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CONTROL OF PACING RATE IN MODE 
SWITCHING IMPLANTABLE MEDICAL DEVICES 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to implant 
able medical devices and methods for cardiac stimulation. 
More particularly, the present invention pertains to implant 
able medical devices and methods that employ mode sWitch 
ing in cardiac stimulation. 

BACKGROUND OF THE INVENTION 

[0002] Generally, in the human heart, the sinus (or 
sinoatrial (SA) node typically located near the junction of 
the superior vena cava and the right atrium) constitutes the 
primary natural pacemaker by Which rhythmic electrical 
excitation is developed. The cardiac impulse arising from 
the sinus node is transmitted to the tWo atrial chambers (or 
atria) at the right and left sides of the heart. In response to 
excitation from the SA node, the atria contract, pumping 
blood from those chambers into the respective ventricular 
chambers (or ventricles). The impulse is transmitted to the 
ventricles through the atrio-ventricular (AV) node, and via a 
conduction system comprising the bundle of His, or com 
mon bundle, the right and left bundle branches, and the 
Purkinje ?bers. The transmitted impulse causes the ven 
tricles to contract With the right ventricle pumping unoxy 
genated blood through the pulmonary artery to the lungs and 
the left ventricle pumping oxygenated (arterial) blood 
through the aorta and the lesser arteries to the body. The 
right atrium receives the unoxygenated (venous) blood. The 
blood oxygenated by the lungs is carried via the pulmonary 
veins to the left atrium. 

[0003] The above action is repeated in a rhythmic cardiac 
cycle in Which the atrial and ventricular chambers alter 
nately contract and pump, and then relax and ?ll. One-Way 
valves, betWeen the atrial and ventricular chambers on the 
right and left sides of the heart, and at the exits of the right 
and left ventricles, prevent back?oW of the blood as it moves 
through the heart and the circulatory system. This sinus node 
is spontaneously rhythmic, and the cardiac rhythm it gen 
erates is termed sinus rhythm. This capacity to produce 
spontaneous cardiac impulse is called rhythmicity. Some 
other cardiac tissues possess rhythmicity and hence consti 
tute secondary natural pacemakers, but the sinus node is the 
primary natural pacemaker because it spontaneously gener 
ates electrical pulses at a faster rate. The secondary pace 
makers tend to be inhibited by the more rapid rate at Which 
impulses are generated by the sinus node. 

[0004] Disruption of the natural pacemaking and propa 
gation system as a result of aging or disease is commonly 
treated by arti?cial cardiac pacing, by Which rhythmic 
electrical discharges are applied to the heart at a desired rate 
from an arti?cial pacemaker. A pacemaker is a medical 
device Which delivers electrical pulses to an electrode that is 
implanted adjacent to or in the patient’s heart to stimulate 
the heart so that it Will contract and beat at a desired rate. If 
the body’s natural pacemaker performs correctly, blood is 
oxygenated in the lungs and ef?ciently pumped by the heart 
to the body’s oxygen-demanding tissues. HoWever, When 
the body’s natural pacemaker malfunctions, an implantable 
pacemaker often is required to properly stimulate the heart. 

[0005] Implantable pacemakers are typically designed to 
operate using various different response methodologies, 
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such as, for example, nonsynchronous or asynchronous 
(?xed rate), inhibited (stimulus generated in the absence of 
a speci?ed cardiac activity), or triggered (stimulus delivered 
in response to a speci?c hemodynamic parameter). Gener 
ally, inhibited and triggered pacemakers may be grouped as 
“demand”-type pacemakers, in Which a pacing pulse is only 
generated When demanded by the heart. To determine When 
pacing is required by the pacemaker, demand pacemakers 
may sense various conditions such as heart rate, physical 
exertion, temperature, and the like. Moreover, pacemaker 
implementations range from the simple ?xed rate, single 
chamber device that provides pacing With no sensing func 
tion, to highly complex models that provide fully-automatic 
dual chamber pacing and sensing functions. For example, 
such multiple chamber pacemakers are described in US. 
Pat. No. 4,928,688 to MoWer entitled “Method and Appa 
ratus for Treating Hemodynamic Dysfunction,” issued May 
29, 1990; US. Pat. No. 5,792,203 to Schroeppel entitled 
“Universal Programmable Cardiac Stimulation Device,” 
issued Aug. 11, 1998; US. Pat. No. 5,893,882 to Peterson et 
al. entitled “Method and Apparatus for Diagnosis and Treat 
ment of Arrhythmias,” issued Apr. 13, 1999; and US. Pat. 
No. 6,081,748 to Struble et al. entitled “Multiple Channel, 
Sequential Cardiac Pacing Systems,” issued Jun. 27, 2000. 

[0006] Because of the large number of options available 
for pacer operation, an industry convention has been estab 
lished Whereby speci?c pacer con?gurations are identi?ed 
according to a code comprising multiple letters (generally, 
three to four letters, although a ?fth coded position may also 
be used). The most common con?guration codes comprise 
either three or four letters, as shoWn in Table I beloW. For 
simplicity, the ?fth coded position is omitted. Each code can 
be interpreted as folloWs: 

