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RATE ADAPTIVE CARDIAC RHYTHM 
MANAGEMENT DEVICE USING 
TRANSTHORACIC IMPEDANCE 

CROSS-REFERENCE TO RELATED 

APPLICATION(s) 
[0001] This patent application is a continuation of US. 
patent application Ser. No. 09/492,912, ?led on Jan. 20, 
2000, Which is a continuation of US. patent application Ser. 
No. 09/032,731, ?led on Feb. 27, 1998, noW issued as US. 
Pat. No. 6,076,015, the speci?cations of Which are incorpo 
rated by reference herein. 

TECHNICAL FIELD OF THE INVENTION 

[0002] This invention relates generally to cardiac rhythm 
management devices and methods and particularly, but not 
by Way of limitation, to a rate adaptive cardiac rhythm 
management device using transthoracic impedance informa 
tion, such as a minute ventilation signal, to control the rate 
at Which pacing therapy is delivered to a patient’s heart. 

BACKGROUND OF THE INVENTION 

[0003] Pacemakers and other cardiac rhythm management 
devices deliver cardiac therapy to a patient’s heart to assist 
in obtaining a rhythm of heart contractions that maintains 
sufficient blood ?oW through the patient’s circulatory system 
under a variety of conditions. In particular, rate-adaptive 
pacemakers deliver electrical pacing pulses to stimulate 
contractions of the heart. The rate at Which the pulses are 
delivered is adjusted to accommodate a metabolic need of 
the patient. During exercise, higher pacing rates are deliv 
ered, While loWer pacing rates are delivered When the patient 
is at rest. 

[0004] Different parameters are used as an indication of 
the patient’s metabolic need for pacing therapy, including: 
blood pH, blood temperature, electrocardiogram (ECG) arti 
facts such as QT interval, blood oxygen saturation, breathing 
rate, minute ventilation, etc. Pacemakers include speci?c 
control algorithms for tracking the parameter indicating 
metabolic need, and providing a control signal for adjusting 
the pacing rate accordingly. Avariety of dif?culties exist that 
complicate sensing of the parameter indicating metabolic 
need and controlling the pacing rate. 

[0005] For example, detecting blood pH encounters sensor 
stability problems. pH sensors may drift With age and time. 
Blood oxygenation saturation is measured using light emit 
ters that complicate the lead system used to couple the 
pacemaker’s pulse generator to the heart. Blood temperature 
is a poor indicator of metabolic need because of the long 
time lag betWeen the onset of exercise and any detectable 
increase in blood temperature. ECG artifacts, such as QT 
interval, are dif?cult to detect in the presence of other 
myopotentials and motion artifacts. Breathing rate, also 
referred to as respiratory rate, is not particularly Well cor 
related With the need for increased blood circulation. For 
example, it is possible for respiratory rate to increase While 
the patient is sleeping or talking. 

[0006] Minute ventilation (also referred to as “minute 
volume” or “MV”) is a respiratory-related parameter that is 
a measure of the volume of air inhaled and exhaled during 
a particular period of time. Minute ventilation correlates 
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Well With the patient’s metabolic need for an increased heart 
rate over a range of heart rates. A minute ventilation signal 
can be obtained by measuring transthoracic (across the chest 
or thorax) impedance. Transthoracic impedance provides 
respiratory or ventilation information, including hoW fast 
and hoW deeply a patient is breathing. 

[0007] A component of transthoracic impedance varies as 
the patient inhales and exhales. Ventilation (e.g., breathing 
rate, Which is also referred to as “ventilation rate” or “VR”, 
and breathing volume, Which is also referred to as “tidal 
volume” or “TV”) information is included in the impedance 
signal. A minute ventilation signal (also referred to as 
“minute volume” or “MV”) signal is derived from the 
impedance signal, as illustrated by Equation 1. MV mea 
sures air ?oW rate (e.g., liters per minute), TV measures 
volume per breath (e. g., liters per breath), and VR measures 
breathing rate (e.g., breaths per minute). 

[0008] A larger MV signal indicates a metabolic need for 
an increased heart rate, and the pacing rate can be adjusted 
accordingly by a cardiac rhythm management device. For 
example, one approach for measuring transthoracic imped 
ance is described in Hauck et al., US. Pat. No. 5,318,597 
entitled “RATE ADAPTIVE CARDIAC RHYTHM MAN - 

AGEMENT DEVICE CONTROL ALGORITHM USING 
TRANSTHORACIC VENTILATION,” assigned to the 
assignee of the present application, the disclosure of Which 
is incorporated herein by reference. HoWever, many prob 
lems must be overcome to provide the most effective cardiac 
rhythm management therapy to the patient in a device that 
can remain implanted in the patient for a long period of time 
before requiring a costly surgical explantation and replace 
ment procedure. 

[0009] First, ventilation information included in the tran 
sthoracic impedance signal is confounded With a variety of 
extraneous signals that makes the ventilation information 
dif?cult to detect. For example, as the heart contracts during 
each cardiac cycle, its blood volume changes, contributing 
to a signi?cant change in the transthoracic impedance signal 
that is unrelated to the ventilation information. The change 
in the transthoracic impedance signal due to blood volume 
changes resulting from heart contractions is referred to as 
cardiac “stroke volume” or “stroke” signal. Moreover, the 
frequencies of the heart contractions (e.g., 1-3 HZ) are 
extremely close to the frequency of the patient’s breathing 
(e.g., under 1 HZ). This complicates separation of the stroke 
signal and the ventilation signal. 

[0010] Furthermore, the frequency of the stroke and ven 
tilation signals changes according to the patient’s activity. 
For example, a resting patient may have a heart rate of 60 
beats per minute and a ventilation rate of 10 breaths per 
minute. When exercising, the same patient may have a heart 
rate of 120 beats per minute and a ventilation rate of 60 
breaths per minute. The changing frequencies of the stroke 
and ventilation signals further complicates the separation of 
these signals. 

[0011] Another aspect of heart contractions also masks the 
ventilation signal. Heart contractions are initiated by elec 
trical depolariZations (e.g., a QRS complex) resulting from 
paced or intrinsic heart activity. Such electrical heart activity 
signals may be detected during the measurement of tran 
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sthoracic impedance. This further diminishes the accuracy 
of the transthoracic impedance measurement, and increases 
the difficulty of obtaining accurate ventilation information. 

[0012] A further problem With certain other minute ven 
tilation based cardiac rhythm management devices results 
from the use of a relatively high amplitude current pulse 
(e.g., 1 milliampere) to detect transthoracic impedance. 
Using high amplitude stimuli Wastes poWer, risks capturing 
the heart (i.e., evoking a contraction), may trigger false 
detection of intrinsic heart activity by the pacemaker’s sense 
ampli?ers, and may produce a confusing or annoying arti 
fact on electrocardiogram (ECG) traces or other diagnostic 
equipment. 
[0013] Thus, there is a need for a cardiac rhythm man 
agement device that effectively manages the patient’s heart 
rate based on an accurate indication of metabolic need. Such 
a cardiac rhythm management device must be suf?ciently 
robust to operate in the presence of extraneous noise signals 
that confound the indication of metabolic need. There is a 
further need for such a device to operate at loW poWer 
consumption, in order to maximiZe the usable life of the 
battery-poWered implantable device. 

