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Description

TECHNICAL FIELD

[0001] The invention relates generally to medical de-
vices and, in particular, to a medical device system for
filtering of a physiologic signal in a medical device.

BACKGROUND

[0002] Respiration monitoring is useful in diagnosing
and managing pathological conditions. Respiratory rates
can be measured and respiratory effort can be observed
during clinical office visits but potentially important
changes that occur outside of the clinical setting cannot
be observed. Heart failure patients can experience dys-
pnea (labored breathing) upon exertion. As heart failure
worsens, dyspnea can occur at relatively low levels of
exertion, at rest and during certain postures. Heart failure
patients can also experience disrupted breathing pat-
terns such as Cheyne-Stokes breathing and sleep ap-
nea. Episodes of disrupted breathing patterns are not
easily captured during clinical office visits. Ambulatory
monitoring of respiration is desirable for capturing useful
diagnostic data and tracking a patient’s disease state.
Implantable devices used for chronic monitoring of pa-
tients are generally minimized in size to avoid patient
discomfort. It is desirable to include respiration monitor-
ing capabilities in an implantable monitoring device with-
out substantially adding to the overall size and complexity
of the device.
[0003] WO 97/49455 and EP 1175911 teach systems
for treatment of respiratory disorders.
[0004] US-A-4 722 351 discloses heart rate dependent
filtering of respiratory signals.

SUMMARY OF INVENTION

[0005] The invention provides a medical device for de-
termining a respiratory effort according to claim 1. Pre-
ferred embodiments are defined in the dependent claims.
The methods disclosed herein do not form part of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006]

Figure 1 is a schematic diagram of a patient moni-
toring system including an implantable medical de-
vice coupled to a lead positioned within a patient’s
heart.
Figure 2 is a functional block diagram of one embod-
iment of the IMD shown in Figure 1.
Figure 3 is a flow chart of one method for monitoring
respiration.
Figure 4 is a block diagram of one embodiment of a
multi-stage filter used for deriving a respiration signal

from an intracardiac pressure signal.
Figure 5 is a plot of the amplitude frequency re-
sponse for first, low heart rate filter portion and the
second, high heart rate filter portion described in con-
junction with Figure 4.
Figure 6 is a flow chart of one method for detecting
breaths using a respiration signal derived from a right
ventricular intracardiac pressure signal.
Figure 7 is a plot of a pressure-derived respiration
signal depicting the behavior of an automatically ad-
justed threshold for detecting breath cycles.
Figure 8 is a flow chart of one method for monitoring
respiration using a pressure-derived respiration sig-
nal.
Figure 9 is a plot of a respiration signal illustrating a
method for computing a respiratory effort.

DETAILED DESCRIPTION

[0007] In the following description, references are
made to illustrative embodiments. It is understood that
other embodiments may be utilized without departing
from the scope of the invention. For purposes of clarity,
the same reference numbers are used in the drawings
to identify similar elements. As used herein, the term
"module" refers to an application specific integrated cir-
cuit (ASIC), an electronic circuit, a processor (shared,
dedicated, or group) and memory that execute one or
more software or firmware programs, a combinational
logic circuit, or other suitable components that provide
the described functionality.
[0008] Various embodiments described herein utilize
a pressure signal for deriving a respiration signal for res-
piration monitoring. As used herein, the term "pressure
signal" includes any pressure signal measured within the
body that includes a cardiac signal component and a res-
piration signal component. Such pressure signals in-
clude, for example, a pressure signal measured within a
cardiac chamber, also referred to herein as an "intracar-
diac pressure signal". Intracardiac pressure signals may
be measured in the right or left atrium or in the right or
left ventricle. Pressure signals used for deriving a respi-
ration signal as described herein can include pressure
signals measured in any blood volume, including within
a blood vessel. Pressure signals used for deriving a res-
piration signal can also include internal pressure signals
measured within a tissue or body cavity, such as in the
pericardial space, mediastinal space, intrapleural space
or within the myocardial tissue, all of which pressure sig-
nals may include both a cardiac and respiratory compo-
nent. It is noted that the relative contributions of the res-
piratory and cardiac components to both the amplitude
and the frequency content of the pressure signal will vary
depending on the sensing site.
[0009] It is further noted that a respiration signal de-
rived from an internal pressure signal is not a direct meas-
ure of the volume of air moved in and out of the lungs
during breathing. Under many circumstances, the ampli-

1 2 



EP 2 358 273 B1

3

5

10

15

20

25

30

35

40

45

50

55

tude changes of the pressure-derived respiration signal
will provide a strong correlation to actual respiration vol-
umes, i.e., the actual volume of air moving in and out of
the lungs. This correlation, however, will depend on the
airway resistance. For example, airway resistance may
increase in obstructive sleep apnea, causing a decrease
in the inspired air volume. Yet at the same time, the peak-
to-peak amplitude of a pressure-derived respiration sig-
nal will likely increase. This increase reflects an in-
creased respiratory effort made by the patient, i.e. in-
creased work performed by the respiratory muscles to
inhale, and does not correspond to an increase in the
volume of inspired air. As such, a pressure-derived res-
piration signal is a good indicator of respiratory effort
since the measured internal pressures will reflect the ef-
fort being made by the patient to breath. Changes in the
pressure-derived respiration signal may or may not be
accompanied by actual changes in respired air volume,
depending on the airway properties.
[0010] In summary, the term "respiration signal" as
used herein, referring to a signal derived from a pressure
signal, can be considered a "respiratory effort signal."
The negative-going signal peaks of the pressure-derived
respiration signal are referred to herein as "peak inspir-
atory effort" since these peaks correspond to the patient’s
effort to inspire. The positive-going respiration signal
peaks are referred to herein as "peak expiratory effort"
since these positive going peaks correspond to the pa-
tient’s effort to expire. The difference between a positive-
going and negative going peak of the pressure-derived
respiration signal can be determined as one measure of
respiratory effort as will be described herein. However,
it is recognized that the actual time point of maximum
inspiratory effort and maximum expiratory effort as de-
fined as actual work performed by the muscles involved
in respiration may or may not coincide in time with the
pressure-derived respiration signal peaks.
[0011] As will be described herein, the pressure-de-
rived respiration signal, or "respiratory effort signal," is
useful for detecting temporal features of respiration, for
example the timing of inspiration and expiration phases
and the respiration rate. Detection of such temporal fea-
tures allows patterns of abnormal breathing to be detect-
ed. The pressure-derived respiration signal is also useful
for determining a measure of respiratory effort as de-
scribed above. The pressure-derived respiration signal
may or may not be mathematically correlated to actual
respired air volumes depending on individual circum-
stances.
[0012] The use of a pressure signal for deriving a res-
piration signal enables respiration monitoring to be incor-
porated in an implantable monitoring device that already
includes a pressure sensor. For example, an implantable
medical device that includes hemodynamic monitoring
may include a pressure sensor positioned in a heart
chamber or blood vessel. Respiration monitoring using
a respiration-derived pressure signal may be incorporat-
ed in the hemodynamic monitoring device without requir-

