scale factors that represent a fraction
of the patient’s respiratory motion that contributes to the
output signals of the accelerometers V350 and V301, respec-
tively. For example, the scale factors “m” and “n” may be
determined by the sensitivity of the accelerometers 301 and
350, or by the amount of respiration signal that reaches each
accelerometer 350, 301, respectively. In any case, in the fore-
going embodiment, n is not, and must not be, equal to m.
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[0136] From these two signals (V350; V301), the respira-
tion signal may be extracted or produced by determining or
producing the difference between them (i.e., subtracting one
of the signals from the other). For example, a respiration
signal may be expressed as:

V301-V351=V(gross motion)+m V(respiratory
motion)- V(gross motion)—# V{respiratory
motion)=(m-#) V(respiratory motion). (®)

[0137] Inapreferred embodiment, n=0 and m=1, so that the
resulting signal is an un-scaled version of the respiratory
signal, i.e., (m-n)V(respiratory motion)=(1-0)V (respiratory
motion)=V(respiratory motion).

[0138] FIG. 12 schematically illustrates an alternate
embodiment of a respiration sensing system 1200. System
1200 includes three accelerometers 301, 311 and 350, dis-
posed on the lower back 103B, abdomen 303, and chest 150,
respectively, of the patient 300.

[0139] The system 1200 may be used according to any of
the two-accelerometer embodiments described above by, for
example, processing the outputs of two of the three acceler-
ometers (301, 311, 350). Alternately, or in addition, the sys-
tem 1200 may detect abnormal respiration, such as the respi-
ration that occurs in a patient 300 with sleep apnea, for
example.

[0140] During sleep apnea, the airway 1201 to the lungs
1202 of patient 300 is blocked by the tongue. Also, during
sleep apnea the chest 105 and abdomen 303 of the patient 300
move in anti-phase. In other words, when the patient’s chest
105 moves outward, for example during inhalation, the
patient’s abdomen 303 moves inward, such that at any given
moment, the patient’s chest 105 and abdomen 303 move in
opposite directions.

[0141] Such antiphase motion between the chest 105 and
abdomen 303 may be used to detect sleep apnea. The system
1200 is configured to detect antiphase motions between the
accelerometers 301 and 350 by the use of the third acceler-
ometer 311, although detection of sleep apnea may be per-
formed by the use of only two accelerometers—e.g., one on
the chest and another on the abdomen. More specifically, in
system 1200, all three accelerometers 301, 311 and 350 are
configured to produce a positive voltage output signal in
response to motion in the +X direction, and a negative voltage
output signal in response to motion in the —X direction.

[0142] When all three accelerometers 301, 311 and 350
detect the gross motion of the patient 300, the motion of
accelerometer 311, as represented by its output signal, may be
subtracted from the output signals of accelerometers 301 and
350, to produce signals representing the net motions of the
patient’s abdomen 303 and chest 105, respectively, as
described and illustrated in connection with equations (1)-
(4), above.

[0143] The system 1200 may operate according to a
method schematically illustrated by steps of the flow chart
900 in FIG. 9. For example, if the system 1200 includes only
the accelerometers on the chest 350 and abdomen 301, then
the method 900 includes steps 901-903. The method 900
begins by providing those accelerometers 350, 301 and affix-
ing them to the patient’s chest and abdomen, respectively
(step 901) and using them to detect the respective motions of
the patient’s chest 105 and abdomen 303. As such, acceler-
ometer 350 produces a chest motion signal at its output, and
accelerometer produces an abdomen motion signal at its out-
put.
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[0144] The chest motion signal and the abdomen motion
signal are processed at step 903 to determine whether the
patient is experiencing sleep apnea, by determining whether
the chest motion signal and the abdomen motion are in
antiphase.

[0145] Inasystem 1200 with three accelerometers, the step
901 of providing accelerometers include providing acceler-
ometers 350 and 301 as described above, and further includes
providing accelerometer 311 and affixing accelerometer to
the patient’s lower back region 103B, for example such that
the axis of sensitivity of the third accelerometer 311 is per-
pendicular to the patient’s spine, and using the third acceler-
ometer 311 to detect the gross motion of the patient 300 at
step 902. Since the output signals from the first two acceler-
ometers 350 and 301 also include responses, respectively, to
gross motion, a net abdominal motion signal may be pro-
duced by subtracting the gross motion signal from the third
accelerometer 311 from the abdominal motion signal from
the second accelerometer 301 to produce a net abdominal
motion signal, at step 903. Similarly a net chest motion signal
may be produced by subtracting the gross motion signal from
the third accelerometer 311 from the chest motion signal from
the first accelerometer 350 to produce a net chest motion
signal, also at step 903. The net chest motion signal and the
net abdomen motion signal are processed at step 903 to deter-
mine whether the patient is experiencing sleep apnea, by
determining whether the net chest motion and the net abdo-
men motion are in antiphase.