SUMMARY OF THE INVENTION 

[0014] The present invention provides, among other 
things, a method of determining transthoracic impedance in 
a cardiac rhythm management device. A multiple phase 
stimulus is repeatedly delivered to a thorax region of a 
patient. More than one phase of each multiple phase stimuli 
is demodulated to obtain sample points of a response signal 
including transthoracic impedance information. 

[0015] In one embodiment, a response to each phase is 
sampled, Weighted to obtain a ?ltering function, and com 
bined. In another embodiment, a rate of delivering cardiac 
rhythm management therapy is adjusted based on ventilation 
information included in the transthoracic impedance infor 
mation of a plurality of the sample points. In another 
embodiment, a noise-response function inhibits rate-adjust 
ment if the transthoracic impedance signal is too noisy. In a 
further embodiment, a interference avoidance function 
delays delivery of the multiple phase stimulus to avoid 
simultaneous occurrence With an interfering signal (e.g., a 
telemetry signal). 
[0016] Another aspect of the invention includes a method 
of determining transthoracic impedance in a cardiac rhythm 
management device that includes delivering stimuli to a 
thorax of the patient, sensing a response signal including 
transthoracic impedance information, attenuating a compo 
nent of the response signal having frequencies above a 
loWpass cutoff frequency, and adaptively basing the loWpass 
cutoff frequency on a heart rate, and independent of a 
breathing rate signal, from the patient. 

[0017] In one such embodiment, a cardiac stroke signal is 
attenuated to obtain ventilation information. The loWpass 
cutoff frequency is adaptively selected to be beloW the heart 
rate by selecting betWeen a number of discrete loWpass 
cutoff frequencies, each loWpass cutoff frequency corre 
sponding to a particular range of values of the heart rate. 

[0018] In a further embodiment, the method includes 
detecting peaks and valleys of the response signal. Differ 
ences betWeen peaks and valleys of the response signal 
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provide tidal volume data points, Which are integrated for a 
predetermined period of time to obtain minute ventilation 
data points. Arate of delivering cardiac rhythm management 
therapy is adjusted based on the minute ventilation data 
points. Alternatively, breath-by-breath minute ventilation 
data points are obtained. Instead of performing the integra 
tion, time differences betWeen the peaks and valleys of the 
response signal provide respiration period data points cor 
responding to the tidal volume data points. The tidal volume 
data points are divided by the corresponding respiration 
period data points to obtain minute ventilation data points, 
upon Which a rate of delivering cardiac rhythm management 
therapy is adjusted. 

[0019] Another aspect of the present invention includes a 
cardiac rhythm management device. The device includes an 
exciter, adapted to be coupled to a thorax of a patient for 
repeatedly delivering a multiphase stimulus thereto. Asignal 
processor includes a receiver for obtaining transthoracic 
impedance information responsive to the stimuli. Ademodu 
lator, included in the signal processor, includes sampling 
elements for demodulating the transthoracic impedance in 
response to different phases of the multiphase stimulus. A 
therapy circuit is adapted to be coupled to a heart of the 
patient for delivering cardiac rhythm management therapy 
thereto. A controller is coupled to the therapy circuit for 
adjusting a rate of delivery of the cardiac rhythm manage 
ment therapy based on the transthoracic impedance. 

[0020] In one embodiment, the device includes a noise 
reversion circuit that inhibits rate-adjustment if the transtho 
racic impedance signal is too noisy. In a further embodiment, 
the device is included Within a cardiac rhythm management 
system that also includes an endocardial lead, carrying ?rst 
and second electrodes, and a housing including third and 
fourth electrodes. 

[0021] Another aspect of the invention includes a cardiac 
rhythm management device that includes an exciter for 
delivering stimuli to a thorax. A signal processor includes a 
receiver for obtaining a transthoracic impedance responsive 
to the stimuli. The signal processor extracts ventilation 
information from the transthoracic impedance. The signal 
processor includes an adaptive loWpass ?lter for removing a 
cardiac stroke component of the transthoracic impedance 
signal. A cutoff frequency of the adaptive loWpass ?lter is 
adaptively based on a heart rate signal of the patient. The 
cutoff frequency of the adaptive loWpass ?lter is indepen 
dent of a breathing rate signal from the patient. A therapy 
circuit is adapted to be coupled to a heart of the patient for 
delivering cardiac rhythm management therapy thereto. A 
controller is coupled to the therapy circuit for adjusting a 
rate of delivery of the cardiac rhythm management therapy 
based on the ventilation information. 

[0022] The present invention provides, among other 
things, a cardiac rhythm management system, device, and 
methods that sense transthoracic impedance and adjust a 
delivery rate of the cardiac rhythm management therapy 
based on information extracted from the transthoracic 
impedance. The present invention effectively manages the 
patient’s heart rate based on an accurate indication of 
metabolic need. It provides robust operation in the presence 
of extraneous noise signals that confound the indication of 
metabolic need. It also provides loW poWer consumption, 
increasing the usable life of the battery-poWered implantable 
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device. Other advantages Will be apparent upon reading the 
following detailed description of the invention, together 
With the accompanying draWings Which form a part thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] In the draWings, like numerals describe substan 
tially similar components throughout the several vieWs. 

[0024] FIG. 1 is a schematic/block diagram illustrating 
generally one embodiment of a cardiac rhythm management 
system according to the present invention, including a 
cardiac rhythm management device and electrode connec 
tions. 

[0025] FIG. 2 is a schematic/block diagram illustrating 
generally one embodiment of particular circuits included 
Within an exciter for delivering electrical excitation stimuli 
to a heart. 

[0026] FIG. 3 illustrates generally a current Waveform 
resulting from operation of an exciter according to one 
aspect of the present invention. 

[0027] FIG. 4 is a block diagram illustrating generally one 
embodiment of portions of a signal processor. 

[0028] FIG. 5 is a schematic diagram illustrating gener 
ally one embodiment of a preampli?er. 

[0029] FIG. 6 is a schematic diagram illustrating gener 
ally one embodiment of a demodulator. 

[0030] FIG. 7 is a signal ?oW diagram illustrating gener 
ally one embodiment of an adaptive ?lter. 

[0031] FIG. 8 is a How chart illustrating generally one 
example of a sequence of steps for calculating a minute 
ventilation indicated rate. 

[0032] FIG. 9 is a How chart illustrating generally a 
second example of a sequence of steps for calculating a 
minute ventilation indicated rate. 