ing additional sensors, leads, or circuitry.
[0013] An implantable hemodynamic monitor may in-
clude a pressure sensor positioned along an intracardiac
lead for measuring intracardiac pressure, for example
right ventricular intracardiac pressure. An intracardiac
pressure signal includes a respiration component caused
by changes in intrathoracic pressure that occur during
inspiration and expiration. The respiration component of
a pressure signal is typically lower in frequency than the
cardiac component. Methods and apparatus described
herein allow a respiration signal to be derived from the
intracardiac pressure signal. Accurate breath detection
and various respiration parameters can be determined
from the derived respiration signal.
[0014] Figure 1 is a schematic diagram of a patient
monitoring system including an implantable medical de-
vice (IMD) 10 coupled to a lead 14 positioned within a
heart 8 in a patient’s body 6. IMD 10 is at least capable
of monitoring physiological signals and may or may not
include therapy delivery capabilities. IMD 10 may corre-
spond to a variety of implantable medical devices includ-
ing a cardiac pacemaker, implantable cardioverter defi-
brillator, implantable hemodynamic monitor, a drug
pump, a neurostimulator or the like. Accordingly, IMD 10
may be coupled to additional leads and/or catheters op-
eratively positioned relative to the patient’s heart 8 or
other body tissues for deploying stimulating/sensing
electrodes, other physiological sensors, and/or drug de-
livery ports. While lead 14 is shown terminated within the
right ventricle of the patient’s heart, it is recognized that
lead 14 may be configured as a transvenous lead that
extends into other heart chambers or blood vessels for
positioning electrodes and/or physiological sensors in a
desired location.
[0015] In one embodiment, IMD 10 corresponds to an
implantable hemodynamic monitor capable of sensing
and recording ECG signals and intracardiac pressure sig-
nals and storing cardiac electrical and hemodynamic da-
ta. ECG signals are sensed using one or more electrodes
18 carried by lead 14 or using alternative electrodes (not
shown) incorporated on the hermetically-sealed housing
12 of IMD 10. Housing 12 encloses circuitry (not shown)
included in IMD 10 for controlling and performing device
functions and processing sensed signals.
[0016] Lead 14 is further provided with a pressure sen-
sor 16. Pressure sensor 16 is used for monitoring pres-
sure within the right ventricle. Pressure signals are mon-
itored for determining metrics of hemodynamic function
useful in monitoring heart failure status or diagnosing car-
diac dysfunction. In embodiments described herein, the
right ventricular intracardiac pressure signal obtained
from sensor 16 is further used to derive a respiration sig-
nal. The respiration signal is processed for monitoring
respiration and thereby provides additional useful data
relating to the patient’s condition. While heart failure mon-
itoring is one application in which respiration monitoring
can be useful, it is recognized that additional clinical ap-
plications will exist in which respiration monitoring using
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a pressure-derived respiration signal will be beneficial,
one example being sleep apnea or other respiratory ill-
nesses.
[0017] IMD 10 is capable of bidirectional communica-
tion with an external programmer 26 via telemetry link
28. Programmer 26 is used to program the operating
mode and various operational parameters of IMD 10 as
well as interrogate IMD 10 to retrieve data stored by IMD
10. Stored data may include data related to IMD function
determined through automated self-diagnostic tests as
well as physiological data acquired by IMD 10 using pres-
sure sensor 16 and electrode(s) 18.
[0018] Programmer 26 is further shown in communi-
cation with a central database 24 via communication link
30, which may be a wireless or hardwired link. Program-
ming data and interrogation data may be transmitted via
link 30. Central database 24 may be a centralized com-
puter or a web-based or other networked database used
by a clinician for remote monitoring and management of
patient 6. Various methods described herein and execut-
ed for deriving a respiration signal from a pressure signal,
detecting breath cycles and deriving various respiration
metrics may be implemented in one or more of the IMD
system components shown in Figure 1, namely in the
IMD 10, programmer 26 and/or central database 24, and
may include any combination of hardware, firmware
and/or software. Programmer 26 may be embodied as a
clinic-based programmer having full IMD programming
and interrogation functionality or a home-based monitor
having interrogation and perhaps limited programming
functionality and used for remote patient monitoring. It is
recognized that other external devices, such as other
physiological monitoring devices or other types of pro-
gramming devices, may be used in conjunction with IMD
10 and incorporate portions of the methods described
herein.
[0019] Figure 2 is a functional block diagram of one
embodiment of IMD 10. IMD 10 generally includes timing
and control circuitry 52 and an operating system that may
employ microprocessor 54 or a digital state machine for
timing sensing and therapy delivery functions (when
present) in accordance with a programmed operating
mode. Microprocessor 54 and associated memory 56 are
coupled to the various components of IMD 10 via a da-
ta/address bus 55.
[0020] IMD 10 may include therapy delivery module 50
for delivering a therapy in response to determining a need
for therapy, e.g., based on sensed physiological signals.
Therapy delivery module 50 may provide drug delivery
therapies or electrical stimulation therapies, such as car-
diac pacing or anti-arrhythmia therapies. Therapies are
delivered by module 50 under the control of timing and
control circuitry 52. IMD 10 can be implemented as an
interrupt-driven device in which case various computa-
tions, algorithms, or other device functions are executed
upon generation of an interrupt signal.
[0021] Therapy delivery module 50 is typically coupled
to two or more electrode terminals 68 via an optional

switch matrix 58. Switch matrix 58 may be used for se-
lecting which electrodes and corresponding polarities are
used for delivering electrical stimulation pulses. Termi-
nals 68 may be coupled to connectors providing electrical
connection to electrodes incorporated in IMD housing 12
or other lead-based electrodes, including electrode(s) 18
carried by lead 14 (shown in Figure 1).
[0022] Electrode terminals 68 are also used for receiv-
ing cardiac electrical signals through any unipolar or bi-
polar sensing configuration. Cardiac electrical signals
may be monitored for use in diagnosing or managing a
patient condition or may be used for determining when
a therapy is needed and controlling the timing and deliv-
ery of the therapy. When used for sensing, electrode ter-
minals 68 are coupled to signal processing circuitry 60
via switch matrix 58. Signal processor 60 includes sense
amplifiers and may include other signal conditioning cir-
cuitry and an analog-to-digital converter. Electrical sig-
nals may then be used by microprocessor 54 for detecting
physiological events, such as detecting and discriminat-
ing cardiac arrhythmias. As will be described herein, car-
diac electrical signals received from terminals 68, which
may be intracardiac EGM signals, far field EGM signals,
or subcutaneous ECG signals, are used in one embod-
iment for determining a heart rate. The heart rate is used
in performing heart rate dependent filtering of a pressure
signal for deriving a respiration signal.
[0023] IMD 10 is additionally coupled to one or more
sensors of physiological signals via sensor terminals 70.
Physiological sensors include a pressure sensor 16 as
shown in Figure 1 and may further include accelerome-
ters, flow sensors, blood chemistry sensors, activity sen-
sors, postures sensors, or other physiological sensors
known for use with implantable devices. Physiological
sensors may be carried by leads extending from IMD 10
or incorporated in or on the IMD housing 12.
[0024] Signals received at sensor terminals 70 are re-
ceived by a sensor interface 62 which provides sensor
signals to signal processing circuitry 60. Sensor interface
62 receives the sensor signal and may provide initial am-
plification, filtering, rectification, or other signal condition-
ing. Sensor signals are used by microprocessor 54 for
detecting physiological events or conditions. In particu-
lar, signals from pressure sensor 16 are processed by
signal processor 60 and/or microprocessor 54 for deriv-
ing a respiration signal and determining respiration pa-
rameters therefrom. A respiration monitoring algorithm
may be stored in memory 56 and executed by microproc-
essor 54 with input received from electrode terminals 68
and sensor terminals 70 for detecting respiration events.
In one embodiment, microprocessor 54 is configured to
execute software-implemented filtering operations for
deriving a respiration signal from a sensed pressure sig-
nal and further perform processing of the derived signal
for determining respiration metrics.
[0025] Microprocessor 54 is further configured to de-
termine an adjustable threshold for detecting the onset
of breath cycles and process the derived respiration sig-
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nal using the automatically adjusted threshold for deter-
mining a breath rate. Additional algorithms may be im-
plemented for determining other respiration parameters
such as a respiratory effort metric or for detecting respi-
ration-related events such as apnea, hyperpnea, hyo-
popnea, Cheyne-Stokes breathing, or other abnormal
breathing patterns. The algorithms for executing the res-
piration signal derivation, breath rate determination, and
other respiration parameter computations may be stored
in memory 56 and retrieved therefrom by microprocessor
54 as needed.
[0026] In alternative embodiments, filtering operations
for deriving a respiration signal as well as breath rate and
other respiration parameter determination may be imple-
mented using dedicated hardware and/or firmware im-
plemented in signal processor 60. Signal processor 60
may include a filter for receiving the pressure signal from
sensor interface 62. Signal processor 60 may be config-
ured to digitize the input signal and filter the signal using
a hardware-implemented heart-rate dependent filter for
deriving a respiration signal. The signal processor may
thus receive a heart rate input signal on bus 55 for filtering
the pressure signal according to a determined heart rate.
The heart rate is determined by microprocessor 54 using
ECG/EGM signals received from electrode terminals 68.
Signal processor 60 may then perform various threshold
comparisons and peak detection operations as will be
described herein for detecting breaths, determining a res-
piratory effort, or computing other respiration parame-
ters.
[0027] Respiration data may be stored for use in diag-
nosing or monitoring the patient or for determining the
need for delivering a therapy under control of the oper-
ating system. The operating system includes associated
memory 56 for storing a variety of programmed-in oper-
ating modes and parameter values that are used by mi-
croprocessor 54. The memory 56 may also be used for
storing data compiled from sensed physiological signals
and/or relating to device operating history for telemetry
out on receipt of a retrieval or interrogation instruction.
Microprocessor 54 may respond to the respiration data
by altering a therapy, triggering data storage, enabling
other sensors for acquiring physiological data, or trigger-
ing alert 74 to generate an alert signal to the patient or a
caregiver that a serious condition has been detected that
may require medical intervention. Data relating to respi-
ration may be stored in memory 56 for later retrieval.
[0028] IMD 10 further includes telemetry circuitry 64
and antenna 65. Programming commands or data are
transmitted during uplink or downlink telemetry between
IMD telemetry circuitry 64 and external telemetry circuitry
included in a programmer or monitoring unit as shown in
Figure 1.
[0029] Figure 3 is a flow chart of one embodiment of a
method 100 for monitoring respiration using a pressure-
derived respiration signal. Flow chart 100 and other flow
charts presented herein are intended to illustrate the
functional operation of a medical device system, and