[0146] FIG. 13A and FIG. 13B schematically illustrate
another embodiment in which two accelerometers 1301 and
1311 are affixed to the abdomen 303 of a patient 300. As
schematically illustrated in FIG. 3 A, the accelerometers 1301
and 1311 are disposed on opposite sides (i.e., the right and left
sides, respectively) of the patient’s abdomen. For example the
accelerometers 1301 and 1311 are disposed on opposite sides
of a vertical plane 1305 that bisects the patient’s abdomen.
FIG. 3B schematically illustrates a cross-section through the
patient’s abdomen 303 along line 1320, and shows the accel-
erometers 1301 and 1311 as well as the patient’s spine 100.

[0147] In operation, during respiration of the patient 300,
each of the accelerometers 1301 and 1311 experience motion,
as indicated by motion vectors 1302 and 1312, respectively.
Motion vector 1302, in turn, includes a vector 1302R due to
respiration, and a vector 1302G due to gross motion. The
accelerometer 1301 responds to both of those vectors, so that
the output of accelerometer 1302 may be expressed as the
following equation:

Vout1301=V_respiration1301+V_gross1301. ()]

[0148] Similarly, motion vector 1312 includes a vector
1312R due to respiration, and a vector 1312G due to gross
motion. The accelerometer 1311 responds to both of those
vectors, so that the output of accelerometer 1311 may be
expressed as the following equation:

Voutl311=V_respiration1311+V_gross1311. ()]

[0149] It should be noted that, in this embodiment the res-
piration vectors 1302R and 1312R point in slightly opposing
directions, as schematically illustrated in FIG. 13B, since
they are disposed on opposite sides (303R and 303L) of the
abdomen 303, and those opposite sides of the abdomen move
differently in response to respiration. However, the gross
motion vectors 1302G and 1312G substantially identical in
magnitude and are substantially parallel.
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[0150] Consequently, the respiration motion may be found
by subtracting the output of one accelerometer from the out-
put of the other:

Vrespiration=Vout1301-Vout1311

=V _respiration1301+V_gross1301-(V_respira-
tion1311+4¥,,,,1311)

gross

=V _respiration1301+V_gross1301-V_respira-
tion1311-V_gross1311

[0151] Such a subtraction may be performed in electronic
circuitry, such as by circuits 520 in FIG. 5B, or circuit 530 in
FIG. 5C, to name but a few examples. In a case where the
gross motion vectors are equal to on another (i.e.,
V_respiration1301=V_respiration1311), then the resulting
respiration signal may be expressed as:

Vrespiration=V_respiration1301+V _respiration1311. (11

[0152] Generally, the embodiments described herein are
configured to determine respiratory motion by using signals
from two (or more) sensors, such as accelerometers. How-
ever, other types of motion sensors may be employed. For
example, respiratory motion may be detected and quantified
using MEMS gyroscopes, for example. Also, various
embodiments described above have been illustrated with
voltage-output sensors, but other sensors could be used, such
as current-output sensors for example. As such, any of the
sensors described above could be either voltage-output sen-
sors or current-output sensors.

[0153] Various embodiments of the present inventions may
be characterized by the potential claims listed in the para-
graphs following this paragraph (and before the actual claims
provided at the end of this application). These potential
claims form a part of the written description of this applica-
tion. Accordingly, subject matter of the following potential
claims may be presented as actual claims in later proceedings
involving this application or any application claiming priority
based on this application. Inclusion of such potential claims
should not be construed to mean that the actual claims do not
cover the subject matter of the potential claims. Thus, a deci-
sion to not present these potential claims in later proceedings
should not be construed as a donation of the subject matter to
the public.