[0033] FIG. 10 is a block diagram illustrating generally an 
alternate embodiment of a signal processor. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] In the folloWing detailed description, reference is 
made to the accompanying draWings Which form a part 
hereof, and in Which is shoWn by Way of illustration speci?c 
embodiments in Which the invention may be practiced. 
These embodiments are described in suf?cient detail to 
enable those skilled in the art to practice the invention, and 
it is to be understood that the embodiments may be com 
bined, or that other embodiments may be utiliZed and that 
structural, logical and electrical changes may be made 
Without departing from the scope of the present invention. 
The folloWing detailed description is, therefore, not to be 
taken in a limiting sense, and the scope of the present 
invention is de?ned by the appended claims and their 
equivalents. 

Electrode Con?guration and Top-Level Block 
Diagram 

[0035] FIG. 1 is a schematic/block diagram illustrating 
generally, by Way of example, but not by Way of limitation, 
one embodiment of a cardiac rhythm management system 
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100 according to the present invention. System 100 includes, 
among other things, cardiac rhythm management device 105 
and leadWire (“lead”) 110 for communicating signals 
betWeen device 105 and a portion of a living organism, such 
as heart 115. Embodiments of device 105 include bradycar 
dia and antitachycardia pacemakers, cardioverters, de?bril 
lators, combination pacemaker/de?brillators, drug delivery 
devices, and any other cardiac rhythm management appa 
ratus capable of providing therapy to heart 115. System 100 
may also include additional components such as, for 
example, a remote programmer capable of communicating 
With device 105. 

[0036] In one embodiment, system 100 is implantable in 
the living organism, such as in a pectoral or abdominal 
region of a human patient, or elseWhere. In another embodi 
ment, portions of system 100 (e.g., device 105) are alterna 
tively disposed externally to the human patient. In the 
illustrated embodiment, portions of lead 110 are disposed in 
the right ventricle, hoWever, any other positioning of lead 
110 is included Within the present invention. For example, 
lead 110 may alternatively be positioned in the atrium or 
elseWhere. In one embodiment, lead 110 is a commercially 
available bipolar pacing lead. System 100 can also include 
other leads in addition to lead 110, appropriately disposed, 
such as in or around heart 115, or elseWhere. 

[0037] In one embodiment, system 100 includes at least 
four electrodes, such as described in Hauck et al. US. Pat. 
No. 5,284,136 entitled “DUAL INDIFFERENT ELEC 
TRODE PACEMAKER,” assigned to the assignee of the 
present invention, the disclosure of Which is incorporated 
herein by reference. It is understood, hoWever, that the 
present invention also includes using a different number of 
electrodes (e.g., 2 or 3 electrodes, or more than 4 electrodes). 
In one example, a ?rst conductor of multiconductor lead 110 
electrically couples a ?rst electrode, such as tip electrode 
120 (e.g., disposed at the apex of the right ventricle of heart 
115), to device 105. A second conductor of multiconductor 
lead 110 independently electrically couples a second elec 
trode, such as ring electrode 125, to device 105. In one 
embodiment, device 105 includes a hermetically sealed 
housing 130, formed from a conductive metal, such as 
titanium. Housing 130 (also referred to as a “case” or “can” 
is substantially covered over its entire surface by a suitable 
insulator, such as silicone rubber, except for at a WindoW that 
forms a third electrode, referred to as a “case” or “can” 
electrode 135. In one embodiment, a header 140 is mounted 
on housing 130 for receiving lead 110. Header 140 is formed 
of an insulative material, such as molded plastic. Header 140 
also includes at least one receptacle, such as for receiving 
lead 110 and electrically coupling conductors of lead 110 to 
device 105. Header 140 also includes a fourth electrode, 
referred to as indifferent electrode 145. 

[0038] FIG. 1 also illustrates generally portions of device 
105, together With schematic illustrations of connections to 
the various electrodes. Device 105 includes an electrical 
stimulation source, such as exciter 150. Exciter 150 delivers 
an electrical excitation signal, such as a strobed sequence of 
current pulses or other measurement stimuli, to heart 115 
(e.g., betWeen ring electrode 125 and tip electrode 120, or 
using any other electrode con?guration suitable for deliver 
ing the current pulses). In response to the excitation signal 
provided by exciter 150, a response signal is sensed by 
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signal processor 155 (e.g., between tip electrode 120 and 
indifferent electrode 145, or any other suitable electrode 
con?guration). 

[0039] In one embodiment, the response signal sensed by 
signal processor 155 is a voltage that represents a transtho 
racic (i.e., across a portion of the chest or thorax) impedance. 
A minute ventilation signal (also referred to as “minute 
volume” or “MV”) signal is derived from the impedance 
signal, as illustrated above by Equation 1. A larger MV 
signal indicates a metabolic need for an increased heart rate. 
According to one aspect of the invention, signal processor 
155 extracts ventilation information, including the MV 
signal, from the impedance signal. Based on the MV signal, 
signal processor 155 outputs an indicated rate signal at node 
160 to controller 165. Based on the indicated rate signal at 
node 160, controller 165 adjusts the rate of delivery of 
cardiac rhythm management therapy, such as electrical pac 
ing stimuli, to heart 115 by therapy circuit 170. Such pacing 
stimuli includes, for example, providing bipolar pacing 
betWeen tip electrode 120 and ring electrode 125, providing 
unipolar pacing betWeen can electrode 135 and either of tip 
electrode 120 or ring electrode 125, or providing pacing 
stimuli using any other suitable electrode con?guration. 

Exciter and Resulting Stimuli Waveform 

[0040] FIG. 2 is a schematic/block diagram illustrating 
generally, by Way of example, but not by Way of limitation, 
one embodiment of particular circuits included Within 
exciter 150 for delivering electrical stimuli (e.g., strobed 
alternating-direction constant-amplitude current pulses) to 
heart 115. Exciter 150 includes, among other things, bridge 
sWitcher 200, comprising sWitches 200A, 200B, 200C, and 
200D. In one embodiment, sWitches 200A-D are imple 
mented as transistors, such as p-channel metal-oxide semi 
conductor (PMOS) ?eld-effect transistors (FETs), or any 
other suitable sWitches. 

[0041] Exciter 150 also includes current source 205 and 
current sink 210. In one embodiment, each of current source 
205 and current sink 210 include transistors in a regulated 
cascode or other suitable con?guration. In one embodiment, 
sWitcher 200 is electrically coupled to case electrode 135 
and ring electrode 125 through respective dc blocking 
capacitors 215A and 215B and respective sWitches 220A and 
220B (e.g., PMOS transistors). SWitches 225A and 225B 
(e.g., PMOS transistors) precharge respective capacitors 
215A and 215B. Exciter 150 also includes a clock circuit 
230 receiving one or more clock or other control signals 
from controller 165 and providing signals to the control 
terminals of each of sWitches 200A-D, 220A-B, and 225A 
B. 