should not be construed as reflective of a specific form
of software or hardware necessary to practice embodi-
ments described herein. It is believed that the particular
form of software, firmware and/or hardware will be de-
termined primarily by the particular system architecture
employed in the device system and by the particular de-
tection and therapy delivery methodologies employed by
the implantable device. Providing software, firmware
and/or hardware to accomplish the operations described
herein in the context of any modern implantable device
system, given the disclosure herein, is within the abilities
of one of skill in the art.
[0030] Methods described in conjunction with flow
charts presented herein may be implemented in a com-
puter-readable medium that includes instructions for
causing a programmable processor to carry out the meth-
ods described. A "computer-readable medium" includes
but is not limited to any volatile or non-volatile media,
such as a RAM, ROM, CD-ROM, NVRAM, EEPROM,
flash memory, and the like. The instructions may be im-
plemented as one or more software modules, which may
be executed by themselves or in combination with other
software.
[0031] At block 102 a pressure signal is sensed using
an implantable sensor. The sensed signal will include a
cardiac component and respiration component and may
include other noise and artifacts due to patient move-
ment, coughing, sneezing, etc. The implantable sensor
may be placed in a blood volume, for example in a heart
chamber for measuring an intracardiac pressure signal
or, alternatively, in a blood vessel. In one embodiment,
the pressure sensor is positioned in the right ventricle for
right ventricular intracardiac pressure sensing. Alterna-
tively, the sensor may be placed in any anatomic location
exposed to fluctuations in intrathoracic pressures asso-
ciated with breathing, including, but not limited to, the
pericardial space, mediastinal space, or intrapleural
space. Pressure sensing at block 102 can be performed
on a continuous or periodic basis.
[0032] The sensed pressure signal is filtered at block
108 using a heart rate dependent filtering frequency re-
sponse. A filter used at block 108 may include a cascade
of filters selected in various combinations to provide dif-
ferent filtering frequency responses, each corresponding
to defined heart rate ranges. The heart rate dependent
filter may alternatively include a bank of individual filters
each having a unique frequency response selected indi-
vidually for a particular heart rate range. Each filter pro-
vided for a given heart rate range may be a multistage
filter, particularly when implemented in firmware or soft-
ware. As described above, the heart rate dependent filter
may be implemented in hardware, firmware or software.
Thus, a heart rate dependent filter as described herein
generally refers to a composite filter including at least
two different single or multi-stage filter components or
portions each having a unique frequency response cor-
responding to separately defined heart rate ranges.
[0033] The filtering performed at block 108 provides a
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derived respiration signal output as indicated at block
110, which may then be used as input for respiration mon-
itoring algorithms at block 112. The respiration signal out-
put provided at block 110 may include a single signal
obtained by sequential operation of the different filter por-
tions. In other words, the respiration signal is provided
as a single continuous signal produced by merging the
sequential output signals of the two different filter por-
tions. The respiration signal output may alternatively in-
clude multiple filter output signals provided by each of
the different heart rate dependent filter portions.
[0034] Respiration monitoring algorithms performed
using a pressure-derived respiration signal will be de-
scribed in greater detail below. Respiration monitoring
performed at block 112 may be used for automatically
controlling a therapy and/or recording respiration data
for diagnostic or patient management purposes. In gen-
eral, respiration monitoring at least includes detecting
breath cycles to allow determination of a breath rate and
may include determination of other respiration metrics.
[0035] At block 106, a heart rate is determined. The
heart rate may be derived from the cardiac component
of the pressure signal, for example using peak detection
or threshold crossing algorithms for detecting each heart
cycle length from the cardiac signal component. The
quality of the cardiac signal component for use in deter-
mining a heart rate may be improved by performing high
pass or band pass filtering of the pressure signal first.
Alternatively, an ECG or EGM signal may be sensed as
indicated by block 104 and used for determining a heart
rate. For example, an EGM signal may be sensed using
an intracardiac electrode or a subcutaneous ECG signal
may be sensed using subcutaneously positioned elec-
trodes for determining a heart rate. Heart rate determi-
nation from cardiac electrical signals is generally per-
formed using R-wave detection algorithms and measur-
ing R-R intervals.
[0036] The heart rate determined at block 106 is pro-
vided as input to the respiration monitoring algorithm 112
in one embodiment. When respiration data is computed
from multiple heart rate dependent filter portions, respi-
ration data is selected for storage in memory and data
reporting purposes based on the determined heart rate.
The respiration data selected is the data computed from
a filter output signal obtained from the filter having a fre-
quency response corresponding to the determined heart
rate. The data obtained using filters having a frequency
response designed for heart rate ranges not matching
the determined heart rate may be discarded or archived.
[0037] Alternatively, the determined heart rate may be
provided as input at block 108 for use in selecting which
of the heart rate dependent filter portions is selected for
filtering the pressure signal. The heart rate dependent
filter portions may be selected one at a time according
to the determined heart rate to generate a single respi-
ration signal at block 110.
[0038] Figure 4 is a block diagram of one embodiment
of a multi-stage filter 200 used for deriving a respiration

signal from a pressure signal. A pressure signal, for ex-
ample a right ventricular intracardiac pressure signal, is
sampled at a desired sampling rate, which is suitable for
the purposes of monitoring pressure and deriving cardiac
function parameters. In the example shown in Figure 4,
the input signal 202 for filter 200 is a buffered 64 Hz, 8
bit signal. It is recognized that other pre-filter sampling
rate and bit resolution signals may be utilized.
[0039] The composite filter 200 includes two heart rate-
dependent multi-stage filter portions which are realized
by selecting two different combinations of cascaded filter
stages. The heart rate-dependent first filter portion is pro-
vided for filtering a respiration signal from the pressure
signal during low heart rates, providing a low heart rate
output 228. The first multi-stage filter portion includes
filter stages 204, 208, 212, 216, 218, 220, 222 and 224.
[0040] The second heart rate-dependent filter portion
is provided for deriving the respiration signal during high
heart rates. The second filter portion is a computational
subset of the low heart rate filter portion so that additional
filter stages or computations are not required to imple-
ment the high heart rate filter portion. The second filter
portion excludes filter stages 220 and 222 which were
included in the low heart rate filter portion. The second
filter portion thus includes filter stages 204, 208, 212, 216
and 218 and a final filtering stage 226, which may be
equivalent to the final filtering stage 224 of the low heart
rate filter portion. The second filter portion provides a
high heart rate output 230.
[0041] In other embodiments, a single filter may be em-
ployed that is suitable for all heart rates or additional filter
portions may be employed for finer heart rate resolution.
The number of heart rate dependent filter portions includ-
ed in the composite filter based on heart rate is not limited
to two as shown in Figure 4, i.e., one filter portion selected
from the cascade of individual filter stages for a "high"
heart rate range and another filter portion selected from
the cascade of individual filter stages for a "low" heart
rate range. The heart-rate dependent filter portions can
include as many multi-stage or single stage filters as
needed for a desired resolution of heart rate ranges, i.e.,
low, high, and one or more intermediate heart rate rang-
es.
[0042] Each portion of the multi-stage filter is designed
to produce a desired overall filter frequency response in
the time domain selectable according to heart rate. In
one embodiment, a first filter is selected as one combi-
nation of the cascade of filter stages when the heart rate
is equal to or less than 50 beats per minute. A second
filter is selected as a different combination of the cascade
of filter stages when the heart rate is greater than 50
beats per minute. The frequency response for each
heart-rate dependent filter portion will be optimized ac-
cording to the amplitude and frequency content of the
respiratory and cardiac components contributing to the
particular pressure signal being sensed.
[0043] In an illustrative embodiment, the first filtering
stage 204 averages the most recent four signal samples,
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i.e. the x(i) through x(i-3) sample point amplitudes are
summed, and the summation is divided by four: 