[0154] Without limitation, potential subject matter that
may be claimed (prefaced with the letter “P” so as to avoid
confusion with the actual claims presented below) includes:

[0155] P1: A method of detecting sleep apnea in a patient,
comprising:
[0156] affixing a first accelerometer to an anterior portion

of the patient’s lower abdominal region, the first accelerom-
eter having a first axis of sensitivity, and configured to pro-
duce a first motion signal indicative of motion along the first
axis of sensitivity;

[0157] affixing a second accelerometer to a chest region of
the patient, the second accelerometer having a second axis of
sensitivity substantially parallel to the first axis of sensitivity
and configured to produce a second motion signal indicative
of motion along the second axis of sensitivity, and

[0158] processing the first motion signal and the second
motion signal to determine whether the patient is experienc-
ing sleep apnea by determining whether the first motion sig-
nal is in antiphase with the second motion signal.
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[0159] P2: The method of detecting sleep apnea in a patient
according to potential claim P1, further including:

[0160] affixing a third accelerometer to the patient’s lower
spinal region, the third accelerometer having a third axis of
sensitivity substantially perpendicular to a portion of the sub-
ject’s back, and configured to produce a third motion signal
indicative of motion along the third axis of sensitivity;
[0161] processing the first motion signal and the third
motion signal to produce a net abdominal motion signal;
[0162] processing the second motion signal and the third
motion signal to produce a chest abdominal motion signal;
[0163] processing the net abdominal motion signal and the
net chest motion signal to determine whether the patient is
experiencing sleep apnea by determining whether the net
abdominal motion signal is in antiphase with the net chest
motion signal.

[0164] P3: A method of detecting the respiration of a sub-
ject, the subject having a an abdomen, comprising:

[0165] affixing a first accelerometer to a left portion of the
patient’s abdomen, the first accelerometer disposed to pro-
duce a first motion signal in response to a the patient’s respi-
ration and gross motion;

[0166] affixing a second accelerometer to a right portion of
the patient’s abdomen, the second accelerometer disposed to
produce a second motion signal in response to a the patient’s
respiration and gross motion; and

[0167] processing, in a circuit, the second motion signal
and the first motion signal to produce a respiration signal, the
respiration signal indicative of the motion of the subject’s
abdomen in response to the subject’s respiration.

[0168] In P3, the act of processing, the second motion sig-
nal and the first motion signal to produce a respiration signal
may include subtracting the first motion signal from the sec-
ond motion signal.

[0169] Various embodiments of the invention may be
implemented at least in part in any conventional computer
programming language. For example, some embodiments
may be implemented in a procedural programming language
(e.g., “C”), or in an object oriented programming language
(e.g., “C++”). Other embodiments of the invention may be
implemented as preprogrammed hardware elements (e.g.,
application specific integrated circuits, FPGAs, and digital
signal processors), or other related components.

[0170] In an alternative embodiment, the disclosed appara-
tus and methods may be implemented as a computer program
product for use with a computer system. Such implementa-
tion may include a series of computer instructions fixed either
on a tangible medium, such as a non-transient computer read-
able medium (e.g., a diskette, CD-ROM, ROM, or fixed disk).
The series of computer instructions can embody all or part of
the functionality previously described herein with respect to
the system.

[0171] Those skilled in the art should appreciate that such
computer instructions can be written in a number of program-
ming languages for use with many computer architectures or
operating systems. Furthermore, such instructions may be
stored in any memory device, such as semiconductor, mag-
netic, optical or other memory devices, and may be transmit-
ted using any communications technology, such as optical,
infrared, microwave, or other transmission technologies.
[0172] Among other ways, such a computer program prod-
uct may be distributed as a removable medium with accom-
panying printed or electronic documentation (e.g., shrink
wrapped software), preloaded with a computer system (e.g.,
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on system ROM or fixed disk), or distributed from a server or
electronic bulletin board over the network (e.g., the Internet
or World Wide Web). Of course, some embodiments of the
invention may be implemented as a combination of both
software (e.g., a computer program product) and hardware.
Still other embodiments of the invention are implemented as
entirely hardware, or entirely software.

[0173] The embodiments of the invention described above
are intended to be merely exemplary; numerous variations
and modifications will be apparent to those skilled in the art.
All such variations and modifications are intended to be
within the scope of the present invention as defined in any
appended claims.