TABLE 1 

Code Position 

1 2 3 4 

function chamber chamber response to programmability 
rate 

identi?ed paced sensed sensing modulation 
options 0 — none 0 — none 0 — none 0 — none 

available A — atrium A — atrium T — triggered P — programmable 

V — ventricle V — ventricle I — inhibited M — multi 

D — dual D — dual D — dual programmable 

(A + V) (A + V) (I‘ + I) C — communica 
ting 
R — rate modula 

ting 

[0007] For example, a DDD pacer paces either chamber 
(atrium or ventricle) and senses in either chamber. Thus, a 
pacer in DDD mode, may pace the ventricle in response to 
electrical activity sensed in the atrium. A VVI pacer paces 
and senses in the ventricle, but its pacing is inhibited by 
spontaneous electrical activity of the ventricle, also referred 
to as intrinsic ventricular activity (i.e., the ventricle paces 
itself naturally). In VVIR mode, ventricle pacing is similarly 
inhibited upon determining that the ventricle is naturally 
contracting. With the VVIR mode, the pacer’s pacing rate, 
hoWever, in the absence of naturally occurring pacing, is 
modulated by the physical activity level of the patient. 
Pacers commonly include accelerometers to provide an 
indication of the patient’s level of physical activity. 
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[0008] As illustrated in the table above, it may be desirable 
to sense in one cardiac chamber (e.g., detect electrical 
activity represented of contraction of the chamber and 
referred to as a “sensed event”) and, in response, pace 
(referred to as a “paced event”) in the same or different 
chamber. It also may be desirable to pace at two electrode 
locations following a sensed event. For example, patients 
with abnormally fast atrial rhythms (referred to as atrial 
tachyarrhythmias) are often treated with pacemakers that 
include an electrode in each of the two atrial chambers and 
a third electrode in the right ventricle. Both atrial chambers 
usually are paced following a sensed event in either cham 
ber. Various pacemaker protocols may be used. 

[0009] Further, for example, some patients, like heart 
failure patients, are often treated with bi-ventricular pace 
makers that include an electrode in each of the two ven 
tricular chambers, and also possible a third electrode in the 
right atrium. Both ventricular chambers usually are paced 
following a sensed or paced atrial event. 

[0010] In the context of dual chamber pacing, a variety of 
mode switching features have been developed which detect 
an excessively rapid atrial rhythm and in response cause the 
pacemaker to switch from an atrial synchroniZed pacing 
mode such as DDD to a nonsynchroniZed mode such as VVI 
or DDI. Such mode switching features are disclosed in US. 
Pat. No. 5,144,949 to Olson entitled “Dual Chamber Rate 
Responsive Pacemaker With Automatic Mode Switching,” 
issued Sep. 8, 1992; US. Pat. No. 5,318,594 to Limousin et 
al. entitled “DDD Type Cardiac Pacemaker Having Auto 
matic Operating Mode Switching,” issued Jun. 7, 1994; US. 
Pat. No. 4,944,298 to Sholder entitled “Atrial Rate Based 
Programmable Pacemaker With Automatic Mode Switching 
Means,” issued Jul. 31, 1990; US. Pat. No. 4,932,406 to 
Berkovits entitled “Dual Chamber Rate Responsive Pace 
maker,” issued Jun. 12, 1990; and US. Pat. No. 5,292,340 
to Crosby et al. entitled “Physiologically-Calibrated Rate 
Adaptive, Dual Chamber Pacemaker,” issued Mar. 8, 1994. 
In such devices, the primary purpose of the mode switch is 
to prevent the pacemaker from tracking a non-physiologic 
atrial rate. 

[0011] Generally, mode switching is generally in most 
dual chamber pacemakers. Such mode switching typically 
changes the mode of pacing therapy during periods of 
accelerated atrial arrhythmias such as, for example, SVT 
(supra ventricular tachycardia), PAF (paroxysmal atrial ?ut 
ter), and AF (atrial ?brillation). For example, mode switch 
ing may change the dual chamber pacing mode from DDD 
to DDI, DDDR to DDIR, VDD to VVI, or VDDR to VVIR. 

[0012] During such episodes of mode switching due to 
periods of accelerated atrial arrhythmias such as SVT/PAF/ 
AF, the pacemaker will revert to a lower rate (LR) of pacing 
(or a sensor-driven pacing rate or frequency in rate modu 
lating operating modes such as DDIR or VVIR). In many 
cases, the LR is programmed below that of the intrinsic rate 
of the patient’s sinus rhythm. For example, the LR may be 
60 ppm when the sinus rhythm of the patient is 70 bpm. As 
such, with regard to patients with ventricular dysfunction 
(e. g., heart failure), because such patients are inactive due to 
their severe conditions, the heart rate may be paced at an 
insuf?cient low pacing rate, i.e., LR. 

[0013] Therefore, such mode switching may result in 
insuf?cient pacing rate and cardiac output. For example, 
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during mode switching periods, as described above, the 
pacemaker may pace the heart at the LR in a mode such as 
DDI(R) or VVI(R). DDIR behaves much like VVIR in the 
case of atrial tachyarrhythmias. This pacing LR is typically 
too slow to guarantee suf?cient cardiac output in heart 
failure patients. 

[0014] In addition to the potential lower cardiac output 
due to pacing at the LR, reduced cardiac output may also 
occur due to the atrial arrhythmia and loss of atrial contri 
bution to ventricular ?lling. For example, all atrial contri 
bution (e.g., “atrial kick”) to ventricular ?lling may be lost 
during atrial arrhythmia. As such, stroke volume becomes 
reduced, e.g., reduced by 20-25%, because cardiac output= 
(heart rate)(stroke volume). Due to the above, such reduced 
cardiac output may be inadequate for the patient. 

[0015] Further, during periods of accelerated atrial 
arrhythmias (e.g., SVT/PAF/AF), AV conduction often 
occurs irregularly. Such irregular AV conduction may result 
in irregular intrinsic ventricular response (e.g., ventricular 
response rates of 100 bpm due to the attempt of the ven 
tricular chamber to respond intrinsically to the accelerated 
arrhythmias to the LR of 60 ppm when no intrinsic ven 
tricular response is detected and the ventricular chamber is 
paced at LR). 

[0016] Yet further, in bi-ventricular pacing for heart failure 
patients, continuous pacing therapy should be maintained. 
During mode switching, there may be a loss of such con 
tinuous bi-ventricular pacing therapy. 

[0017] Table II below lists US. Patents relating to mul 
tiple chamber pacing apparatus and mode switching tech 
niques and methods. 