[0044] The second filtering stage 208 averages the
most recent signal sample, x(i), with twice the previous
signal sample, 2*x(i-1), and the next previous signal sam-
ple (i-2): 

[0045] The third filtering stage 212 averages x(i), 3*x(i-
1), 3*x(i-2) and x(i-3): 

[0046] Stages 218, 220 and 222 can be implemented
the same as the first stage 204, i.e., an average of the
most recent four signal sample amplitudes. The final out-
put stages 224 and 226 are implemented as: 

[0047] While filter stages 224 and 226 are shown as
the final stages in filter 200, it is recognized that filter
stages 224 and 226 could alternatively be implemented
earlier as a single stage included in both the high and
low heart rate filters, for example prior to stage 216, to
reduce redundancy.
[0048] The multi-stage filtering approach allows a com-
putationally efficient software implementation of the de-
sired heart rate dependent filtering responses. The par-
ticular embodiment shown is computationally efficient
while allowing the resolution of the derived respiration
signal to be maximized using the least number of bits.
The heart-rate dependent filtering approach allows lim-
ited coefficient filters and lower sampling rates to be used,
which reduces the computation required to implement a
particular frequency response. The filter 204 reduces
higher frequencies in the pressure signal, such that the
signal may be decimated by 4. The next filter 208 then
may operate on one-quarter of the samples to achieve
further low-pass filtering that allows decimation by 2, and
so on. The constants in the illustrative equations given
above allow multiplications and divisions to be performed
by shifts and adds. The particular order of the stages of
the heart-rate dependent filters may be rearranged.
[0049] It is recognized that multiple heart rate-depend-
ent filters may each be designed and implemented in
hardware as a single stage filter having the final filtering
response of the multistage filters implemented in soft-
ware as shown in Figure 4. It is further recognized that

a hardware implemented filter may be implemented hav-
ing a variable frequency response selectable based on
a heart rate input. The filter frequency response charac-
teristics are chosen based on the known relationships
between heart rates and respiration rates.
[0050] In an interrupt-driven device, the heart rate de-
pendent filters and a breath detection algorithm to be
described herein are run upon every interrupt signal, e.g.
on an interrupt signal generated every one second. A
limited number of samples from the previous interrupt
interval are saved to be used in the next interrupt interval
to allow continuous filter processing of signal samples.
For example, the last 3 sample points of a previous in-
terrupt interval may be saved to be used as the x(i-1),
x(i-2) and x(i-3) sample points in the filtering equations
shown above with the first sample point x(i) taken from
the current interrupt interval. In this way, continuous res-
piration monitoring can be performed as long as the pres-
sure signal is available.
[0051] Between filter stages 204 and 208, 208 and 212,
and 212 and 216 decimation is performed to reduce the
sample number. The cascade of filtering and decimation
shown in Figure 4 allows the low heart rate and high heart
rate filtering responses to be implemented within the
computational bandwidth of a microprocessor included
in an implantable medical device. In the particular exam-
ple shown, decimation by 4 occurs at block 206. Deci-
mation by 2 occurs at blocks 210 and 214. In the case
of a 64 Hz input signal, both the low heart rate filter output
228 and the high heart rate filter output 230 is a 4 Hz
signal.
[0052] Both of the low heart rate output 228 and the
high heart rate output 230 are provided as input to a com-
mon algorithm for detecting respiration events. In other
words, the respiration monitoring algorithm is implement-
ed to operate on both outputs 228 and 230, simultane-
ously or sequentially.
[0053] Figure 5 is a plot 250 of the amplitude frequency
response for the first, low heart rate filter portion and the
second, high heart rate filter portion described in con-
junction with Figure 4. The high heart rate filter frequency
response 254 allows a higher frequency respiration sig-
nal to be derived from the intracardiac pressure signal.
The low heart rate filter frequency response 252 reduces
the likelihood of low frequency, cardiac-related pressure
signals occurring at low heart rates from interfering with
the derived respiration signal. Using the heart rate as
input, the desired frequency response is selected and
the pressure signal is filtered accordingly. While a com-
posite filter having two selectable frequency responses
for two different heart rate ranges is described herein, it
is recognized that a heart rate dependent filter may in-
clude multiple filters or multiple selectable frequency re-
sponses, each of which may include multiple stages and
selectable according to multiple heart rate ranges.
[0054] Figure 6 is a flow chart of one method 300 for
detecting breaths using a respiration signal derived from
a pressure signal, such as a right ventricular intracardiac
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pressure signal. Method 300 receives a pressure-derived
respiration signal input for use in detecting breaths. At
block 301, the pressure-derived respiration signal output
from a low heart rate filter is provided as input to method
300. At block 302, the pressure-derived respiration signal
output from a high heart rate filter is provided as input to
method 300. Method 300 thus receives the signal output
from each heart rate-dependent filter portion of a com-
posite filter. The respiration signals in block 301 and 302
are derived using the heart rate-dependent, multi-stage
filtering described in conjunction with Figure 4.
[0055] In one embodiment, the filters may be config-
ured to operate in a non-simultaneous, i.e. sequential,
manner selected according to a presently determined
heart rate. In this case, method 300 receives signal sam-
ple points from one heart rate-dependent filter portion at
a time. The selected filter portion may be changing dy-
namically with heart rate changes, however a continuous
digital signal will be received as input for the breath de-
tection method 300 allowing continuous respiration sig-
nal monitoring. For example, upon an interrupt signal,
the heart rate may be computed using the most recent
cardiac sensed event(s). The heart rate is then used for
selecting which filter portion is operating to filter the pres-
sure signal until the next heart rate is determined. In al-
ternative embodiments, a running average heart rate is
updated upon each cardiac event, which may include
sensed and paced cardiac beats when cardiac pacing is
present. The heart rate may alternatively be an instanta-
neous heart rate based on a single event-to-event inter-
val. The heart rate may be updated for each single event-
to-event interval, such as each R-R interval, or every ith

event interval or other selected intervals. The heart rate
may alternatively be determined using several sensed
and/or paced events and the corresponding time period
over which the events occur. It is recognized that numer-
ous methods for detecting an instantaneous or averaged
heart rate may be used.
[0056] The determined heart rate may be used for pro-
spective selection of the heart rate dependent filter por-
tion. A selected filter may continue to operate for filtering
the pressure signal until the next determined heart rate.
Alternatively, the selected filter portion may operate until
the heart rate has been in a different heart rate range for
a predetermined period of time or predetermined number
of sensed/paced events, thereby introducing a hysteresis
effect in the selection of the filter portions.
[0057] In another embodiment, the rate-dependent fil-
ters operate in parallel each providing a pressure-derived
respiration signal as input to method 300, to be processed
simultaneously. In this case, breath cycles are detected
and a breath count is determined according to method
300 for both the low HR respiration signal 301 and the
high HR respiration signal 302. A final breath count for a
given interval of time is then selected as the breath count
determined from the filter output signal that corresponds
to a heart rate determined at the end of the given interval
of time. In operation, the breath count determined for the

