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(57) ABSTRACT 

A method for operating a cardiac pacemaker in which paces 
and senses are counted during each cardiac cycle and associ 
ated with an R-R interval or other interval de?ning a cardiac 
cycle. An event frequency for each sense and pace is calcu 
lated which can be displayed as a histogram. The method is 
particularly suited for calculating such frequencies in resyn 
chroniZation pacing modes. 

32 Claims, 2 Drawing Sheets 
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METHOD FOR COLLECTION OF 
BIVENTRICULAR HISTOGRAMS 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

FIELD OF THE INVENTION 

This invention pertains to cardiac rhythm management 
devices such as pacemakers. In particular, the invention 
relates to methods for data collection in such devices. 

BACKGROUND 

Cardiac pacemakers are cardiac rhythm management 
devices that provide electrical stimulation in the form of 
pacing pulses to selected chambers of the heart. (As the term 
is used herein, a pacemaker is any cardiac rhythm manage 
ment device that performs cardiac pacing, including 
implantable cardioverter/de?brillators having a pacing 
functionality.) Cardiac rhythm management devices are 
typically implanted subcutaneously on a patient’s chest and 
have leads threaded intravenously into the heart to connect 
the device to electrodes used for sensing and pacing, the 
electrodes being disposed in proximity to selected chambers 
of the heart. Pacemakers typically have a programmable 
electronic controller that causes the pacing pulses to be out 
put in response to lapsed time intervals and sensed intrinsic 
cardiac activity. 

The most common condition for Which pacemakers are 
used is in the treatment of bradycardia, Where the ventricular 
rate is too sloW. If functioning properly, a pacemaker makes 
up for the heart’s inability to pace itself at an appropriate 
rhythm in order to meet metabolic demand by enforcing a 
minimum heart rate. Pacing therapy can also be used in the 
treatment of congestive heart failure (CHF). It has also been 
shoWn that some CHF patients suffer from intraventricular 
and/or interventricular conduction defects such that their 
cardiac outputs can be increased by improving the synchro 
nization of right and left ventricular contractions With elec 
trical stimulation, referred to herein as ventricular resyn 
chronization therapy. 
Modern pacemakers also typically have the capability to 

communicate data via a radio-frequency link With an exter 
nal programming device. Such data is transmitted to the 
pacemaker in order to program its mode of operation as Well 
as de?ne other operating parameters. Data is also transmit 
ted from the pacemaker Which can be used to verify the 
operating parameters as Well as relay information regarding 
the condition of both the pacemaker and the patient. Among 
the data Which may typically be telemetered from the pace 
maker are the frequencies at Which ventricular sensing and 
pacing events at particular R-R intervals occur, Where an 
R-R interval is the time between ventricular events that 
de?ne a cardiac cycle, either a ventricular sense or pace. 
Such data is typically displayed on the external programmer 
as a histogram. 

SUMMARY OF THE INVENTION 

The present invention relates to a method and system for 
calculating the frequencies at Which sensing and pacing 
events occur for each channel of a cardiac rhythm manage 
ment device. The method is particularly suited for calculat 
ing such event frequencies When the device is operated in a 
biventricular resynchronization pacing mode Where, based 
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2 
upon senses from one ventricle designated as the rate 
chamber, paces are delivered to that ventricle and/or to the 
contralateral ventricle, designated the synchronized cham 
ber. In accordance With the invention, paces and senses are 
counted during each cardiac cycle and associated With an 
R-R interval. A frequency of occurrence for each sense and 
pace is then calculated Which can be displayed as a histo 
gram. Pacing and sensing events are counted during each 
cardiac cycle for each sensing and pacing channel and asso 
ciated With an R-R interval by assigning the event to an 
interval bin. An event frequency for each sense and pace is 
then calculated by dividing the sense and pace count in each 
bin by a denominator equal to the sum of the total sense 
counts for the rate chamber, the total pace counts for the rate 
chamber, and the total pace counts for the synchronized 
chamber only for those cardiac cycles in Which no pace Was 
delivered to the rate chamber. The method may be extended 
to cover the multi-site synchronized pacing With a plurality 
of synchronized pacing channels, in Which case only one 
synchronized pace is counted per cardiac cycle. Other 
embodiments may similarly be implemented to compute 
event frequencies for atrial events. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a system diagram of a microprocessor-based 
pacemaker. 

FIG. 2 is a histogram that displays frequencies of occur 
rence of senses and paces. 

DESCRIPTION OF THE INVENTION 

Among the useful data that may be collected by a pace 
maker for later transmission to the external programmer are 
the frequencies that sensing and pacing events at particular 
R-R intervals occur. The present invention is directed toWard 
a system and method for calculating such event frequencies 
in a pacemaker con?gured to deliver resynchronization 
therapy in accordance With multiple resynchronization pac 
ing modes as described beloW. 