[0042] FIG. 3 illustrates generally a current Waveform 
300 betWeen case electrode 135 and ring electrode 125 
resulting from operation of exciter 150 according to one 
aspect of the present invention. According to one aspect of 
the invention, Waveform 300 includes a multiple phase 
(“multiphase”) stimulus. In one embodiment, the multiphase 
stimulus includes a square Wave, such as four current pulses 
301, 302, 303, and 304 in sequentially alternating polarity/ 
direction, each current pulse being a phase of the multiphase 
stimulus. In one embodiment, by Way of example, but not by 
Way of limitation, each one of current pulses 301-304 has a 
duration that is selected at approximately betWeen 1 and 100 
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microseconds (e.g., approximately betWeen 2 and 60 micro 
seconds, such as at 20 microseconds), to alloW adequate 
sampling of the transthoracic impedance signal obtained in 
response thereto. In the embodiment illustrated in FIG. 3, 
pulses 301-304 form a square Wave having a carrier fre 
quency of approximately 25 kilohertZ. Other suitable dura 
tions of current pulses 301-304 could also be used, providing 
a different resulting carrier frequency. According to another 
aspect of the invention, the sequence of current pulses 
301-304 is strobed. In one embodiment, by Way of example, 
but not by Way of limitation, the four pulse sequence 
301-304 is repeated at a strobing frequency (also referred to 
as a repetition frequency or a sampling frequency) of 
approximately 20 HertZ (i.e., a 50 millisecond time interval). 
Other suitable strobing/repetition frequencies could also be 
used. For example, but not by Way of limitation, any 
strobing/repetition time interval shorter than 55 milliseconds 
could be used. 

[0043] The amplitude of current pulses 301-304 Was 
selected at less than approximately 1 milliampere. For 
example, approximately 320 microampere amplitude cur 
rent pulses 301-304 provide an adequate excitation signal to 
obtain the desired response signal, While minimiZing current 
drain of the implanted device 105, thereby increasing its 
implanted longevity. HoWever, other amplitudes of current 
pulses 301-304 could also be used. Such amplitudes of 
current pulses 301-304 should be less than the tissue stimu 
lation threshold of the heart to avoid any resulting cardiac 
depolariZation. The strobing frequency is suf?ciently fast to 
provide adequate sampling of ventilation or other informa 
tion carried by the transthoracic impedance signal obtained 
in response to the electrical stimuli provided by exciter 150. 
Such ventilation information can appear at frequencies as 
high as approximately 1 HertZ, depending on the patient’s 
breathing rate. The strobing frequency also minimiZes alias 
ing of a “stroke volume” component of the transthoracic 
impedance signal (i.e., a portion of the transthoracic imped 
ance signal that varies along With the patient’s heartbeat 
instead of the patient’s breathing rate). The stroke volume 
component of the transthoracic impedance signal can have 
frequencies as high as approximately 3 HertZ, depending on 
the patient’s heart rate. 

[0044] Prior to each sequence of current pulses 301-304, 
dc blocking capacitors 215A-B are precharged by a bias 
circuit, such as by turning on sWitches 200A-D and 225A-B, 
With sWitches 220A-B being off. Current source 205 and 
current sink 210 establish the operating point of a terminal 
of each of dc blocking capacitors 215A-B that is coupled to 
sWitcher 200. After precharging, sWitches 225A-B are 
turned off. Next, pulse 301 is produced by turning on 
sWitches 200A, 200D, and 220A-B, such that current deliv 
ered by current source 205 leaves case electrode 135. The 
current returns through ring electrode 125, and is sunk by 
current sink 210. Next, pulse 302 is produced by turning on 
sWitches 200B-C and 220A-B, such that current delivered 
by current source 205 leaves ring electrode 125. The current 
returns through case electrode 135, and is sunk by current 
sink 210. Next, pulse 303 is produced by again turning on 
sWitches 200A, 200D, and 220A-B, such that current deliv 
ered by current source 205 leaves case electrode 135. The 
current returns through ring electrode 125, and is sunk by 
current sink 210. Next, pulse 304 is produced by again 
turning on sWitches 200B-C and 220A-B, such that current 
delivered by current source 205 leaves ring electrode 125. 
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The current returns through case electrode 135, and is sunk 
by current sink 210. SWitches 220A-B, 200A-D, and 
225A-B are turned off until precharging for another four 
current pulse sequence 301-304, Which is delivered approxi 
mately 50 milliseconds later, as illustrated in FIG. 3. 

[0045] According to one aspect of the invention, clock 
circuit 230 provides nonoverlapping control signals to 
sWitches 225A-B and sWitches 220A-B. As a result, 
sWitches 225A-B are not turned on at the same time as 

sWitches 220A-B. This avoids any coupling of either of case 
electrode 135 and ring electrode 125 to the positive poWer 
supply voltage VDD. 
[0046] Waveform 300 provides several important advan 
tages alloWing efficient and accurate sensing of the MV 
signal, alloWing system 100 to provide more effective deliv 
ery of rate-responsive cardiac rhythm management therapy 
to the patient. First, system 100 alloWs the use of relatively 
loW amplitude current pulses (e.g., +/—320 microamperes). 
This conserves poWer, alloWing battery-poWered portions of 
system 100 (e.g., device 105) to remain implanted in the 
patient for a longer usable lifetime. Because of their loW 
amplitude, current pulses 301-304 do not produce any 
discernable artifacts on electrocardiogram (ECG) traces or 
on other diagnostic equipment. Such artifacts can confuse 
diagnosing physicians. The loW amplitude current pulses 
301-304 are also less likely to trigger false detection of 
intrinsic heart activity, such as by sense ampli?ers included 
in device 105. False detection of intrinsic heart activity can 
inhibit proper delivery of pacing therapy, rendering cardiac 
rhythm management ineffective and increasing risk to the 
patient. According to one aspect of the present invention, the 
sensitivity setting of such sense ampli?ers can be increased 
Without being affected by interference from the current 
pulses 301-304 produced by exciter 150. Moreover, the loW 
amplitude current pulses 301-304 avoid the risk of capturing 
heart 115 (i.e., inducing an electrical depolariZation and 
heart contraction), particularly When current pulses 301-304 
are delivered from small electrodes that are also used for 
delivering pacing therapy to heart 115. 

[0047] According to another aspect of the invention, 
Waveform 300 includes current pulses 301-304 that are 
strobed at a frequency of approximately 20 HertZ. The 25 
kilohertZ carrier frequency is only present for a short frac 
tion of the 50 millisecond strobing time interval (i.e., duty 
cycle of less than 1%). The strobing also reduces poWer 
consumption and obtains increased implanted longevity of 
device 105, as described above. 

[0048] Waveform 300 also provides balance in both 
amplitude and duration for each polarity/direction of the 
current pulses 301-304, thereby balancing the charge deliv 
ered to heart 115. Each +320 microampere pulse (e.g., 301 
and 303) is balanced by an equal duration corresponding 
—320 microampere pulse (e. g., 302 and 304). This method of 
balancing the amplitude and duration of Waveform 300 
reduces the likelihood of capturing heart 115 or inducing 
false sensing as intrinsic heart activity sensed by device 105. 