high heart rate filter signal is the default breath count
value to be stored for data reporting purposes unless a
heart rate below a threshold rate, for example 50 bpm,
is detected, in which case the breath count determined
using the low heart rate filter signal is stored for data
reporting.
[0058] At block 304, a selected number of respiration
signal sample points are continuously buffered in a first-
in-first-out (FIFO) manner. If the filter output signals 301
and 302 are provided simultaneously for determination
of a breath count for both the low HR filter signal count
and the high HR filter signal, buffered sample points are
collected for each signal in separate buffers for subse-
quent processing described below. If the filter output sig-
nals provided as input at 301 and 302 are provided se-
quentially according to a determined heart rate, buffered
sample points may be stored from the sequential input
signals in a single buffer for subsequent processing.
[0059] In one embodiment, ten sample points acquired
from a 4Hz filter output signal are stored in a memory
buffer. Subsequent processing performed at blocks 306
through 324 is performed on both the low and high HR
filter signals when both signals are provided in parallel
or on the single, sequentially combined LR and HR filter
signals provided during non-simultaneous, sequential
operation of the low and high HR filters according to a
determined heart rate.
[0060] The buffered sample points are used for con-
tinuously determining an automatically adjusted breath
detection threshold at block 306. A dynamically adjusted
threshold for detecting breaths is determined based on
the varying amplitudes of the FIFO buffered sample
points. The threshold is computed upon acquisition of
each new sample point based on or as a function of the
amplitudes of the buffered samples. In various embodi-
ments, the threshold may be computed as a threshold
for detecting inspiration or a threshold for detecting ex-
piration as the start of a breath cycle.
[0061] During inspiration, the intracardiac pressure
signal is decreasing as intrathoracic pressure decreases.
After high pass filtering, the inspiration phase of the fil-
tered pressure signal can become negative in amplitude.
The minimum peak of the pressure-derived respiration
signal thus corresponds to the peak inspiratory effort.
During expiration, intrathoracic pressure increases, and
the respiration signal is generally positive in amplitude
after highpass filtering of the pressure signal occurs. The
maximum peak of the pressure-derived respiration signal
corresponds to the peak expiratory effort.
[0062] A continuously adjusted breath-detection
threshold may be based on either of a minimum or a
maximum amplitude, i.e., a minimum or a maximum val-
ue, of the buffered sample points. In one embodiment, a
new breath cycle is detected during inspiration. The onset
of the new breath cycle corresponds to a sample point
that is less than the automatically adjusted threshold. The
auto-adjusted threshold is computed based on the min-
imum amplitude of the buffered sample points. The
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threshold may be computed as a percentage, for exam-
ple between 30% and 40% of the minimum amplitude.
In a test comparison of breath rates determined from ac-
tual respiration signals and from right ventricular pres-
sure-derived respiration signals recorded in patients, an
auto-adjusted threshold computed as 37.5% of the min-
imum amplitude of the buffered sample points was found
to result in a high accuracy of breath detection.
[0063] Generally, the minimum amplitude of the de-
rived respiration signal is a negative value such that the
threshold computed as a percentage of the minimum am-
plitude will be a negative value having an absolute value
less than the minimum amplitude. It should be noted that,
in unusual circumstances, such as a patient on positive
pressure ventilation, the pressure values may all be pos-
itive, but increasing and decreasing cyclically with the
ventilator, with positive-going pressures associated with
inspiration (forced by the ventilator) and negative-going
pressures associated with expiration.
[0064] In some embodiments, a maximum and/or min-
imum limit may be set for the auto-adjusted threshold as
indicated by input block 308. For example, a maximum
threshold may be set which prevents the auto-adjusted
threshold for detecting inspiration from ever exceeding
the selected maximum. When computing the threshold
as a percentage of the minimum sample point, the max-
imum threshold may be 0 or a small negative value, for
example (-0.5) or (-1.0) depending on the relative ampli-
tudes of the sample points.
[0065] Upon detecting a negative-going threshold
crossing at block 310, i.e. a sample point having an am-
plitude that is less (more negative) than the auto-adjusted
threshold, the continuous adjusting of the auto-adjusted
threshold is temporarily suspended and the auto-adjust-
ed threshold is locked at its current value at block 312.
The FIFO buffer continues to receive new values but the
threshold adjustment is suspended until a predetermined
number of sample points (X) less than the current value
of the auto-adjusted threshold are detected. In some em-
bodiments, a predetermined number of consecutive
sample points, e.g. 3 sample points, less than the thresh-
old are required in order to confirm the detection of in-
spiration. If this requirement is not met at decision block
314, the method 300 returns to block 306 to continue
adjusting the threshold and monitoring for the inspiration
detection condition.
[0066] Once the inspiration detection requirement of X
subthreshold sample points is satisfied at block 314, the
automatic adjustment of the threshold is resumed at
block 316. As such, the temporary locking of the threshold
occurs for up to the predetermined number of consecu-
tive subthreshold sample points required for inspiration
confirmation. The threshold is then adjusted based on
the current content of the buffer at block 316, which in-
cludes the subthreshold sample points used to confirm
inspiration detection. After confirming inspiration, meth-
od 300 monitors for expiration by comparing sample
points to the auto-adjusted threshold at block 318. An

expiration threshold crossing is detected at block 318
when a positive-going crossing occurs, i.e. a sample
point amplitude is equal to or greater than the auto-ad-
justed threshold. The sample point exceeding the thresh-
old may be a positive value or a negative value.
[0067] In the embodiment illustrated by the flow chart
of Figure 6, the auto-adjusted threshold for detecting ex-
piration continues to be computed at block 316 in the
same manner as the auto-adjusted threshold for detect-
ing inspiration computed at block 306, i.e., a percentage
of the minimum sample point amplitude stored in the
FIFO buffer. In alternative embodiments, the auto-adjust-
ed threshold computed at block 316, after confirming in-
spiration detection at block 314, is computed differently
than the inspiration detection threshold. For example, the
expiration detection threshold may have a value that is
based on a percentage of a maximum buffered sample
point amplitude. In yet another embodiment, a percent-
age of the minimum buffered sample point amplitude
used to compute the expiration threshold may be different
than the percentage used to compute the inspiration
threshold.
[0068] It is further recognized that computation of a
single threshold or distinct inspiration and expiration
thresholds may involve more than a single minimum or
maximum buffered sample point. For example, an aver-
age or other statistical aspect of two or more buffered
sample points may be used in computing the auto-ad-
justed threshold. When computing an auto-adjusted
threshold for expiration detection, a minimum threshold
value may be set to limit how low the threshold is set for
detecting a positive-going threshold crossing.
[0069] In the example embodiment illustrated in Figure
6, an expiration threshold crossing is detected at block
318 when a sample point that is greater than the auto-
adjusted threshold is detected. The auto-adjusted
threshold is again locked at its current value at block 320
to allow method 300 to confirm expiration detection at
block 322. Expiration detection is confirmed by detecting
a required number (Y) of consecutive sample points
equaling or exceeding the locked threshold value (i.e.,
suprathreshold sample points). If a subthreshold sample
point is detected before reaching the required number of
consecutive suprathreshold sample points, method 300
returns to block 316 to continue automatic adjustment of
the threshold and monitoring for expiration.
[0070] Once the required number of suprathreshold
sample points is detected at block 322, breath detection
is confirmed as evidenced by the confirmed detection of
an expiration phase following an inspiration phase. A
breath counter is incremented at block 324. Incorporating
a required number of subthreshold sample points greater
than one for confirming an inspiration threshold crossing
(typically a negative-going crossing) helps to reduce the
likelihood of false breath detections. The requirement of
one or more suprathreshold sample points before detect-
ing a breath based only on the inspiration detection in-
troduces a form of hysteresis in the breath detection al-
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gorithm. This hysteresis reduces the likelihood of inap-
propriate breath detections due to noise, such as coughs,
sneezes or sudden posture changes or other movement.
[0071] In Figure 6, detection and confirmation of an
inspiration phase of a breath cycle occurs at blocks 310
through 314 and is followed by detection and confirma-
tion of a subsequent expiration phase of the breath cycle
at blocks 316 through 322. Confirmation of each phase
occurs before incrementing the breath count at block 324.
Clearly the order of detecting and confirming the inspi-
ration and expiration phases could be reversed from that
shown in Figure 6. In other words, blocks 318 through
block 322 could be performed for detecting and confirm-
ing the expiration phase afterwhich blocks 310 through
314 are performed for detecting and confirming the in-
spiration phase before incrementing the breath count at
block 324.
[0072] The practical number of required subthreshold
and suprathreshold sample points for detecting a breath
will be limited by the sampling rate. Requiring too many
consecutive suprathreshold and subthreshold sampling
points for confirming expiration and inspiration phases
will limit the detectable breath rate and could result in
underestimation of the breath rate. Generally, two supra-
threshold sample points preceding (or following) an in-
spiration threshold crossing allows for accurate breath
detection using a 4 Hz sampling rate of a pressure-de-
rived respiration signal.
[0073] Figure 7 is a plot 350 of a pressure-derived res-
piration signal 352 depicting the behavior of an automat-
ically adjusted threshold 354 for detecting breath cycles.
The auto-adjusted threshold 354, shown in heavy black
line varies with the respiration signal 352. Plateaus, for
example at 358 and 360 occur when the auto-adjusted
threshold 354 is locked for confirming an inspiration
phase or an expiration phase. Two occurrences of the
auto-adjusted threshold reaching the maximum thresh-
old limit (0 in this example) are seen at 356. Each breath
is detected, as indicated by "B", upon a negative going
threshold crossing that is preceded by a required number
of subthreshold sample points which are further preced-
ed by a required number of suprathreshold sample
points. The number of breaths detected for a monitoring
interval 362 are counted such that a number of breaths
per minute (18 in this example) can be stored in device
memory. The breath rate counted for repeating intervals
362 can be stored in memory to provide continuous
breath rate monitoring. This respiration information can
be utilized as an indicator of heart failure in the patient.
[0074] Figure 8 is a flow chart of one method 500 for
monitoring respiration using a pressure-derived respira-
tion signal. At block 502, a high resolution trend interval
timer is started. At block 504, a low resolution trend in-
terval timer is started. The resolution trend intervals may
be programmable by a physician. Respiration data may
be collected and stored over one or more repeating time
intervals to provide varying resolutions of stored data. In
one embodiment, a high resolution trend interval is ap-