What is claimed is:

1. A method of detecting the respiration of a subject, the
subject having a thorax, an abdomen, and a spine comprising
a lower spinal region disposed between the coccyx and the
thorax, comprising:

affixing a first accelerometer to the subject’s lower spinal

region, the first accelerometer having a first axis of sen-
sitivity substantially perpendicular to a portion of the
subject’s back, and configured to produce a first motion
signal indicative of motion along the first axis of sensi-
tivity;

affixing a second accelerometer to an anterior portion of

the subject’s lower abdominal region, the second accel-
erometer having a second axis of sensitivity substan-
tially parallel to the first axis of sensitivity, and config-
ured to produce a second motion signal indicative of
motion along the second axis of sensitivity, the first
accelerometer and the second accelerometer disposed
such that the subject’s abdomen is between the first
accelerometer and the second accelerometer, and the
first axis of sensitivity and the second axis of sensitivity
pass through the subject’s abdomen; and

processing, in a circuit, the second motion signal and the

first motion signal to produce a respiration signal, the
respiration signal indicative of the motion of the sub-
ject’s abdomen in response to the subject’s respiration.

2. The method of detecting the respiration of a patient of
claim 1, further comprising:

determining, in the circuit, the number of cycles of the

respiration signal over a predefined period of time.
3. The method of detecting the respiration of a patient of
claim 2, wherein the predefined period of time is one minute,
such that the respiration of the patient may be expressed in
term of cycles per minute.
4. The method of detecting the respiration of a patient of
claim 1, wherein:
the first accelerometer and the second accelerometer are
disposed so as to produce a first motion signal that is
complementary to the second motion signal in response
to a commonly applied gross motion; and wherein

determining the difference between the second motion sig-
nal and the first motion signal comprises summing the
first motion signal and the second motion signal.

5. A method of detecting the respiration of a patient, com-
prising:

providing a first accelerometer affixed to the subject, the

first accelerometer having a first response characteristic
configured to produce a first output signal in response to
both a respiration motion of the patient and a gross
motion of the patient;
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providing a second accelerometer affixed to the subject, the
second accelerometer having a second response charac-
teristic configured to produce a second output signal in
response to the gross motion of the patient, but not in
response to the respiration motion of the patient;

acquiring, using a circuit, from the first accelerometer, the
first motion output signal;

acquiring, using the circuit, from the second accelerom-
eter, the second motion output signal; and

determining, in the circuit, the difference between the sec-
ond motion signal and the first motion signal to produce
a respiration signal, the respiration signal produced in
response to the subject’s respiration.

6. The method of detecting the respiration of a patient of

claim 5, further comprising:

Determining, in the processing circuit, the number of
cycles of the respiration signal over a predefined period
of time.

7. The method of detecting the respiration of a patient of
claim 6, wherein the predefined period of time is one minute,
such that the respiration of the patient may be expressed in
term of cycles per minute.

8. The method of detecting the respiration of a patient of
claim 5, wherein providing the first accelerometer and pro-
viding the second accelerometer comprises affixing the first
accelerometer and the second accelerometer to the patient
such that the first accelerometer and the second accelerometer
are within 3 centimeters of one another.

9. The method of detecting the respiration of a patient of
claim 5, wherein the first accelerometer and the second accel-
erometer are in a stacked configuration.

10. The method of detecting the respiration of a patient of
claim 5, wherein:

the first response characteristic comprises a noise floor
sufficiently low such that the first accelerometer is con-
figured to produce a first output signal in response to
both a respiration motion of the patient and a gross
motion of the patient; and

the second response characteristic comprises a noise floor
that is above the amplitude of the respiration motion of
the patient but below the amplitude of a gross motion of
the patient, such that the second accelerometer is con-
figured to produce a second output signal in response to
the gross motion of the patient, but not in response to the
respiration motion of the patient.

11. The method of detecting the respiration of a patient of

claim 5, wherein:

the first response characteristic comprises a low-frequency
cutoff at a frequency sufficiently low such that the first
accelerometer is configured to produce a first output
signal in response to both a respiration motion of the
patient and a gross motion of the patient; and

the second response characteristic comprises a low-fre-
quency cutoff at a frequency greater than a frequency of
the patient’s respiration motion, but lower than a fre-
quency of the patient’s gross motion, such that the sec-
ond accelerometer is configured to produce a second
output signal in response to the gross motion of the
patient, but not in response to the respiration motion of
the patient.