Interference Avoidance 

[0049] In one embodiment, device 105 avoids delivering 
the multiphase stimulus in the presence of other interfering 
signals, such as telemetry signals, that increase the dif?culty 
of accurately detecting a response. Referring again to FIG. 
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1, in one embodiment, device 105 includes a telemetry 
transceiver 185 for communicating via telemetry signals 
(e.g., telemetry pulses) With an external programmer 190, 
such as by inductively coupled coils in each of the device 
105 and the external programmer 190. When telemetry 
pulses are detected by the telemetry receiver in device 105, 
and scheduled delivery of the multiphase stimulus coincides 
With the detection of the telemetry pulses, controller 165 
delays delivery of the multiphase stimulus (e.g., current 
pulses 301-304), such as by approximately 1 millisecond. 
This avoids inaccuracies in the response signal to current 
pulses 301-304 that may result from the telemetry pulses or, 
similarly, from the presence of other interfering signals. 

Signal Processor 

[0050] FIG. 4 is a block diagram illustrating generally, by 
Way of example, but not by Way of limitation, one embodi 
ment of portions of signal processor 155. Signal processor 
155 includes analog signal processing circuit 400 and digital 
signal processing circuit 405. Inputs of a preampli?er 410 
(also referred to as a preamp or a receiver) of analog signal 
processing circuit 400 are electrically coupled to each of 
indifferent electrode 145 and tip electrode 120 for receiving 
a signal in response to the above-described stimuli provided 
by exciter 150. Analog signal processing circuit 400 also 
includes demodulator 415, receiving the output of pream 
pli?er 410, and providing an output signal to bandpass ?lter 
420. An output signal from bandpass ?lter 420 is received by 
analog-to-digital (AID) converter 425. An output signal 
from A/D converter 425 is received at highpass ?lter 430 of 
digital signal processing circuit 405. 

[0051] In one embodiment, digital signal processing cir 
cuit 405 is included Within controller 165 such as, for 
example, as a sequence of instructions executed by a micro 
processor. In another embodiment, digital signal processing 
circuit 405 includes separately implemented hardWare por 
tions dedicated to performing the digital signal processing 
tasks described beloW. An output signal from highpass ?lter 
430 is received by adaptive loWpass ?lter 435 of digital 
signal processing circuit 405. Minute ventilation calculation 
module 440 receives an output signal from adaptive loWpass 
?lter 435, and provides a resulting indicated rate signal at 
node 160 to controller 165. 

Preampli?er 

[0052] FIG. 5 is a schematic diagram illustrating gener 
ally, by Way of example, but not by Way of limitation, one 
embodiment of preampli?er 410. Preampli?er 410 includes 
a sWitched-capacitor (SC) differential ampli?er 500. Pream 
pli?er 410 is electrically coupled to indifferent electrode 145 
and tip electrode 120 through respective sWitches 510 and 
515 and respective resistors 520 and 525. SWitches 510 and 
515 are turned on only during the approximate time When 
the stimuli current pulses 301-304 are being delivered by 
exciter 150. Resistors 520 and 525 provide antialiasing/ 
bandlimiting of the input signals received from indifferent 
electrode 145 and tip electrode 120. 

[0053] Differential ampli?er 500 includes input capacitors 
530 and 535, coupled to resistors 520 and 525 respectively, 
and also coupled to a respective positive input at node 540 
and a negative input, at node 545, of a differential-input/ 
differential-output operational ampli?er 550. Feedback 
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capacitors 560 and 565 are coupled from a respective 
negative output, at node 570, and a positive output, at node 
575, of operational ampli?er 550, to its respective positive 
input, at node 540, and negative input, at node 545. In one 
embodiment, input capacitors 530 and 535 have approxi 
mately 10 times the capacitance value of respective feed 
back capacitors 560 and 565. 

[0054] Differential ampli?er 500 also includes autoZero 
ing input sWitches, 580 and 585, coupling respective input 
nodes 540 and 545 to respective reference voltages (e.g., a 
ground voltage). AutoZeroing output sWitches 590 and 595 
couple respective output nodes 570 and 575 to respective 
reference voltages (e.g., a ground voltage). SWitches 580, 
585, 590, and 595 provide Zeroing of corresponding feed 
back capacitors 560 and 565. SWitches 580 and 585 further 
establish the bias points of the input nodes 540 and 545 of 
operational ampli?er 550, such as during sampling of sig 
nals from indifferent electrode 145 and tip electrode 120 
onto input capacitors 530 and 535. 

[0055] Preampli?er 410 receives a voltage based on the 
transthoracic impedance betWeen indifferent electrode 145 
and tip electrode 120. For example, a transthoracic imped 
ance of 50 ohms results in a voltage betWeen the inputs of 
differential ampli?er 500 of approximately 16 millivolts. 
The transthoracic impedance varies as the patient breathes, 
increasing as air ?lls the patient’s thoracic cavity during 
inspiration and decreasing as air is released during expira 
tion. The transthoracic impedance may vary, for example, by 
approximately 2 ohms during respiration, resulting in an 
approximately 0.64 millivolt modulation of the approxi 
mately 16 millivolt baseline signal appearing betWeen the 
inputs of differential ampli?er 500. These impedance and 
voltage values are recited by Way of example only; actual 
impedance and voltage values Will vary according to, among 
other things, differences in patient anatomy and electrode 
placement. 

[0056] In one embodiment of the invention, by Way of 
example, but not by Way of limitation, the electrodes used 
for delivering the excitation current (e.g., ring electrode 125 
and case electrode 135) are different from the electrodes 
used for sensing the response thereto (e.g., indifferent elec 
trode 145 and tip electrode 120). This advantageously 
reduces the magnitude of the baseline component of the 
transthoracic impedance signal, thereby increasing the rela 
tive contribution of the ventilation component of the tran 
sthoracic impedance signal, and increasing the signal-to 
noise ratio (SNR). Alternatively, the same electrodes could 
be used for delivering the excitation current and sensing the 
response thereto. 

[0057] In one embodiment, differential ampli?er 500 pro 
vides an effective voltage gain of approximately 6. In the 
above example, the 16 millivolt baseline signal is ampli?ed 
to approximately 100 millivolts by differential ampli?er 500 
and the resulting signal is provided to demodulator 415. 

Demodulator 

[0058] Demodulator 415 samples the signal obtained in 
response to current pulses 301-304 after the above-described 
ampli?cation by preampli?er 410. According to one aspect 
of the invention, the output of preampli?er 410 is sampled 
at the end of each of current pulses 301-304. Demodulator 
415 combines these four samples into a single value using a 
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Weighted average. The resulting Weighted average repre 
sents the total impedance (i.e., including both baseline and 
ventilation components) obtained for the sequence of four 
current pulses 301-304. 