proximately two seconds such that at least a respiration
rate, i.e., the number of breaths detected in a two second
interval, and optionally other respiration parameters, is
stored at the end of every two second interval. Such data
storage may occur periodically or continuously, twenty-
four hours per day. A low resolution trend interval may
be on the order of several minutes, hours or one day. In
one embodiment, a low resolution trend interval is 8 min-
utes. The number of breaths per minute in a low resolu-
tion trend interval may be determined from the cumula-
tively stored high resolution trend data.
[0075] At block 506, a breath cycle onset is detected,
using the method described in conjunction with Figure 6.
Upon the first breath detection, an apnea timer is started
at block 508. If the apnea timer expires before the next
breath detection, as indicated by block 510, apnea is de-
tected at block 512. An apnea timer may be set to any
desired time interval for detecting apnea. In one embod-
iment, the apnea timer is set at 10 seconds. Upon de-
tecting apnea at block 512, a record of the apnea episode
may be stored in memory. A therapy response may be
provided or an alarm generated. After each subsequent
breath detection, the apnea timer is restarted at block
508.
[0076] The breath count is increased by one at block
514 in response to the breath detection. A respiratory
effort is determined at block 520 for the previously de-
tected breath cycle, which has ended upon the current
breath detection. One method for determining a respira-
tory effort is described below in conjunction with Figure 9.
[0077] If the high resolution trend interval has expired,
as determined at block 522, the breath rate and a metric
of respiratory effort for the trend interval are stored at
block 524. The high resolution trend interval is restarted
at block 526. If breath counts have been determined for
parallel, simultaneous heart rate dependent filter signals,
the breath counts are temporarily stored for each filter
signal. The heart rate is determined at the end of the high
resolution trend interval at block 518. The heart rate may
be determined based on R-R intervals measured during
the high resolution trend interval or any other preceding
time interval. In a composite filter including two heart rate
dependent filters, if the heart rate is less than a rate
threshold, such as 55 beats per minute, for example, the
breath count and respiratory effort determined for a low
HR filter signal are stored for data reporting purposes. If
the heart rate is greater than the threshold, the breath
count and the respiratory effort determined for the high
HR filter signal are stored for data reporting purposes.
Breath counts temporarily stored for the filter signal(s)
that are not selected to be stored for data reporting pur-
poses maybe discarded or archived. Alternatively, breath
counts for both filters may be stored by the IMD until a
heart rate determination is made at a future time, either
by the IMD or by an external programmer or computer,
at which time the appropriate breath rate data is utilized
for reporting purposes.
[0078] If the low resolution trend interval has not yet
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expired, as determined at block 528, method 500 returns
to block 506 to wait for the next breath detection. If the
low resolution trend interval has expired, the low resolu-
tion breath rate and effort is stored at block 530. The low
resolution breath rate and effort may be determined from
the high resolution data cumulatively stored over the low
resolution trend interval. The low resolution breath rate
may be determined from a sum of the stored high reso-
lution breath counts or an average breath rate deter-
mined using each of the stored high resolution breath
rates stored over the low resolution trend interval. Alter-
natively, separate breath counters may be used for each
trend interval to separately determine the high and low
trend interval breath rates.
[0079] The breath rate may be stored and made avail-
able for display to a clinician in breaths per minute. Res-
piratory effort may be stored as an average of the effort
computed for each breath cycle over the low resolution
trend interval or as an average of the averages for each
high resolution trend interval. After updating the low res-
olution data, method 500 returns to block 504 to restart
the low resolution trend interval.
[0080] Figure 9 is a plot of a respiration signal 400 il-
lustrating methods for computing a respiratory effort.
Long-term or continuous ambulatory monitoring of a
measure of respiratory effort may be useful in detecting
and assessing a respiratory parameter in heart failure
patients, such as dyspnea, for example. The respiration
signal 400 represents a pressure-derived respiration sig-
nal. An arbitrary auto-adjusting threshold 401 is illustrat-
ed. The detection of three breath cycles A, B and C is
shown at 412, 414 and 416. Each breath detection 412,
414, and 416 occurs upon detecting the required number
of subthreshold sample points preceded by a required
number of suprathreshold sample points. Using breath
cycle B detected at 414 as an example, a first subthresh-
old data point 420’ is detected after which the threshold
401 remains locked to confirm the next two consecutive
sample points 420" and 420’" are also subthreshold sam-
ple points. Upon detecting the third consecutive sub-
threshold sample point 420"’, breath B is detected at 414.
In other embodiments, a different number of subthresh-
old sample points may be required. The onset of the
breath detection is shown to correspond to the last con-
firming subthreshold sample point in Figure 9, however
it is recognized that for timing and data extraction pur-
poses, the onset of the breath cycle may correspond to
any one of the subthreshold sample points 420’, 420" or
420"’, collectively referred to as 420.
[0081] Upon confirming the required number of sub-
threshold sample points 420 for inspiration detection, au-
tomatic adjustment of the threshold 401 resumes until a
first suprathreshold sample point 422’ is detected. The
threshold 401 is again locked to allow confirmation of a
required number of consecutive suprathreshold sample
points 422" and 422"’. The confirmation of the suprath-
reshold sample points, collectively 422, is required before
detection of the next breath C at 416 can occur.

[0082] Breath C 416 is detected upon confirming the
required number of subthreshold sample points following
the required suprathreshold sample points 422. Upon de-
tection of breath C at 416, the respiratory effort 432 for
the preceding breath B can be determined. In one em-
bodiment, respiratory effort 432 is defined as the differ-
ence between the minimum amplitude 408 (peak inspir-
atory effort) and the maximum amplitude 404 (peak ex-
piratory effort) of a breath cycle. The minimum amplitude
408 occurs during an inspiration phase of breath B. The
minimum amplitude is searched for during a minimum
peak search interval 424. Interval 424 is defined as the
interval of time between the last suprathreshold sample
point 426 used to confirm the expiration phase of breath
A and the last suprathreshold sample point 422’" used
to confirm the expiration phase of breath B. Interval 424
is thus inclusive of the inspiration phase of breath B
(which occurs between peak expiratory effort 402 of
breath A and peak inspiratory effort 408 of breath B). A
minimum peak search is performed over interval 424 to
reliably detect minimum peak 408 as the peak inspiratory
effort of breath B detected at 414.
[0083] The maximum peak 404 of breath B is searched
for during a maximum peak search interval 430. The
search interval 430 extends from the last subthreshold
sample point 420’" used to detect the onset of breath B
at 414 to the last subthreshold sample point 428 used to
detect the onset of breath C at 416. Interval 430 is thus
seen to include the expiration phase of breath B, which
extends between the peak inspiratory effort 408 to peak
expiratory effort 404. A peak search performed over in-
terval 430 will reliably identify peak 404 as the peak ex-
piratory effort for breath B. The difference between max-
imum 404 and minimum 408 is computed as the respi-
ratory effort 432 associated with breath B. It should be
noted that the above described concept applies to a sub-
ject breathing normally, and that, in the case of a patient
on a positive pressure ventilator, the respiratory effort
measures will not have typical meaning, but rather, will
be influenced by the ventilator settings.
[0084] Alternatively, the respiratory effort may be com-
puted as the slope between maximum 404 and minimum
408. In other embodiments, a measure of respiratory ef-
fort may be computed as a slope between any selected
sample point during the inspiration phase of a detected
breath and a selected sample point during the expiration
phase of the same detected breath.
[0085] The intervals for searching for the selected sam-
ple points used for computing a respiratory effort, such
as intervals 424 and 430 may alternatively be defined
using different sample points than those shown in Figure
9. For example, an interval to search for a point during
the inspiration phase for use in computing effort may be
defined as the first subthreshold sample point 420’ and
the first suprathreshold sample point 422’. The interval
to search for a point during the expiration phase for use
in computing effort may be defined as the first suprath-
reshold point 422’ and the subsequent first subthreshold
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point 434.
[0086] Thus, a system and method for respiration mon-
itoring have been presented in the foregoing description
with reference to specific embodiments. It is appreciated
that various modifications to the referenced embodi-
ments may be made without departing from the scope of
the invention as set forth in the following claims.