1. Hardware Platform 

Pacemakers are typically implanted subcutaneously on a 
patient’s chest and have leads threaded intravenously into 
the heart to connect the device to electrodes used for sensing 
and pacing. A programmable electronic controller causes the 
pacing pulses to be output in response to lapsed time inter 
vals and sensed electrical activity (i.e., intrinsic heart beats 
not as a result of a pacing pulse). Pacemakers sense intrinsic 
cardiac electrical activity by means of internal electrodes 
disposed near the chamber to be sensed. A depolarization 
Wave associated With an intrinsic contraction of the atria or 
ventricles that is detected by the pacemaker is referred to as 
an atrial sense or ventricular sense, respectively. In order to 
cause such a contraction in the absence of an intrinsic beat, a 
pacing pulse (either an atrial pace or a ventricular pace) With 
energy above a certain pacing threshold is delivered to the 
chamber. 

FIG. 1 shoWs a system diagram of a microprocessor-based 
pacemaker physically con?gured With sensing and pacing 
channels for both atria and both ventricles. The controller 10 
of the pacemaker is a microprocessor Which communicates 
With a memory 12 via a bidirectional data bus. The memory 
12 typically comprises a ROM (read-only memory) for pro 
gram storage and a RAM (random-access memory) for data 
storage. The pacemaker has atrial sensing and pacing chan 
nels comprising electrode 34aib, leads 33aib, sensing 
ampli?ers 3laib, pulse generators 32aib, and atrial channel 
interfaces 30aib Which communicate bidirectionally With 
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microprocessor 10. The device also has ventricular sensing 
and pacing channels for both ventricles comprising elec 
trodes 24aib, leads 23aib, sensing ampli?ers 2laib, pulse 
generators 22aib, and ventricular channel interfaces 20aib. 
In the ?gure, “a” designates one ventricular or atrial channel 
and “b” designates the channel for the contralateral chamber. 
In this embodiment, a single electrode is used for sensing 
and pacing in each channel, knoWn as a unipolar lead. Other 
embodiments may employ bipolar leads Which include tWo 
electrodes for outputting a pacing pulse and/or sensing 
intrinsic activity. The channel interfaces 20aib and 30aib 
include analog-to-digital converters for digitiZing sensing 
signal inputs from the sensing ampli?ers and registers Which 
can be Written to by the microprocessor in order to output 
pacing pulses, change the pacing pulse amplitude, and adjust 
the gain and threshold values for the sensing ampli?ers. An 
exertion level sensor 330 (e.g., an accelerometer or a minute 
ventilation sensor) enables the controller to adapt the pacing 
rate in accordance With changes in the patient’s physical 
activity. A telemetry interface 40 is also provided for com 
municating With an external programmer 500 Which has an 
associated display 510. A pacemaker incorporating the 
present invention may possess all of the components in FIG. 
1 and be programmable so as to operate in a number of 
different modes, or it may have only those components nec 
essary to operate in a particular mode. 

The controller 10 controls the overall operation of the 
device in accordance With programmed instructions stored 
in memory. The controller 10 controls the delivery of paces 
via the pacing channels, interprets sense signals from the 
sensing channels, implements timers for de?ning escape 
intervals and sensor refractory periods, and performs the 
pace counting functions as described beloW. It should be 
appreciated, hoWever, that these functions could also be per 
formed by custom logic circuitry either in addition to or 
instead of a programmed microprocessor. 

2. Bradycardia Pacing Modes 
Bradycardia pacing modes refer to pacing algorithms used 

to pace the atria and/or ventricles When the intrinsic atrial 
and/ or ventricular rate is inadequate due to, for example, AV 
conduction blocks or sinus node dysfunction. Such modes 
may either be single-chamber pacing, Where either an atrium 
or a ventricle is paced, or dual-chamber pacing in Which both 
an atrium and a ventricle are paced. The modes are generally 
designated by a letter code of three positions Where each 
letter in the code refers to a speci?c function of the pace 
maker. The ?rst letter refers to Which heart chambers are 
paced and Which may be an A (for atrium), a V (for 
ventricle), D (for both chambers), or O (for none). The sec 
ond letter refers to Which chambers are sensed by the pace 
maker’s sensing channels and uses the same letter designa 
tions as used for pacing. The third letter refers to the 
pacemaker’s response to a sensed P Wave from the atrium or 
an R Wave from the ventricle and may be an I (for inhibited), 
T (for triggered), D (for dual in Which both triggering and 
inhibition are used), and O (for no response). Modern pace 
makers are typically programmable so that they can operate 
in any mode Which the physical con?guration of the device 
Will alloW. Additional sensing of physiological data alloWs 
some pacemakers to change the rate at Which they pace the 
heart in accordance With some parameter correlated to meta 
bolic demand. Such pacemakers are called rate-adaptive 
pacemakers and are designated by a fourth letter added to the 
three-letter code, R. 