TABLE II 

US Pat. No. Inventor Issue Date 

4,928,688 Mower 29 May 1990 
4,932,406 Berkovits 12 June 1990 
4,944,298 Sholder 31 July 1990 
5,144,949 Olson 8 September 1992 
5,292,340 Crosby et al. 8 March 1994 
5,318,594 Limousin et al. 7 June 1994 
5,792,203 Schroeppel 11 August 1998 
5,893,882 Peterson et al. 13 April 1999 
5,902,324 Thompson et al. 11 May 1999 
6,070,101 Struble et al. 30 May 2000 
6,081,748 Struble et al. 27 June 2000 

[0018] All references listed in Table II, and elsewhere 
herein, are incorporated by reference in their respective 
entireties. As those of ordinary skill in the art will appreciate 
readily upon reading the Summary of the Invention, 
Detailed Description of the Embodiments, and claims set 
forth below, at least some of the devices and methods 
disclosed in the references of Table II and elsewhere herein 
may be modi?ed advantageously by using the teachings of 
the present invention. However, the listing of any such 
references in Table II, or elsewhere herein, is by no means 
an indication that such references are prior art to the present 
invention. 

SUMMARY OF THE INVENTION 

[0019] The present invention has certain objects. That is, 
various embodiments of the present invention provide solu 
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tions to one or more problems existing in the prior art With 
respect to implantable medical device pacing techniques 
and, in particular, mode switching used in conjunction With 
such pacing techniques. One of such problems involves the 
provision of insuf?cient pacing rate and cardiac output 
during mode sWitching periods. Further, for example, other 
problems involve the occurrence of irregular AV conduction 
during accelerated atrial arrhythmias and mode sWitching 
periods that often result in irregular intrinsic ventricular 
response. In addition, for example, in bi-ventricular pacing 
for heart failure patients, during mode sWitching periods 
upon detection of accelerated atrial arrhythmias, pacing 
therapy may not be continuous. 

[0020] In comparison to knoWn mode sWitching tech 
niques, various embodiments of the present invention may 
provide one or more of the folloWing advantages. For 
example, the highest level of continued ventricular therapy, 
e.g., bi-ventricular pacing therapy, during mode sWitching 
periods due to accelerated atrial arrhythmias, is ensured. 
Further, an elevated pacing rate counteracts the absence of 
atrial contribution to ventricular ?lling in patients during 
periods of atrial arrhythmias. Yet further, the present inven 
tion provides for interaction in the mode sWitching period 
With a rate response activity sensor indicated rate to provide 
for more appropriate pacing rates When a patient is under 
taking greater activity, e.g., exercise. In general, by making 
adjustments to loWer rate pacing during mode sWitching, 
such that an elevated compensatory rate is provided, the 
present invention provides the advantage of providing suf 
?cient cardiac output during episodes of accelerated atrial 
arrhythmias. 
[0021] Some embodiments of the present invention 
include one or more of the folloWing features: detection of 
a period of accelerated atrial arrhythmias; sWitching from a 
?rst pacing mode to a second pacing mode upon detection of 
a period of accelerated atrial arrhythmias; provision of a ?rst 
pacing mode (e.g., DDD, DDDR, VDD, or VDDR pacing 
mode) that paces at least one ventricle based on sensed atrial 
activity and a second pacing mode (e.g., DDI, DDIR, VVI, 
or VVIR pacing mode) that paces the at least one ventricle 
based on sensed ventricular activity at a predetermined 
loWer rate With such pacing inhibited based on intrinsic 
ventricular activity; adjusting a loWer rate to an elevated 
adjusted loWer rate upon sWitching from a ?rst pacing mode 
to a second pacing mode such that pacing of the at least one 
ventricle is not inhibited based on intrinsic ventricular 
activity; adjusting a loWer rate to an elevated adjusted loWer 
rate based on R-R intervals measured during a ventricular 
response detection time WindoW associated With mode 
sWitching; adjusting a loWer rate based on at least the fastest 
R-R interval measured during a ventricular response detec 
tion time WindoW; limiting the elevated adjusted loWer rate 
based on a programmed maximum pacing rate; taking into 
consideration an activity sensor indicated pacing rate When 
determining an appropriate rate; decelerating from an 
elevated adjusted loWer rate toWards a predetermined basic 
pacing rate that is as fast or faster than the predetermined or 
programmed loWer rate; monitoring ventricular activity dur 
ing the deceleration period and readjusting the elevated 
adjusted loWer rate upon detection of an intrinsic ventricular 
event and further decelerating the readjusted elevated loWer 
rate during a reinitiated deceleration period; and continuing 
deceleration to a predetermined pacing rate if no intrinsic 
ventricular events are detected and thereafter continuing to 
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use a predetermined basic pacing rate until either an intrinsic 
ventricular event is detected and a readjusted elevated loWer 
rate is reset for deceleration or mode of operation is sWitched 
back. 