Claims

1. A medical device for determining a respiratory effort,
comprising:

a pressure sensor (16) to sense pressure sig-
nals;
a housing (12) having device circuitry positioned
therein; and
a microprocessor (54) positioned within the
housing, wherein the microprocessor is config-
ured to detect an inspiration and an expiration
in response to the pressure signals, detect a
breath in response to the detected inspiration
and the detected expiration, and determine the
respiratory effort in response to the detected
breath; characterised by further comprising
a signal filtering system (200) configured to filter
the sensed pressure signal in response to a de-
termined heart rate to generate a heart-rate de-
pendent frequency response, wherein the mi-
croprocessor is configured to derive a filtered
signal in response to the heart rate dependent
frequency response, and to generate sample
points in response to the derived filtered signal;

wherein the signal filtering system comprises:

a first filter (204, 208, 212, 216, 218, 220, 228)
having a first frequency response corresponding
to a heart rate greater than a heart rate thresh-
old; and
a second filter (204, 208, 212, 216, 218, 226)
having a second frequency response different
from the first frequency response, the second
frequency response corresponding to a heart
rate being less than the heart rate threshold.

2. The device of claim 1, wherein the microprocessor
is configured to detect the inspiration in response to
a first predetermined number of sample points cor-
responding to the sensed pressure signals being
less than a detection threshold, and detect the expi-
ration in response to a second predetermined
number of sample points corresponding to the
sensed pressure signals, occurring subsequent to
the first predetermined number of sample points, be-
ing greater than the detection threshold.

3. The device of claim 2, wherein the microprocessor
is configured to detect a peak inspiration associated
with a first detected breath during a first interval, and
detect a peak expiration associated with the first de-
tected breath during a second interval, wherein the
first interval is defined by a sample point of the sec-
ond predetermined number of sample points asso-
ciated with a breath detected prior to the first detect-
ed breath and a sample point of the second prede-
termined number of sample points associated with
the first detected breath, and wherein the second
interval is defined by a sample point of the first pre-
determined number of sample points associated with
the first detected breath and a sample point of the
first predetermined number of sample points asso-
ciated with a breath detected subsequent to the first
detected breath.

4. The device of claim 2, wherein the microprocessor
is configured to determine a slope between a sample
point of the first predetermined number of sample
points and a sample point of the second predeter-
mined number of sample points.

5. The device of claim 2, wherein the microprocessor
is configured to continuously adjust a breath detec-
tion threshold in response to the sample points to
generate a current adjusted breath detection thresh-
old, compare a current sample point to the current
adjusted breath detection threshold, suspend the
continuous adjusting of the breath detection thresh-
old and set the breath detection threshold equal to
the most current adjusted breath detection threshold
generated prior to the suspending, compare a next
sample point, generated subsequent to the suspend-
ing, to the set detection threshold, and detect one of
the inspiration and the expiration in response to the
comparing of a next sample point.

6. The device of claim 1, wherein the microprocessor
is configured to select the first filter and the second
filter one at a time in a sequential manner in response
to the determined heart rate, and derives the respi-
ration signal as a continuous signal comprising se-
quential outputs of the first filter and the second filter.

7. The device of claim 1, wherein the microprocessor
is configured to select the first filter and the second
filter simultaneously for parallel filtering of the pres-
sure signals, and wherein the filtered signal compris-
es a first signal component corresponding to an out-
put of the first filter and a second signal component
corresponding to an output of the second filter.

8. The device of claim 1, wherein the first and second
filters each comprise multiple filtering stages, the first
filter is a subset of the multiple stages of the second
filter, and wherein the signal filtering system is con-
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figured to decimate the pressure signal following at
least one of the multiple stages.

9. The device of claim 1, wherein the processor is con-
figured to detect a peak inspiration and a peak ex-
piration, and determine a difference between the
peak inspiration and the peak expiration.

Patentansprüche

1. Medizinische Vorrichtung zum Bestimmen einer At-
mungsanstrengung, die Folgendes enthält:

einen Drucksensor (16), um Drucksignale zu er-
fassen;
ein Gehäuse (12), in dem eine Vorrichtungs-
schaltungsanordnung positioniert ist; und
einen Mikroprozessor (54), der in dem Gehäuse
positioniert ist, wobei der Mikroprozessor konfi-
guriert ist, ein Einatmen und ein Ausatmen in
Reaktion auf die Drucksignale zu detektieren,
einen Atemzug in Reaktion auf das detektierte
Einatmen und das detektierte Ausatmen zu de-
tektieren und die Atmungsanstrengung in Reak-
tion auf den detektierten Atemzug zu bestim-
men; dadurch gekennzeichnet, dass sie fer-
ner Folgendes enthält:

ein Signalfilterungssystem (200), das kon-
figuriert ist, das erfasste Drucksignal in Re-
aktion auf eine bestimmte Herzrate zu fil-
tern, um eine von der Herzrate abhängige
Frequenzantwort zu erzeugen, wobei der
Mikroprozessor konfiguriert ist, in Reaktion
auf die von der Herzrate abhängige Fre-
quenzantwort ein gefiltertes Signal abzulei-
ten und Abtastpunkte in Reaktion auf das
abgeleitete gefilterte Signal zu erzeugen;

wobei das Signalfilterungssystem Folgendes
enthält:

ein erstes Filter (204, 208, 212, 216, 218,
220, 228), das eine erste Frequenzantwort
besitzt, die einer Herzrate entspricht, die
größer als ein Herzratenschwellenwert ist;
und
ein zweites Filter (204, 208, 212, 216, 218,
226), das eine zweite Frequenzantwort be-
sitzt, die von der ersten Frequenzantwort
verschieden ist, wobei die zweite Frequen-
zantwort einer Herzrate entspricht, die nied-
riger als der Herzratenschwellenwert ist.

2. Vorrichtung nach Anspruch 1, wobei der Mikropro-
zessor konfiguriert ist, das Einatmen in Reaktion dar-
auf, dass eine erste vorgegebene Anzahl von Ab-

tastpunkten, die den erfassten Drucksignalen ent-
sprechen, kleiner als ein Detektionsschwellenwert
ist, zu detektieren und das Ausatmen in Reaktion
darauf, dass eine zweite vorgegebene Anzahl von
Abtastpunkten, die den erfassten Drucksignalen ent-
sprechen und die nach der ersten vorgegebenen An-
zahl von Abtastpunkten auftreten, größer als der De-
tektionsschwellenwert ist.

3. Vorrichtung nach Anspruch 2, wobei der Mikropro-
zessor konfiguriert ist, ein Spitzen-Einatmen, das ei-
nem ersten detektierten Atemzug während eines
ersten Intervalls zugeordnet ist, zu detektieren und
ein Spitzen-Ausatmen, das dem ersten detektierten
Atemzug während eines zweiten Intervalls zugeord-
net ist, zu detektieren, wobei das erste Intervall de-
finiert ist durch einen Abtastpunkt der zweiten vor-
gegebenen Anzahl von Abtastpunkten, die einem
Atemzug zugeordnet sind, der vor dem ersten de-
tektierten Atemzug detektiert wird, und durch einen
Abtastpunkt der zweiten vorgegebenen Anzahl von
Abtastpunkten, die dem ersten detektierten Atem-
zug zugeordnet sind, und durch einen Abtastpunkt
der ersten vorgegebenen Anzahl von Abtastpunk-
ten, die einem Atemzug zugeordnet sind, der nach
dem ersten detektierten Atemzug detektiert wird.