Pacemakers can enforce a minimum heart rate either 
asynchronously or synchronously. In asynchronous pacing, 
the heart is paced at a ?xed rate irrespective of intrinsic 
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4 
cardiac activity. There is thus a risk With asynchronous pac 
ing that a pacing pulse Will be delivered coincident With an 
intrinsic beat and during the heart’ s vulnerable period Which 
may cause ?brillation. Most pacemakers for treating brady 
cardia today are therefore programmed to operate synchro 
nously in a so-called demand mode Where sensed cardiac 
events occurring Within a de?ned interval either trigger or 
inhibit a pacing pulse. Inhibited demand pacing modes uti 
liZe escape intervals to control pacing in accordance With 
sensed intrinsic activity. In an inhibited demand mode, a 
pacing pulse is delivered to a heart chamber during a cardiac 
cycle only after expiration of a de?ned escape interval dur 
ing Which no intrinsic beat by the chamber is detected. If an 
intrinsic beat occurs during this interval, the heart is thus 
alloWed to “escape” from pacing by the pacemaker. Such an 
escape interval can be delivered for each paced chamber. For 
example, a ventricular escape interval can be de?ned 
betWeen ventricular events so as to be restarted With each 
ventricular sense or pace. The inverse of this escape interval 
is the minimum rate at Which the pacemaker Will alloW the 
ventricles to beat, sometimes referred to as the loWer rate 
limit (LRL). 

In atrial tracking pacemakers (i.e., VDD or DDD mode), 
another ventricular escape interval is de?ned betWeen atrial 
and ventricular events, referred to as the atrio-ventricular 
interval (AVI). The atrio-ventricular interval is triggered by 
an atrial sense or pace and stopped by a ventricular sense or 
pace. A ventricular pace is delivered upon expiration of the 
atrio-ventricular interval if no ventricular sense occurs 

before. Atrial-tracking ventricular pacing attempts to main 
tain the atrio-ventricular synchrony occurring With physi 
ological beats Whereby atrial contractions augment diastolic 
?lling of the ventricles. If a patient has a physiologically 
normal atrial rhythm, atrial-tracking pacing also alloWs the 
ventricular pacing rate to be responsive to the metabolic 
needs of the body. 
A pacemaker can also be con?gured to pace the atria on 

an inhibited demand basis. An atrial escape interval is then 
de?ned as the maximum time interval in Which an atrial 
sense must be detected after a ventricular sense or pace 
before an atrial pace Will be delivered. When atrial inhibited 
demand pacing is combined With atrial-triggered ventricular 
demand pacing (i.e., DDD mode), the loWer rate limit inter 
val is then the sum of the atrial escape interval and the atrio 
ventricular interval. 

Another type of synchronous pacing is atrial-triggered or 
ventricular-triggered pacing. In this mode, an atrium or ven 
tricle is paced immediately after an intrinsic beat is detected 
in the respective chamber. Triggered pacing of a heart cham 
ber is normally combined With inhibited demand pacing so 
that a pace is also delivered upon expiration of an escape 
interval in Which no intrinsic beat occurs. Such triggered 
pacing may be employed as a safer alternative to asynchro 
nous pacing When, due to far-?eld sensing of electromag 
netic interference from external sources or skeletal muscle, 
false inhibition of pacing pulses is a problem. If a sense in 
the chamber’s sensing channel is an actual depolarization 
and not a far-?eld sense, the triggered pace is delivered dur 
ing the chamber’s physiological refractory period and is of 
no consequence. 

Finally, rate-adaptive algorithms may be used in conjunc 
tion With bradycardia pacing modes. Rate-adaptive pace 
makers modulate the ventricular and/or atrial escape inter 
vals based upon measurements corresponding to physical 
activity. Such pacemakers are applicable to situations in 
Which atrial tracking modes cannot be used. In a rate 
adaptive pacemaker operating in a ventricular pacing mode, 
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for example, the LRL is adjusted in accordance With exertion 
level measurements such as from an accelerometer or minute 
ventilation sensor in order for the heart rate to more nearly 
match metabolic demand. The adjusted LRL is then termed 
the sensor-indicated rate. 