[0059] In one embodiment, the Weighted average is 
formed by Weighting the second and third samples, obtained 
from respective current pulses 302 and 303, by a factor of 
approximately 3.0 relative to the ?rst and fourth samples, 
obtained from respective current pulses 301 and 304. 
Weighting the samples advantageously provides an addi 
tional highpass ?ltering function, substantially transmitting 
the transthoracic impedance signal at the 25 kilohertZ carrier 
frequency of the current pulses 301-304, While substantially 
rejecting out-of-band signals. In particular, demodulator 415 
provides additional rejection of loW-frequency signals, such 
as R-Waves and other electrical signals produced by heart 
115. A transfer function provided by one embodiment of 
demodulator 415, is described in the Z-domain, as illustrated 
in Equation 2. 

[0060] In this embodiment, demodulator 415 provides a 
voltage gain that is approximately betWeen 1.75 and 2.0 for 
the in-band transthoracic impedance signal. Moreover, 
demodulator 415 also advantageously attenuates signals at 
frequencies beloW 100 HZ by a factor of at least approxi 
mately 120 dB, including such signals as R-Waves and other 
electrical intrinsic heart activity signals produced by heart 
115, Which can interfere With sensing the patient’s transtho 
racic impedance. 

[0061] FIG. 6 is a schematic diagram illustrating gener 
ally, by Way of example, but not by Way of limitation, one 
embodiment of a sWitched-capacitor demodulator 415. The 
output signal from preampli?er 410 is sampled onto capaci 
tors 600A-B in response to current pulse 301, onto capaci 
tors 605A-B in response to current pulse 302, onto capaci 
tors 610A-B in response to current pulse 303, and onto 
capacitors 615A-B in response to current pulse 304. Capaci 
tors 605A-B and 610A-B provide 3 times the capacitance 
value of capacitors 600A-B and 615A-B, in order to provide 
the above-described Weighting of the samples. After the 
Weighted sampling of the output of preampli?er 410 in 
response to the four current pulses 301-304, these Weighted 
samples are summed by sWitched-capacitor integrator 620 
(also referred to as a summer). 

[0062] Also illustrated in FIG. 6 are dummy capacitors 
625A-B. Each of dummy capacitors 625A-B has a capaci 
tance value that is tWice that of one of capacitors 600A-B, 
and tWice that of one of capacitors 615A-B. Dummy capaci 
tors 625A-B are sWitched in during sample of current pulses 
301 and 304. As a result, demodulator 415 presents the same 
load capacitance to preampli?er 410 during sampling of 
each of the four current pulses 301-304. As seen in FIG. 6, 
hoWever, the charge that is sampled onto dummy capacitors 
625A-B is not included in the Weighted sample (i.e., the 
resulting charge is not included in the integration provided 
by integrator 620). Furthermore, it is understood that, in one 
embodiment, the capacitors illustrated in FIG. 6 are initial 
iZed (e.g., discharged) prior to sampling any particular 
sequence of current pulses 301-304. 

[0063] In FIG. 6, integrator 620 includes input capacitors 
650 and 655, Which are autoZeroed by sWitches, as illus 
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trated, during the clock phase q>AZ. An integration capacitor 
660, Which is in the feedback path around operational 
ampli?er 665, sums the Weighted samples obtained in 
response to the four current pulses 301-304 during an 
integration clock phase (1)1. A noise sampling/integration 
capacitor 630, Which is also in the feedback path around 
operational ampli?er 665, sums the Weighted samples 
obtained in the absence of delivered current pulses during a 
noise integration clock phase (PM, as described beloW. Inte 
grator 620 also provides a matching netWork 670 on the 
other input of operational ampli?er 665 for matching the 
above-described sWitched capacitor operation. 

[0064] In one embodiment, demodulator 415 also provides 
a noise sensing mode of operation. In normal operation, 
demodulator 415 samples the output of ?lter/ampli?er 410 
in response to current pulses 301-304 provided by exciter 
150. During a noise sensing mode of operation, exciter 150 
is turned off (i.e., current pulses 301-304 are not provided), 
and demodulator 415 samples, onto sWitched-in noise sam 
pling/integration capacitor 630, noise arising from external 
sources (e.g., heart signals or any environmental noise 
sources) and internal noise produced by circuits coupled to 
the input of the demodulator 415. In particular, demodulator 
415 is capable of sensing noise that is at frequencies close 
to the 25 kilohertZ carrier frequency of the current pulses 
301-304. 

[0065] In one embodiment, the gain of demodulator 415 is 
increased (e.g., by a factor of approximately 2.0-2.5) during 
noise sensing mode in order to provide more sensitive noise 
detection. For example, the noise sampling/integration 
capacitor 630 used during noise sensing is different in value 
from a corresponding integration capacitor used during 
normal operation of demodulator 415, in order to provide a 
different gain during noise sensing. 

[0066] According to one aspect of the invention, device 
105 also includes a noise reversion circuit based on the noise 
sensed by demodulator 415 When exciter 150 is turned off. 
A noise comparator 635 receives a signal derived from the 
output of demodulator 415. Comparator 635 determines 
Whether the detected noise exceeds a particular program 
mable threshold value. If the detected noise exceeds the 
threshold value, subsequent circuits ignore the output of 
demodulator 415 (e.g., until the detected noise again falls 
beloW the threshold value). In one embodiment, the pro 
grammable threshold value used by comparator 635 is 
implemented as a programmable sWitched-capacitor array, 
providing threshold voltages ranging betWeen approxi 
mately 4-120 millivolts at the output of demodulator 415 
(corresponding to an impedance noise threshold betWeen 
approximately 0.4-12 ohms). 

Bandpass Filter 

[0067] In one embodiment, bandpass ?lter 420 provides a 
passband betWeen single pole corner frequencies at 0.1 HZ 
and 2.0 HZ, and includes a gain stage providing a voltage 
gain that is programmable (e.g., 6><, 12><, and 24x). The 0.1 
HZ loW frequency (highpass) pole substantially attenuates 
the baseline component of the transthoracic impedance 
signal, but substantially transmits the time-varying compo 
nent of the transthoracic impedance signal representing 
ventilation. The 2.0 HZ high frequency (loWpass) pole 
substantially attenuates other time-varying components of 
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the transthoracic impedance signal that do not contribute 
substantial ventilation information. In particular, the loW 
pass pole effectively contributes to the attenuation of signal 
components due to the cardiac stroke signal resulting from 
the beating of heart 115. As described above, removal of the 
stroke signal is both dif?cult and particularly important for 
properly adapting the delivered pacing rate based on minute 
ventilation, since the stroke signal is very close in frequency 
to the desired ventilation signal. The loWpass pole also ?lters 
out other noise at frequencies that exceed the loWpass pole 
frequency. 
[0068] Many different implementations of bandpass ?lter 
420 Will be suitable for use in the present invention. In one 
embodiment, bandpass ?lter 420 includes a sWitched-ca 
pacitor biquadratic ?lter stage, series-coupled With a subse 
quent sWitched-capacitor gain stage. Capacitance values of 
the sWitched-capacitor gain stage are user-programmable, 
thereby obtaining differing voltage gains, as described 
above. The output of the sWitched capacitor gain stage 
included in bandpass ?lter 420 is provided to the input of 
A/D converter 425. 