4. Vorrichtung nach Anspruch 2, wobei der Mikropro-
zessor konfiguriert ist, eine Steigung zwischen ei-
nem Abtastpunkt der ersten vorgegebenen Anzahl
von Abtastpunkten und einem Abtastpunkt der zwei-
ten vorgegebenen Anzahl von Abtastpunkten zu be-
stimmen.

5. Vorrichtung nach Anspruch 2, wobei der Mikropro-
zessor konfiguriert ist, einen Atemzug-Detektions-
schwellenwert in Reaktion auf die Abtastpunkten
einzustellen, um einen aktuellen eingestellten Atem-
zug-Detektionsschwellenwert zu erzeugen, einen
aktuellen Abtastpunkt mit dem aktuellen eingestell-
ten Atemzug-Detektionsschwellenwert zu verglei-
chen, das ununterbrochene Einstellen des Atemzug-
Detektionsschwellenwerts auszusetzen und den
Atemzug-Detektionsschwellenwert gleich dem
jüngsten eingestellten Atemzug-Detektionsschwel-
lenwert zu setzen, der vor dem ausgesetzten
Schwellenwert erzeugt wurde, einen nächsten Ab-
tastpunkt, der nach dem ausgesetzten Abtastpunkt
erzeugt wurde, mit dem gesetzten Detektions-
schwellenwert zu vergleichen und entweder das Ein-
atmen oder das Ausatmen in Reaktion auf den Ver-
gleich eines nächsten Abtastpunkts zu detektieren.

6. Vorrichtung nach Anspruch 1, wobei der Mikropro-
zessor konfiguriert ist, das erste Filter und das zweite
Filter einzeln nacheinander in Reaktion auf die be-
stimmte Herzrate auszuwählen und das Atmungssi-
gnal als ein ununterbrochenes Signal, das aufeinan-
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derfolgende Ausgänge des ersten Filters und des
zweiten Filters enthält, abzuleiten.

7. Vorrichtung nach Anspruch 1, wobei der Mikropro-
zessor konfiguriert ist, das erste Filter und das zweite
Filter gleichzeitig für eine parallele Filterung der
Drucksignale auszuwählen, und wobei das gefilterte
Signal eine erste Signalkomponente, die einem Aus-
gang des ersten Filters entspricht, und eine zweite
Signalkomponente, die einem Ausgang des zweiten
Filters entspricht, enthält.

8. Vorrichtung nach Anspruch 1, wobei das erste und
das zweite Filter jeweils mehrere Filterstufen enthal-
ten, wobei das erste Filter eine Untermenge der
mehreren Stufen des zweiten Filters ist und wobei
das Signalfilterungssystem konfiguriert ist, das
Drucksignal in der Folge wenigstens einer der meh-
reren Stufen zu dezimieren.

9. Vorrichtung nach Anspruch 1, wobei der Prozessor
konfiguriert ist, ein Spitzen-Einatmen und ein Spit-
zen-Ausatmen zu detektieren und einen Unter-
schied zwischen dem Spitzen-Einatmen und dem
Spitzen-Ausatmen zu bestimmen.

Revendications

1. Dispositif médical destiné à déterminer un effort res-
piratoire, comportant :

un capteur de pression (16) pour détecter des
signaux de pression ;
un boîtier (12) ayant des circuits de dispositif
positionnés dans celui-ci ; et
un microprocesseur (54) positionné à l’intérieur
du boîtier, dans lequel le microprocesseur est
configuré pour détecter une inspiration et une
expiration en réponse aux signaux de pression,
détecter une respiration en réponse à l’inspira-
tion détectée et à l’expiration détectée, et déter-
miner l’effort respiratoire en réponse à la respi-
ration détectée ; caractérisé en ce qu’il com-
porte en outre :

un système de filtrage de signal (200) con-
figuré pour filtrer le signal de pression dé-
tecté en réponse à une fréquence cardia-
que déterminée pour générer une réponse
en fréquence dépendante de la fréquence
cardiaque, dans lequel le microprocesseur
est configuré pour obtenir un signal filtré en
réponse à la réponse en fréquence dépen-
dante de la fréquence cardiaque, et pour
générer des points d’échantillon en réponse
au signal filtré obtenu ;

dans lequel le système de filtrage de signal
comporte :

un premier filtre (204, 208, 212, 216, 218,
220, 228) ayant une première réponse en
fréquence correspondant à une fréquence
cardiaque supérieure à un seuil de fréquen-
ce cardiaque ; et
un second filtre (204, 208, 212, 216, 218,
226) ayant une seconde réponse en fré-
quence différente de la première réponse
en fréquence, la seconde réponse en fré-
quence correspondant à une fréquence car-
diaque étant inférieure au seuil de fréquen-
ce cardiaque.

2. Dispositif selon la revendication 1, dans lequel le mi-
croprocesseur est configuré pour détecter l’inspira-
tion en réponse à un premier nombre prédéterminé
de points d’échantillon correspondant aux signaux
de pression détectés étant inférieurs à un seuil de
détection, et détecter l’expiration en réponse à un
second nombre prédéterminé de points d’échantillon
correspondant aux signaux de pression détectés,
apparaissant après le premier nombre prédéterminé
de points d’échantillon, étant supérieurs au seuil de
détection.

3. Dispositif selon la revendication 2, dans lequel le mi-
croprocesseur est configuré pour détecter un pic
d’inspiration associé à une première respiration dé-
tectée pendant un premier intervalle, et détecter un
pic d’expiration associé à la première respiration dé-
tectée pendant un second intervalle, dans lequel le
premier intervalle est défini par un point d’échantillon
du second nombre prédéterminé de points d’échan-
tillon associés à une respiration détectée avant la
première respiration détectée et un point d’échan-
tillon du second nombre prédéterminé de points
d’échantillon associés à la première respiration dé-
tectée, et dans lequel le second intervalle est défini
par un point d’échantillon du premier nombre prédé-
terminé de points d’échantillon associés à la premiè-
re respiration détectée et un point d’échantillon du
premier nombre prédéterminé de points d’échan-
tillon associés à une respiration détectée après la
première respiration détectée.

4. Dispositif selon la revendication 2, dans lequel le mi-
croprocesseur est configuré pour déterminer une
pente entre un point d’échantillon du premier nombre
prédéterminé de points d’échantillon et un point
d’échantillon du second nombre prédéterminé de
points d’échantillon.

5. Dispositif selon la revendication 2, dans lequel le mi-
croprocesseur est configuré pour ajuster en continu
un seuil de détection de respiration en réponse aux
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points d’échantillon pour générer un seuil de détec-
tion de respiration ajusté actuel, comparer un point
d’échantillon actuel au seuil de détection de respi-
ration ajusté actuel, suspendre l’ajustement continu
du seuil de détection de respiration et fixer le seuil
de détection de respiration égal au seuil de détection
de respiration ajusté le plus récent généré avant la
suspension, comparer un point d’échantillon suivant,
généré après la suspension, au seuil de détection
fixé, et détecter une action parmi l’inspiration et l’ex-
piration en réponse à la comparaison d’un point
d’échantillon suivant.

6. Dispositif selon la revendication 1, dans lequel le mi-
croprocesseur est configuré pour sélectionner le
premier filtre et le second filtre, un à la fois, de ma-
nière séquentielle en réponse à la fréquence cardia-
que déterminée, et obtient le signal de respiration
sous la forme d’un signal continu comportant des
sorties séquentielles du premier filtre et du second
filtre.

7. Dispositif selon la revendication 1, dans lequel le mi-
croprocesseur est configuré pour sélectionner le
premier filtre et le second filtre de manière simulta-
née pour un filtrage parallèle des signaux de pres-
sion, et dans lequel le signal filtré comporte une pre-
mière composante de signal correspondant à une
sortie du premier filtre et une seconde composante
de signal correspondant à une sortie du second filtre.

8. Dispositif selon la revendication 1, dans lequel les
premier et second filtres comportent chacun de mul-
tiples étages de filtrage, le premier filtre est un sous-
ensemble des multiples étages du second filtre, et
dans lequel le système de filtrage de signal est con-
figuré pour effectuer une décimation du signal de
pression après au moins l’un des étages multiples.

9. Dispositif selon la revendication 1, dans lequel le pro-
cesseur est configuré pour détecter un pic d’inspira-
tion et un pic d’expiration, et déterminer une diffé-
rence entre le pic d’inspiration et le pic d’expiration.
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