[0022] Still further, some embodiments of the present 
invention include one or more of the folloWing features: 
pacing generator circuitry operable to generate pacing pulses 
at one or more pacing rates during at least ?rst and second 
pacing modes; a ?rst pacing mode that paces at least one 
ventricle based on sensed atrial activity (e.g., DDD, DDR, 
VDD, or VDDR); a second pacing mode that paces the at 
least one ventricle based on sensed ventricular activity at a 
predetermined loWer rate (e.g., a programmed rate) With 
such pacing inhibited based on intrinsic ventricular activity 
(e.g., DDI, DDIR, VVI, or VVIR pacing mode); sensing 
circuitry operable to sense atrial and ventricular activity; a 
pacing controller operable to sWitch from a ?rst pacing 
mode to a second pacing mode upon detection of a period of 
accelerated atrial arrhythmia based on information from 
sensing circuitry; a pacing controller operable to at least 
initially upon sWitching from a ?rst pacing mode to a second 
pacing mode adjust a predetermined loWer rate to an 
elevated adjusted loWer rate such that pacing of at least one 
ventricle is not inhibited based on detected intrinsic ven 
tricular activity; a pacing controller that is operable to adjust 
a predetermined loWer rate to an elevated adjusted rate based 
on R-R intervals measured during a ventricular response 
detection time WindoW associated With mode sWitching; a 
pacing controller that is operable to limit an elevated 
adjusted loWer rate based on a programmed maximum 
pacing rate; a pacing controller that is operable to control the 
pacing rate based on an activity sensor indicated pacing rate; 
a pacing controller that is operable to decelerate an elevated 
adjusted loWer rate toWards a predetermined basic pacing 
rate (e. g., a programmed rate) that is as fast or faster than the 
predetermined loWer rate; a pacing controller that is oper 
able to readjust an elevated adjusted loWer rate during a 
deceleration WindoW based on intrinsic ventricular activity 
and to control deceleration of the readjusted elevated loWer 
rate during a reinitiated deceleration period; and a pacing 
controller that is operable to continue deceleration to a 
predetermined basic pacing rate if no intrinsic ventricular 
activity is sensed during a deceleration WindoW and there 
after continue to use the predetermined basic pacing rate 
until either intrinsic ventricular activity is sensed and a neW 
readjusted elevated loWer rate is reset for deceleration 
during another reinitiated deceleration period or the mode of 
operation is sWitched back. 

[0023] The above summary of the present invention is not 
intended to describe each embodiment or every implemen 
tation of the present invention. Advantages, together With a 
more complete understanding of the invention, Will become 
apparent and appreciated by referring to the folloWing 
detailed description and claims taken in conjunction With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The present invention Will be further described 
With reference to the draWings, Wherein: 

[0025] FIG. 1 is an implantable medical device (IMD) in 
accordance With one embodiment of the invention, Wherein 
the IMD is implanted Within a body of a patient; 
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[0026] FIG. 2 is an enlarged vieW of the IMD of FIG. 1 
diagrammatically illustrating coupling With the patient’s 
heart in accordance With one embodiment of the invention; 

[0027] FIG. 3 is a functional block diagram of an IMD in 
accordance With one embodiment of the present invention; 

[0028] FIG. 4 is an IMD in accordance With another 
embodiment of the invention, Wherein the IMD is an 
implantable pacemaker-cardioverter-de?brillator (PCD); 
[0029] FIG. 5 is a functional block diagram of the IMD of 
FIG. 4; 

[0030] FIG. 6 is a diagram depicting a three or four 
channel, biatrial and/or bi-ventricular, pacing system 
according to one embodiment of the present invention; 

[0031] FIG. 7 is a How diagram illustrating accelerated 
ventricular loWer rate pacing according to the present inven 
tion; 
[0032] FIG. 8 is a How diagram illustrating one illustra 
tive embodiment of performing the adjustment of the loWer 
rate as shoWn in FIG. 7 according to the present invention; 

[0033] FIG. 9 is a timing diagram for use in illustrating 
the accelerated loWer rate pacing shoWn in FIG. 7; and 

[0034] FIGS. 10-12 shoW ?oW diagrams illustrating the 
interaction of activity sensor indicated rates in conjunction 
With the accelerated loWer rate pacing of FIG. 7. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0035] FIG. 1 is a simpli?ed schematic vieW of one 
embodiment of implantable medical device (“IMD”) 10 of 
the present invention. IMD 10 shoWn in FIG. 1 is a 
pacemaker comprising at least one of pacing and sensing 
leads 16 and 18 attached to hermetically sealed enclosure 14 
and implanted near human or mammalian heart 8. Pacing 
and sensing leads 16 and 18, sense electrical signals atten 
dant to the depolariZation and re-polariZation of the heart 8, 
and further provide pacing pulses for causing depolariZation 
of cardiac tissue in the vicinity of the distal ends thereof. 
Leads 16 and 18 may have, for example, unipolar or bipolar 
electrodes disposed thereon, as is Well knoWn in the art. 
Examples of IMD 10 include implantable cardiac pacemak 
ers disclosed in US. Pat. No. 5,158,078 to Bennett et al., 
US. Pat. No. 5,312,453 to Shelton et al. or US. Pat. No. 
5,144,949 to Olson. 

[0036] FIG. 2 shoWs connector module 12 and hermeti 
cally sealed enclosure 14 of IMD 10 located near human or 
mammalian heart 8. Atrial and ventricular pacing leads 16 
and 18 extend from connector header module 12 to the right 
atrium and ventricle, respectively, of heart 8. Atrial elec 
trodes 20 and 21 disposed at the distal end of atrial pacing 
lead 16 are located in the right atrium. Ventricular electrodes 
28 and 29 at the distal end of ventricular pacing lead 18 are 
located in the right ventricle. 

[0037] FIG. 3 is a block diagram illustrating the constitu 
ent components of IMD 10 in accordance With one embodi 
ment of the present invention, Where IMD 10 is a pacemaker 
having a microprocessor-based architecture. IMD 10 is 
shoWn as including activity sensor or accelerometer 11, 
Which is preferably a pieZoceramic accelerometer bonded to 
a hybrid circuit located inside enclosure 14. Activity sensor 
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11 typically (although not necessarily) provides a sensor 
output that varies as a function of a measured parameter 
relating to a patient’s metabolic requirements. For the sake 
of convenience, IMD 10 in FIG. 3 is shoWn With lead 18 
only connected thereto; similar circuitry and connections not 
explicitly shoWn in FIG. 3 apply to lead 16. 

[0038] IMD 10 in FIG. 3 is most preferably program 
mable by means of an external programming unit (not 
shoWn in the Figures). One such programmer is the com 
mercially available Medtronic Model 9790 programmer, 
Which is microprocessor-based and provides a series of 
encoded signals to IMD 10, typically through a program 
ming head Which transmits or telemeters radio-frequency 
(RF) encoded signals to IMD 10. Such a telemetry system is 
described in US. Pat. No. 5,354,319 to Wyborny et al. The 
programming methodology disclosed in Wyborny et al.’s 
’319 patent is identi?ed herein for illustrative purposes only. 
Any of a number of suitable programming and telemetry 
methodologies knoWn in the art may be employed so long as 
the desired information is transmitted to and from IMD 10. 