Analog-to-Digital Converter 

[0069] A/D converter 425 receives the output signal of 
bandpass ?lter 420 and provides a resulting digitiZed output 
signal to highpass ?lter 430 of digital signal processing 
circuit 405. In one embodiment, A/D converter 425 is 
implemented as an 8-bit, successive approximation type 
sWitched-capacitor A/D converter having an input range of 
approximately 1 Volt. According to one aspect of the inven 
tion, A/D converter 425 provides one 8-bit digital Word 
corresponding to each sequence of four current pulses 
301-304 delivered by exciter 150. Many different imple 
mentations of A/D converter 425 Will be suitable for use in 
the present invention. For example, a different A/D con 
verter resolution (greater than or less than 8 bits) may be 
used. 

Digital Signal Processing Circuit 

[0070] Highpass ?lter 430 includes, in one embodiment, a 
single-pole in?nite impulse response (IIR) digital ?lter that 
receives the 8-bit digital output signal from A/D converter 
425, removing frequency components beloW its highpass 
cutoff frequency of approximately 0.1 HZ. Many other 
different embodiments of highpass ?lter 430 Will also be 
suitable for use in the present invention. Highpass ?lter 430 
advantageously further attenuates baseline dc components 
of the transthoracic impedance and any dc offset voltages 
created by A/D converter 425. The output of highpass ?lter 
430 is provided to adaptive loWpass ?lter 435. 

[0071] Adaptive loWpass ?lter 435 receives the output 
signal of highpass ?lter 430 and attenuates frequency com 
ponents of the signal that exceed the loWpass cutoff fre 
quency of adaptive loWpass ?lter 435. Attenuated frequen 
cies include the cardiac stroke signal, resulting from changes 
in blood volume in heart 115 as it contracts during each 
cardiac cycle, Which appears as a component of the tran 
sthoracic impedance signal. Thus, the cardiac stroke signal 
confounds the desired ventilation information indicating the 
metabolic need for adjusting pacing rate. 

[0072] As described above, the component of the tran 
sthoracic impedance due to the stroke signal can be sub 
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stantial. As a result, attenuation of the stroke signal is 
particularly important for properly adapting the delivered 
pacing rate based on minute ventilation. Moreover, the 
stroke signal is difficult to attenuate, since it is very close in 
frequency to the desired ventilation signal. Furthermore, the 
frequencies of each of the stroke and ventilation signals 
varies according to the patient’s activity, making the stroke 
and ventilation signals dif?cult to separate. 

[0073] Adaptive loWpass ?lter 435 provides effective 
attenuation of the stroke component of the processed tran 
sthoracic impedance signal received from highpass ?lter 
430. Frequency components above a loWpass cutoff fre 
quency are attenuated. In one embodiment, the frequency 
components above the loWpass cutoff frequency are attenu 
ated by at least 30 decibels While preserving ventilation 
information having frequency components beloW the loW 
pass cutoff frequency. The loWpass cutoff frequency is 
adaptively based on a heart rate of the patient and, according 
to a further aspect of the invention, is independent of any 
breathing rate signal obtained from the patient. In one 
embodiment, the patient’s heart rate is detected by sense 
ampli?ers 175, and provided to adaptive loWpass ?lter 435, 
such as by controller 165, for adjusting the loWpass cutoff 
frequency of adaptive loWpass ?lter 435 accordingly. Table 
1 illustrates, by Way of example, but not by Way of limita 
tion, one mapping of different loWpass cutoff frequencies of 
adaptive loWpass ?lter 435 to ranges of the patient’s heart 
rate. Other mappings may also be used. 

TABLE 1 

Exemplary loWpass cutoff frequencies of adaptive loWpass ?lter 435 
based on different sensed heart rates. 

Heart Rate (beats per minute) LoWpass cutoff frequency 

<68 0.5 HZ 
68—88 0.75 HZ 
>88 1.0 HZ 

[0074] As Table 1 illustrates, a 0.5 HZ cutoff frequency is 
used When the sensed heart rate is less than 68 beats per 
minute. When the patient’s heart rate increases above 68 
beats per minute, adaptive loWpass ?lter 435 sWitches its 
loWpass cutoff frequency to 0.75 HZ. When the patient’s 
heart rate increases above 88 beats per minute, adaptive 
loWpass ?lter 435 sWitches its loWpass cutoff frequency to 
1.0 HZ. Similarly, as heart rate decreases, adaptive loWpass 
?lter 435 adjusts the loWpass cutoff frequency according to 
Table 1. As a result, adaptive loWpass ?lter 435 preserves the 
ventilation information at higher breathing rates (breathing 
rate increases together With heart rate), While continuing to 
attenuate the stroke signal. 

[0075] The present invention bases adaptive adjustment of 
the loWpass cutoff frequency only on heart rate. Among 
other things, this reduces computational complexity and 
poWer consumption associated With monitoring the breath 
ing rate for adjusting the loWpass cutoff frequency. This also 
ensures that adaptive loWpass ?lter 435 removes the stroke 
signal for all particular combinations of respiration rate and 
heart rate, so that pacing rate is appropriately adjusted based 
on minute ventilation. 

[0076] In one embodiment, adaptive ?lter 435 uses a 
4-pole Chebyshev ?lter that is better suited to data repre 

Jun. 5, 2003 

sented by feWer bits (e.g., 8-bit ?xed point arithmetic). This 
conserves poWer and avoids instability and other potential 
problems of quantiZation. According to one aspect of the 
invention, adaptive loWpass ?lter 435 uses a state-space 
structure, rather than in a conventional direct form structure. 
The state-space structure further reduces the effects of 
coef?cient quantiZation and roundoff noise. One example of 
such a state-space structure is described in Leland B. J ack 
son, “Digital Filters and Signal Processing,” 2nd ed., pp. 
332-340, KluWer Academic Publishers, Boston, Mass., the 
disclosure of Which is incorporated herein by reference. 

[0077] FIG. 7 is a signal ?oW diagram illustrating gener 
ally one embodiment of adaptive ?lter 435 having a state 
space topology. FIG. 7 includes scaling elements, delay 
elements, and summation elements. Signals output from 
summation elements are also scaled, as illustrated in FIG. 7. 
As With any DSP ?lter, saturation of signals at particular 
nodes should be avoided by adjusting the coef?cients 
according to conventional DSP coefficient scaling tech 
niques. One embodiment of hexadecimal values of ?lter 
coef?cients is illustrated by Way of example, but not by Way 
of limitation, in Table 2. 

[0078] Adaptive loWpass ?lter 435 outputs a signal based 
on transthoracic impedance and carrying ventilation infor 
mation. The stroke component of the transthoracic imped 
ance signal is substantially removed. The output of adaptive 
loWpass ?lter 435 is provided to MV calculation module 
440, Which calculates a minute ventilation indicated pacing 
rate based on the ventilation information. 