12. The method of detecting the respiration of a patient of

claim 5, wherein:

the first response characteristic comprises a noise floor
sufficiently low such that the first accelerometer is con-
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figured to produce a first output signal in response to
both a respiration motion of the patient and a gross
motion of the patient; and
the second response characteristic comprises a low-fre-
quency cutoff at a frequency greater than a frequency of
the patient’s respiration motion, but lower than a fre-
quency of the patient’s gross motion, such that the sec-
ond accelerometer is configured to produce a second
output signal in response to the gross motion of the
patient, but not in response to the respiration motion of
the patient.
13. The method of detecting the respiration of a patient of
claim 5, wherein:
the first response characteristic comprises a low-frequency
cutoff at a frequency sufficiently low such that the first
accelerometer is configured to produce a first output
signal in response to both a respiration motion of the
patient and a gross motion of the patient; and
the second response characteristic comprises a nose floor
that is above the amplitude of the respiration motion of
the patient but below the amplitude of a gross motion of
the patient, such that the second accelerometer is con-
figured to produce a second output signal in response to
the gross motion of the patient, but not in response to the
respiration motion of the patient.
14. The method of detecting the respiration of a patient of
claim 5, wherein:
providing a first accelerometer comprises providing a pro-
viding a first accelerometer having a first axis of sensi-
tivity and a third axis of sensitivity, the first accelerom-
eter configured to produce a first contributory signal in
response to motion sensed by the first accelerometer
along the first axis of sensitivity, and configured to pro-
vide a third contributory signal in response to motion
sensed by the first accelerometer along the third axis of
sensitivity;
and wherein providing a second accelerometer comprises
providing a providing a second accelerometer having a
second axis of sensitivity and a fourth axis of sensitivity,
the second accelerometer configured to produce a sec-
ond contributory signal in response to motion sensed by
the second accelerometer along the second axis of sen-
sitivity, and configured to provide a fourth contributory
signal in response to motion sensed by the second accel-
erometer along the fourth axis of sensitivity;
and wherein the method further comprises summing the
first contributory signal and the third contributory signal
to produce the first motion signal, and summing the
second contributory signal and the fourth contributory
signal to produce the second motion signal.
15. A system for detecting the respiration of a patient,
comprising:
a first accelerometer configured to be affixed to the patient
so as to be subject to a gross motion of the patent and a
respiration motion of the patient, the first accelerometer
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having a first response characteristic configured to pro-
duce a first output signal in response to both the respi-
ration motion of the patient and the gross motion of the
patient;

a second accelerometer configured to be affixed to the
patient so as to be subject to at least the gross motion of
the patent, the second accelerometer having a second
response characteristic configured to produce a second
output signal in response to the gross motion of the
patient, but not in response to the respiration motion of
the patient; and

a circuit configured to determine the difference between
the second motion signal and the first motion signal and
to produce a respiration signal, the respiration signal
produced in response to the subject’s respiration.

16. The system for detecting the respiration of a patient of
claim 15, wherein the second accelerometer is disposed
proximate to the first accelerometer such that the first accel-
erometer and the second accelerometer are subject to substan-
tially identical respiration motion.

17. The system for detecting the respiration of a patient of
claim 16, wherein the second accelerometer is disposed
within 3 centimeters of the first accelerometer.

18. The system for detecting the respiration of a patient of
claim 16, wherein the first accelerometer and the second
accelerometer are in a stacked configuration.

19. The system for detecting the respiration of a patient of
claim 17, wherein the second accelerometer is disposed such
that the second accelerometer and the first accelerometer are
not subject to substantially identical respiratory motion.

20. The system for detecting the respiration of a patient of
claim 17, wherein:

the first accelerometer has a first axis of sensitivity and a
third axis of sensitivity, the first accelerometer config-
ured to produce a first contributory signal in response to
motion sensed by the first accelerometer along the first
axis of sensitivity, and configured to provide a third
contributory signal in response to motion sensed by the
first accelerometer along the third axis of sensitivity;

the second accelerometer has a second axis of sensitivity
and a fourth axis of sensitivity, the second accelerometer
configured to produce a second contributory signal in
response to motion sensed by the second accelerometer
along the second axis of sensitivity, and configured to
provide a fourth contributory signal in response to
motion sensed by the second accelerometer along the
fourth axis of sensitivity; and the system further com-
prises:

a first summing circuit configured to receive and sum the
first contributory signal and the third contributory signal
to produce the first motion signal; and

a second summing circuit configured to receive and sum
second contributory signal and the fourth contributory
signal to produce the second motion signal.
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