[0039] As shoWn in FIG. 3, lead 18 is coupled to node 50 
in IMD 10 through input capacitor 52. Activity sensor or 
accelerometer 11 is most preferably attached to a hybrid 
circuit located inside hermetically sealed enclosure 14 of 
IMD 10. The output signal provided by activity sensor 11 is 
coupled to input/output circuit 54. Input/output circuit 54 
contains analog circuits for interfacing to heart 8, activity 
sensor 11, antenna 56 and circuits for the application of 
stimulating pulses to heart 8. The rate of heart 8 is controlled 
by software-implemented algorithms stored in microcom 
puter circuit 58. 

[0040] Microcomputer circuit 58 preferably comprises on 
board circuit 60 and off-board circuit 62. Circuit 58 may 
correspond to a microcomputer circuit disclosed in US. Pat. 
No. 5,312,453 to Shelton et al. On-board circuit 60 prefer 
ably includes microprocessor 64, system clock circuit 66 
and on-board RAM 68 and ROM 70. Off-board circuit 62 
preferably comprises a RAM/ROM unit. On-board circuit 
60 and off-board circuit 62 are each coupled by data com 
munication bus 72 to digital controller/timer circuit 74. 
Microcomputer circuit 58 may comprise a custom integrated 
circuit device augmented by standard RAM/ROM compo 
nents. 

[0041] Electrical components shoWn in FIG. 3 are poW 
ered by an appropriate implantable battery poWer source 76 
in accordance With common practice in the art. For the sake 
of clarity, the coupling of battery poWer to the various 
components of IMD 10 is not shoWn in the Figures. Antenna 
56 is connected to input/output circuit 54 to permit uplink/ 
doWnlink telemetry through RF transmitter and receiver 
telemetry unit 78. By Way of example, telemetry unit 78 may 
correspond to that disclosed in US. Pat. No. 4,556,063 
issued to Thompson et al., or to that disclosed in the 
above-referenced ’319 patent to Wyborny et al. It is gener 
ally preferred that the particular programming and telemetry 
scheme selected permit the entry and storage of cardiac 
rate-response parameters. The speci?c embodiments of 
antenna 56, input/output circuit 54 and telemetry unit 78 
presented herein are shoWn for illustrative purposes only, 
and are not intended to limit the scope of the present 
invention. 

[0042] VREF and Bias circuit 82 (see FIG. 3) most pref 
erably generates stable voltage reference and bias currents 
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for analog circuits included in input/output circuit 54. Ana 
log-to-digital converter (ADC) and multiplexer unit 84 
digitiZes analog signals and voltages to provide “real-time” 
telemetry intracardiac signals and battery end-of-life (EOL) 
replacement functions. Operating commands for controlling 
the timing of IMD 10 are coupled by data bus 72 to digital 
controller/timer circuit 74, Where digital timers and counters 
establish the overall escape interval of the IMD 10 as Well 
as various refractory, blanking and other timing WindoWs, 
such as those described herein, for controlling the operation 
of peripheral components disposed Within input/output cir 
cuit 54. 

[0043] Digital controller/timer circuit 74 is preferably 
coupled to sensing circuitry, including sense ampli?er 88, 
peak sense and threshold measurement unit 90 and com 
parator/threshold detector 92. Circuit 74 is further preferably 
coupled to electrogram (EGM) ampli?er 94 for receiving 
ampli?ed and processed signals sensed by lead 18. Sense 
ampli?er 88 ampli?es sensed electrical cardiac signals and 
provides an ampli?ed signal to peak sense and threshold 
measurement circuitry 90, Which in turn provides an indi 
cation of peak sensed voltages and measured sense ampli?er 
threshold voltages on multiple conductor signal path 67 to 
digital controller/timer circuit 74. An ampli?ed sense ampli 
?er signal is then provided to comparator/threshold detector 
92. By Way of eXample, sense ampli?er 88 may correspond 
to that disclosed in US. Pat. No. 4,379,459 to Stein. 

[0044] The electrogram signal provided by EGM ampli?er 
94 is employed When IMD 10 is being interrogated by an 
external programmer to transmit a representation of a car 
diac analog electrogram. See, for example, US. Pat. No. 
4,556,063 to Thompson et al. Output pulse generator 96 
provides pacing stimuli to patient’s heart 8 through coupling 
capacitor 98, for eXample, in response to a pacing trigger 
signal provided by digital controller/timer circuit 74 each 
time the escape interval times out, in response to an exter 
nally transmitted pacing command or in response to other 
stored commands as is Well knoWn in the pacing art and as 
is described herein. By Way of eXample, output ampli?er 96 
may correspond generally to an output ampli?er disclosed in 
US. Pat. No. 4,476,868 to Thompson. 

[0045] The speci?c embodiments of input ampli?er 88, 
output ampli?er 96 and EGM ampli?er 94 identi?ed herein 
are presented for illustrative purposes only, and are not 
intended to be limiting in respect of the scope of the present 
invention. The speci?c embodiments of such circuits may 
not be critical to practicing some embodiments of the 
present invention so long as they provide means for gener 
ating a stimulating pulse and are capable of providing 
signals indicative of natural or stimulated contractions of 
heart 8. 

[0046] In some embodiments of the present invention, 
IMD 10 may operate in various non-rate-responsive modes, 
including, but not limited to, DDD, DDI, VVI, VOO and 
VVT modes. In other embodiments of the present invention, 
IMD 10 may operate in various rate-responsive modes, 
including, but not limited to, DDDR, DDIR, VVIR, VOOR 
and VVTR modes. Some embodiments of the present inven 
tion are capable of operating in both non-rate-responsive and 
rate-responsive modes. Moreover, in various embodiments 
of the present invention, IMD 10 may be programmably 
con?gured to operate so that it varies the rate at Which it 
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delivers stimulating pulses to heart 8 only in response to one 
or more selected sensor outputs being generated. Numerous 
pacemaker features and functions not eXplicitly mentioned 
herein may be incorporated into IMD 10 While remaining 
Within the scope of the present invention. 