TABLE 2 

Exemplary Scaling Coefficients for Adaptive Filter 435 

Coefficient for Coefficient for Coefficient for 
Scaling 0.5 HZ LoWpass 0.75 HZ LoWpass 1.0 HZ LoWpass 
Element Cutoff Frequency Cutoff Frequency Cutoff Frequency 

(Hexadecimal) (Hexadecimal) (Hexadecimal) (Hexadecimal) 

1B1 40 22 28 
1B2 00 00 00 
1A11 77 75 72 
1A12 EE C6 9B 
1A21 02 05 05 
1A22 3C 3B 39 
1C1 01 FE FF 
1C2 40 60 7A 
1D 04 18 15 
2B1 20 10 0F 
2B2 00 01 01 
2A11 3E 33 2F 
2A12 C3 FD FD 
2A21 01 0C 18 
2A22 3E 33 2F 
2C1 00 02 06 
2C2 40 3A 3D 
2D 10 05 07 

Minute Ventilation Calculation Module 

[0079] In one embodiment, MV calculation module 440 is 
implemented as a sequence of instructions executed on any 
suitable microprocessor, such as a Zilog Z80-type micro 
processor. Alternatively, MV calculation module 440 is 
implemented as any other hardWare or softWare con?gura 
tion capable of calculating an indicated pacing rate based on 
ventilation information. One example of such a sequence of 
instructions executed on a microprocessor for calculating a 
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minute ventilation indicated rate is described below, and 
illustrated in the How chart of FIG. 8. 

[0080] MV calculation module 440 receives from adaptive 
loWpass ?lter 435 a digital signal representing a time 
varying transthoracic impedance. In one embodiment, the 
impedance signal is centered around Zero, With positive 
values representing inhalation, and negative values repre 
senting exhalation. At step 800, the maximum (most posi 
tive) and minimum (most negative) values of the impedance 
signal are stored in separate storage registers. After each 
breath, an interrupt is provided to the microprocessor, such 
as upon each positive-going Zero-crossing. 

[0081] At step 805, the tidal volume (TV) is calculated 
upon receiving the interrupt. The tidal volume is obtained by 
reading the storage registers, and taking the difference 
betWeen the maximum and minimum values of the imped 
ance signal held for the patient’s previous breath. A larger 
tidal volume indicates a deeper breath than a smaller tidal 
volume. Atidal volume data point is produced at step 805 for 
each breath by the patient. 

[0082] At step 810, the tidal volume is integrated (i.e., the 
tidal volume data points are summed) for a predetermined 
period of time (e.g., approximately 8 seconds), obtaining a 
minute ventilation data point, as described in Equation 1. 
After each 8 second integration period, the minute ventila 
tion data point is output, and a neW integration (i.e., sum 
mation) of tidal volume commences. 

[0083] Steps 815 and 820, include carrying out concurrent 
moving short term and long term averages, respectively. 
More particularly, the short term average (“STA,” also 
referred to as a “boxcar” average) at step 815 represents, at 
a particular point in time, a moving average of the minute 
ventilation data points over the previous approximately 32 
seconds. The short term average represents the present 
minute ventilation indication of metabolic need. Similarly, 
the long term average (“LT ”) at step 820 represents, at a 
particular point in time, a moving average of the minute 
ventilation data points over the previous approximately 2 
hours. The long term average approximates the resting state 
of the minute ventilation indicator. In one embodiment, the 
long term average at step 820 is carried out by an IIR digital 
?lter. 

[0084] At step 825, the short term and long term averages 
are compared. In one embodiment, this comparison involves 
subtracting the long term average from the short term 
average. The difference is optionally scaled, and used to 
adjust the pacing rate When the short term average exceeds 
the long term average. In one embodiment, the rate is 
adjusted according to Equation 3. 

RATEMV=LRL+K(STA—LTA) (3) 

[0085] In Equation 3, STA represents the short term aver 
age, LTA represents the long term average, K represents an 
optional scaling coef?cient, LRL is a programmable loWer 
rate limit to Which the incremental sensor driven rate is 
added, and RATEMV is the minute ventilation indicated rate 
at Which pacing therapy is delivered. In this embodiment, 
RATE is a linear function of the difference STA-LTA. Also, 
in this embodiment, if the value of the short term average is 
less than the value of the long term average, pacing therapy 
is delivered at the loWer rate limit (LRL). 
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[0086] In one embodiment of the invention, more than one 
scaling coefficient K is used, obtaining a pieceWise linear 
mapping of minute ventilation to the resulting minute ven 
tilation indicated rate. For example, When the STA-LTA 
difference exceeds a certain threshold value, a smaller 
scaling coef?cient K is used. This reduces the incremental 
increase in pacing rate for high pacing rates, When compared 
to the incremental increase in pacing rate for pacing rates 
close to the loWer rate limit (LRL). 

[0087] Step 825 is alternatively implemented as a ratio 
STA/LTA, rather than the difference STA-LTA. In one such 
embodiment, the rate is adjusted according to Equation 4 
When STA exceeds LTA. 

STA (4) 
RATEMV = LRL+ c(_] LTA 

[0088] In Equation 4, STA represents the short term aver 
age, LTA represents the long term average, C represents an 
optional scaling coefficient, LRL is a programmable loWer 
rate limit to Which the incremental sensor driven rate is 
added, and RATEMV is the minute ventilation indicated rate 
at Which pacing therapy is delivered. If the value of the short 
term average is less than the value of the long term average, 
pacing therapy is delivered at the loWer rate limit (LRL). In 
this embodiment, reduced incremental rate at high pacing 
rates is obtained by using more than one scaling coefficient, 
as described above. 

[0089] Other rate modi?ers can also be used to obtain a 
minute ventilation indicated rate. Moreover, the minute 
ventilation indicated rate can be combined, blended, or 
otherWise used in conjunction With other rate indicators, 
such as those derived from different sensors providing 
different indicators of metabolic need (e.g., acceleration). 
Such indicators may have different response characteristics 
(e.g., time lag after onset of exercise) that are advanta 
geously combined With the minute ventilation rate indication 
described above. 

[0090] At step 830, the indicated rate (e.g., RATEMV is 
provided to controller 165, for adjusting the rate of pacing 
therapy delivered by therapy circuit 170. 

Minute Ventilation Calculation Alternate 
Embodiment 

[0091] FIG. 9 is a How chart, similar to that of FIG. 8, 
illustrating generally another embodiment of the invention 
that uses a breath-by-breath minute ventilation calculation. 
At step 900, time differences corresponding to the peaks and 
valleys of the response signal are used to obtain respiration 
period data points corresponding to the tidal volume data 
points obtained in step 805. At step 910, a breath-by-breath 
indication of minute ventilation is obtained, such as by 
dividing the tidal volume data points by the corresponding 
respiration period data points to obtain minute ventilation 
data points. The rate of delivering cardiac rhythm manage 
ment therapy is then adjusted based on the minute ventila 
tion data points, as described above With respect to FIG. 8. 

Signal Processor Alternate Embodiment 

[0092] The above description illustrates, by Way of 
example, but not by Way of limitation, a particular embodi 