[0047] The present invention is not limited in scope to 
dual-sensor pacemakers, and is not limited to IMD’s com 
prising activity or pressure sensors only. Further, the present 
invention is not limited in scope to dual-chamber pacemak 
ers, dual-chamber leads for pacemakers or single-sensor or 
dual-sensor leads for pacemakers. Thus, various embodi 
ments of the present invention may be practiced in conjunc 
tion With more than tWo leads or With multiple-chamber 
pacemakers, for eXample. At least some embodiments of the 
present invention may be applied equally Well in the con 
teXts of dual-, triple- or quadruple-chamber pacemakers or 
other types of IMD’s. See, for eXample, U.S. Pat. No. 
5,800,465 to Thompson et al. In one preferred embodiment, 
the present invention is particularly directed at pacing appa 
ratus that provide bi-ventricular pacing therapy. 

[0048] IMD 10 may also be a pacemaker-cardioverter 
de?brillator (“PCD”) corresponding to any of numerous 
commercially available implantable PCD’s. Various 
embodiments of the present invention may be practiced in 
conjunction With PCD’s such as those disclosed in US. Pat. 
No. 5,545,186 to Olson et al., US. Pat. No. 5,354,316 to 
Keimel, U.S. Pat. No. 5,314,430 to Bardy, U.S. Pat. No. 
5,131,388 to Pless and Us. Pat. No. 4,821,723 to Baker, Jr. 
et al. 

[0049] FIGS. 4 and 5 illustrate one embodiment of IMD 
10 and a corresponding lead set of the present invention, 
Where IMD 10 is a PCD. In FIG. 4, the ventricular lead takes 
the form of leads disclosed in US. Pat. Nos. 5,099,838 and 
5,314,430 to Bardy, and includes an elongated insulative 
lead body 1 carrying three concentric coiled conductors 
separated from one another by tubular insulative sheaths. 
Located adjacent the distal end of lead 1 are ring electrode 
2, eXtendable heliX electrode 3 mounted retractably Within 
insulative electrode head 4 and elongated coil electrode 5. 
Each of the electrodes is coupled to one of the coiled 
conductors Within lead body 1. Electrodes 2 and 3 are 
employed for cardiac pacing and for sensing ventricular 
depolariZations. At the proXimal end of the lead is bifurcated 
connector 6 Which carries three electrical connectors, each 
coupled to one of the coiled conductors. De?brillation 
electrode 5 may be fabricated from platinum, platinum alloy 
or other materials knoWn to be usable in implantable 
de?brillation electrodes and may be about 5 cm in length. 

[0050] The atrial/SVC lead shoWn in FIG. 4 includes 
elongated insulative lead body 7 carrying three concentric 
coiled conductors separated from one another by tubular 
insulative sheaths corresponding to the structure of the 
ventricular lead. Located adjacent the J -shaped distal end of 
the lead are ring electrode 9 and eXtendable heliX electrode 
13 mounted retractably Within an insulative electrode head 
15. Each of the electrodes is coupled to one of the coiled 
conductors Within lead body 7. Electrodes 13 and 9 are 
employed for atrial pacing and for sensing atrial depolar 
iZations. Elongated coil electrode 19 is provided proXimal to 
electrode 9 and coupled to the third conductor Within lead 
body 7. Electrode 19 preferably is 10 cm in length or greater 
and is con?gured to eXtend from the SVC toWard the 
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tricuspid valve. In one embodiment of the present invention, 
approximately 5 cm of the right atrium/SVC electrode is 
located in the right atrium With the remaining 5 cm located 
in the SVC. At the proximal end of the lead is bifurcated 
connector 17 carrying three electrical connectors, each 
coupled to one of the coiled conductors. 

[0051] The coronary sinus lead shoWn in FIG. 4 assumes 
the form of a coronary sinus lead disclosed in the above cited 
’838 patent issued to Bardy, and includes elongated insula 
tive lead body 41 carrying one coiled conductor coupled to 
an elongated coiled de?brillation electrode 21. Electrode 21, 
illustrated in broken outline in FIG. 4, is located Within the 
coronary sinus and great vein of the heart. At the proximal 
end of the lead is connector plug 23 carrying an electrical 
connector coupled to the coiled conductor. The coronary 
sinus/great vein electrode 41 may be about 5 cm in length. 

[0052] The implantable PCD is shoWn in FIG. 4 in 
combination With leads 1, 7 and 41, and lead connector 
assemblies 23, 17 and 6 inserted into connector block 12. 
Optionally, insulation of the outWard facing portion of 
housing 14 of PCD 10 may be provided using a plastic 
coating such as parylene or silicone rubber, as is employed 
in some unipolar cardiac pacemakers. The outWard facing 
portion, hoWever, may be left uninsulated or some other 
division betWeen insulated and uninsulated portions may be 
employed. The uninsulated portion of housing 14 serves as 
a subcutaneous de?brillation electrode to de?brillate either 
the atria or ventricles. Lead con?gurations other than those 
shoWn in FIG. 4 may be practiced in conjunction With the 
present invention, such as those shoWn in US. Pat. No. 
5,690,686 to Min et al. 

[0053] FIG. 5 is a functional schematic diagram of one 
embodiment of an implantable PCD of the present inven 
tion. This diagram should be taken as exemplary of the type 
of device in Which various embodiments of the present 
invention may be embodied, and not as limiting, as it is 
believed that the invention may be practiced in a Wide 
variety of device implementations Which provided pacing 
therapies. 

[0054] The PCD is provided With an electrode system. If 
the electrode con?guration of FIG. 4 is employed, the 
electrode con?guration correspondence may be as folloWs. 
Electrode 25 in FIG. 5 includes the uninsulated portion of 
the housing of the PCD. Electrodes 25, 15, 21 and 5 are 
coupled to high voltage output circuit 27, Which includes 
high voltage sWitches controlled by CV/de?b control logic 
29 via control bus 31. SWitches disposed Within circuit 27 
determine Which electrodes are employed and Which elec 
trodes are coupled to the positive and negative terminals of 
the capacitor bank (Which includes capacitors 33 and 35) 
during delivery of de?brillation pulses. 

[0055] Electrodes 2 and 3 are located on or in the ventricle 
and are coupled to the R-Wave ampli?er 37, Which prefer 
ably takes the form of an automatic gain controlled ampli?er 
providing an adjustable sensing threshold as a function of 
the measured R-Wave amplitude. A signal is generated on 
R-out line 39 Whenever the signal sensed betWeen electrodes 
2 and 3 exceeds the present sensing threshold. 

[0056] Electrodes 9 and 13 are located on or in the atrium 
and are coupled to the P-Wave ampli?er 43, Which prefer 
ably also takes the form of an automatic gain controlled 
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ampli?er providing an adjustable sensing threshold as a 
function of the measured P-Wave amplitude. A signal is 
generated on P-out line 45 Whenever the signal sensed 
betWeen electrodes 9 and 13 exceeds the present sensing 
threshold. The general operation of R-Wave and P-Wave 
ampli?ers 37 and 43 may correspond to that disclosed in 
US. Pat. No. 5,117,824, to Keimel et al. 

[0057] SWitch matrix 47 is used to select Which of the 
available electrodes are coupled to Wide band (0.5-200 HZ) 
ampli?er 49 for use in digital signal analysis. Selection of 
electrodes is controlled by the microprocessor 51 via data/ 
address bus 53, Which selection may be varied as desired. 
Signals from the electrodes selected for coupling to band 
pass ampli?er 49 are provided to multiplexer 55, and there 
after converted to multi-bit digital signals by A/D converter 
57, for storage in to random access memory 59 under control 
of direct memory access circuit 61. Microprocessor 51 may 
employ digital signal analysis techniques to characteriZe the 
digitiZed signals stored in random access memory 59 to 
recogniZe and classify the patient’s heart rhythm employing 
any of the numerous signal processing methodologies 
knoWn in the art. 

[0058] The remainder of the circuitry is dedicated to the 
provision of cardiac pacing, cardioversion and de?brillation 
therapies, and, for purposes of the present invention may 
correspond to circuitry knoWn to those skilled in the art. The 
folloWing exemplary apparatus is disclosed for accomplish 
ing pacing, cardioversion and de?brillation functions. Pacer 
timing/control circuitry 63 preferably includes program 
mable digital counters Which control the basic time intervals 
associated With DDD, VVI, DVI, VDD, AAI, DDI and other 
modes of single and dual chamber pacing Well knoWn to the 
art. Circuitry 63 also preferably controls escape intervals 
associated With anti-tachyarrhythmia pacing in both the 
atrium and the ventricle. 

[0059] Intervals de?ned by pacing circuitry 63 include 
atrial and ventricular pacing escape intervals, the refractory 
periods during Which sensed P-Waves and R-Waves are 
ineffective to restart timing of the escape intervals and the 
pulse Widths of the pacing pulses. The durations of these 
intervals are determined by microprocessor 51, in response 
to stored data in memory 59 and are communicated to pacing 
circuitry 63 via address/data bus 53. Pacer circuitry 63 also 
determines the amplitude of the cardiac pacing pulses under 
control of microprocessor 51. 

[0060] During pacing, escape interval counters Within 
pacer timing/control circuitry 63 are reset upon sensing of 
R-Waves and P-Waves as indicated by signals on lines 39 and 
45, and in accordance With the selected mode of pacing on 
time-out trigger generation of pacing pulses by pacer output 
circuitry 65 and 67, Which are coupled to electrodes 9, 13, 
2 and 3. Escape interval counters are also reset on generation 
of pacing pulses and thereby control the basic timing of 
cardiac pacing functions, including anti-tachyarrhythmia 
pacing. The durations of the intervals de?ned by escape 
interval timers are determined by microprocessor 51 via 
data/address bus 53. The value of the count present in the 
escape interval counters When reset by sensed R-Waves and 
P-Waves may be used to measure the durations of R-R 
intervals, P-P intervals, P-R intervals and R-P intervals, 
Which measurements are stored in memory 59 and used to 
detect the presence of tachyarrhythmias. 
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[0061] Microprocessor 51 most preferably operates as an 
interrupt driven device, and is responsive to interrupts from 
pacer timing/control circuitry 63 corresponding to the occur 
rence of sensed P-Waves and R-Waves and corresponding to 
the generation of cardiac pacing pulses. Those interrupts are 
provided via data/address bus 53. Any necessary mathemati 
cal calculations to be performed by microprocessor 51 and 
any updating of the values or intervals controlled by pacer 
timing/control circuitry 63 take place folloWing such inter 
rupts. 

[0062] Detection of atrial or ventricular tachyarrhythmias, 
as employed in the present invention, may correspond to 
tachyarrhythmia detection algorithms knoWn in the art. For 
example, the presence of an atrial or ventricular tach 
yarrhythmia may be con?rmed by detecting a sustained 
series of short R-R or P-P intervals of an average rate 
indicative of tachyarrhythmia or an unbroken series of short 
R-R or P-P intervals. The suddenness of onset of the 
detected high rates, the stability of the high rates, and a 
number of other factors knoWn in the art may also be 
measured at this time. Appropriate ventricular tachyarrhyth 
mia detection methodologies measuring such factors are 
described in US. Pat. No. 4,726,380 issued to Vollmann et 
al., US. Pat. No. 4,880,005 issued to Pless et al. and US. 
Pat. No. 4,830,006 issued to Haluska et al. An additional set 
of tachycardia recognition methodologies is disclosed in the 
article “Onset and Stability for Ventricular Tachyarrhythmia 
Detection in an Implantable Pacer-Cardioverter-De?brilla 
tor” by Olson et al., published in Computers in Cardiology, 
Oct. 7-10, 1986, IEEE Computer Society Press, pages 
167-170. Atrial ?brillation detection methodologies are dis 
closed in Published PCT Application Ser. No. US92/02829, 
Publication No. WO92/18198, by Adams et al., and in the 
article “Automatic Tachycardia Recognition”, by 
ArZbaecher et al., published in PACE, May-June, 1984, pp. 
541-547. 

[0063] In the event an atrial or ventricular tachyarrhythmia 
is detected and an anti-tachyarrhythmia pacing regimen is 
desired, appropriate timing intervals for controlling genera 
tion of anti-tachyarrhythmia pacing therapies are loaded 
from microprocessor 51 into the pacer timing and control 
circuitry 63, to control the operation of the escape interval 
counters therein and to de?ne refractory periods during 
Which detection of R-Waves and P-Waves is ineffective to 
restart the escape interval counters. 

[0064] Alternatively, circuitry for controlling the timing 
and generation of anti-tachycardia pacing pulses as 
described in US. Pat. No. 4,577,633, issued to Berkovits et 
al., US. Pat. No. 4,880,005, issued to Pless et al., US. Pat. 
No. 4,726,380, issued to Vollmann et al. and US. Pat. No. 
4,587,970, issued to Holley et al., may also be employed. 

[0065] In the event that generation of a cardioversion or 
de?brillation pulse is required, microprocessor 51 may 
employ an escape interval counter to control timing of such 
cardioversion and de?brillation pulses, as Well as associated 
refractory periods. In response to the detection of atrial or 
ventricular ?brillation or tachyarrhythmia requiring a car 
dioversion pulse, microprocessor 51 activates cardioversion/ 
de?brillation control circuitry 29, Which initiates charging of 
the high voltage capacitors 33 and 35 via charging circuit 69, 
under the control of high voltage charging control line 71. 
The voltage on the high voltage capacitors is monitored via 
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VCAP line 73, Which is passed through multiplexer 55 and, 
in response to reaching a predetermined value set by micro 
processor 51, results in generation of a logic signal on Cap 
Full (CF) line 77 to terminate charging. Thereafter, timing of 
the delivery of the de?brillation or cardioversion pulse is 
controlled by pacer timing/control circuitry 63. FolloWing 
delivery of the ?brillation or tachycardia therapy micropro 
cessor 51 returns the device to q cardiac pacing mode and 
aWaits the next successive interrupt due to pacing or the 
occurrence of a sensed atrial or ventricular depolariZation. 

[0066] Several embodiments of appropriate systems for 
the delivery and synchroniZation of ventricular cardiover 
sion and de?brillation pulses and for controlling the timing 
functions related to them are disclosed in US. Pat. No. 
5,188,105 to Keimel, US. Pat. No. 5,269,298 to Adams et 
al. and US. Pat. No. 4,316,472 to MiroWski et al. HoWever, 
any knoWn cardioversion or de?brillation pulse control 
circuitry is believed to be usable in conjunction With various 
embodiments of the present invention. For example, cir 
cuitry controlling the timing and generation of cardioversion 
and de?brillation pulses such as that disclosed in US. Pat. 
No. 4,384,585 to Zipes, US. Pat. No. 4,949,719 to Pless et 
al., or US. Pat. No. 4,375,817 to Engle et al., may also be 
employed. 

[0067] Continuing to refer to FIG. 5, delivery of cardio 
version or de?brillation pulses is accomplished by output 
circuit 27 under the control of control circuitry 29 via control 
bus 31. Output circuit 27 determines Whether a monophasic 
or biphasic pulse is delivered, the polarity of the electrodes 
and Which electrodes are involved in delivery of the pulse. 
Output circuit 27 also includes high voltage sWitches Which 
control Whether electrodes are coupled together during 
delivery of the pulse. Alternatively, electrodes intended to be 
coupled together during the pulse may simply be perma 
nently coupled to one another, either exterior to or interior 
of the device housing, and polarity may similarly be pre-set, 
as in current implantable de?brillators. Examples of output 
circuitry for delivery of biphasic pulse regimens to multiple 
electrode systems may be found in US. Pat. No. 4,953,551 
to Mehra et al. and in US. Pat. No. 4,727,877 to Kallock. 

[0068] An example of circuitry Which may be used to 
control delivery of monophasic pulses is disclosed in US. 
Pat. No. 5,163,427 to Keimel. Output control circuitry 
similar to that disclosed in the above-cited patent issued to 
Mehra et al. or US. Pat. No. 4,800,883 to Winstrom, may 
also be used in conjunction With various embodiments of the 
present invention to deliver biphasic pulses. 

[0069] FIG. 6 is a schematic representation of an implant 
able medical device (IMD) 114 including an implantable 
four-channel cardiac pacemaker such as that described in 
US. Pat. No. 6,070,101 to Struble et al. entitled “Multiple 
Channel, Sequential, Cardiac Pacing Systems,” issued May 
30, 2000. For example, such a pacemaker may provide 
bi-ventricular pacing therapy. The inline connector 113 of a 
right atrial lead 116 is ?tted into a bipolar bore of IMD 
connector block 112 and is coupled to a pair of electrically 
insulated conductors Within lead body 115 that are con 
nected With distal tip right atrial pace-sense electrode 119 
and proximal ring right atrial pace-sense electrode 121. The 
distal end of the right atrial lead 116 is attached to the right 
atrial Wall by a conventional attachment mechanism 117. 
Bipolar endocardial right ventricle lead 132 is passed 


