3. Ventricular Resynchronization Therapy 
Cardiac resynchronization therapy is pacing stimulation 

applied to one or more heart chambers in a manner that 
restores or maintains synchronized bilateral contractions of 
the atria and/or ventricles and thereby improves pumping 
e?iciency. Certain patients With conduction abnormalities 
may experience improved cardiac synchronization With con 
ventional single-chamber or dual-chamber pacing as 
described above. For example, a patient With left bundle 
branch block may have a more coordinated contraction of 
the ventricles With a pace than as a result of an intrinsic 
contraction. In that sense, conventional bradycardia pacing 
of an atrium and/or a ventricle may be considered as resyn 
chronization therapy. Resynchronization pacing, hoWever, 
may also involve pacing both ventricles and/or both atria in 
accordance With a synchronized pacing mode as described 
beloW. A single chamber may also be resynchronized to 
compensate for intra-atrial or intra-ventricular conduction 
delays by delivering paces to multiple sites of the chamber. 

It is advantageous to deliver resynchronization therapy in 
conjunction With one or more synchronous bradycardia pac 
ing modes, such as are described above. One atrium and/or 
one ventricle are designated as rate chambers, and paces are 
delivered to the rate chambers based upon pacing and sensed 
intrinsic activity in the chamber in accordance With the 
bradycardia pacing mode. In a single-chamber bradycardia 
pacing mode, for example, one of the paired atria or one of 
the ventricles is designated as the rate chamber. In a dual 
chamber bradycardia pacing mode, either the right or left 
atrium is selected as the atrial rate chamber and either the 
right or left ventricle is selected as the ventricular rate cham 
ber. The heart rate and the escape intervals for the pacing 
mode are de?ned by intervals betWeen sensed and paced 
events in the rate chambers only. Resynchronization therapy 
may then be implemented by adding synchronized pacing to 
the bradycardia pacing mode Where paces are delivered to 
one or more synchronized pacing sites in a de?ned time 
relation to one or more selected sensing and pacing events 
that either reset escape intervals or trigger paces in the 
bradycardia pacing mode. In bilateral synchronized pacing, 
Which may be either biatrial or biventricular synchronized 
pacing, the heart chamber contralateral to the rate chamber is 
designated as a synchronized chamber. For example, the 
right ventricle may be designated as the rate ventricle and 
the left ventricle designated as the synchronized ventricle, 
and the paired atria may be similarly designated. Each syn 
chronized chamber is then paced in a timed relation to a pace 
or sense occurring in the contralateral rate chamber. 
One synchronized pacing mode may be termed offset syn 

chronized pacing. In this mode, the synchronized chamber is 
paced With a positive, negative, or zero timing offset as mea 
sured from a pace delivered to its paired rate chamber, 
referred to as the synchronized chamber offset interval. The 
offset interval may be zero in order to pace both chambers 
simultaneously, positive in order to pace the synchronized 
chamber after the rate chamber, or negative to pace the syn 
chronized chamber before the rate chamber. One example of 
such pacing is biventricular offset synchronized pacing 
Where both ventricles are paced With a speci?ed offset inter 
val. The rate ventricle is paced in accordance With a synchro 
nous bradycardia mode Which may include atrial tracking, 
and the ventricular escape interval is reset With either a pace 
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6 
or a sense in the rate ventricle. (Resetting in this context 
refers to restarting the interval in the case of an LRL ven 
tricular escape interval and to stopping the interval in the 
case of an AVI.) Thus, a pair of ventricular paces are deliv 
ered after expiration of the AVI escape interval or expiration 
of the LRL escape interval, With ventricular pacing inhibited 
by a sense in the rate ventricle that restarts the LRL escape 
interval and stops the AVI escape interval. In this mode, the 
pumping ef?ciency of the heart Will be increased in some 
patients by simultaneous pacing of the ventricles With an 
offset of zero. HoWever, it may be desirable in certain 
patients to pace one ventricle before the other in order to 
compensate for different conduction velocities in the tWo 
ventricles, and this may be accomplished by specifying a 
particular positive or negative ventricular offset interval. 

Another synchronized mode is triggered synchronized 
pacing. In one type of triggered synchronized pacing, the 
synchronized chamber is paced after a speci?ed trigger 
interval folloWing a sense in the rate chamber, While in 
another type the rate chamber is paced after a speci?ed trig 
ger interval folloWing a sense in the synchronized chamber. 
The tWo types may also be employed simultaneously. For 
example, With a trigger interval of zero, pacing of one cham 
ber is triggered to occur in the shortest time possible after a 
sense in the other chamber in order to produce a coordinated 
contraction. (The shortest possible time for the triggered 
pace is limited by a sense-to-pace latency period dictated by 
the hardware.) This mode of pacing may be desirable When 
the intra-chamber conduction time is long enough that the 
pacemaker is able to reliably insert a pace before depolariza 
tion from one chamber reaches the other. Triggered synchro 
nized pacing can also be combined With offset synchronized 
pacing such that both chambers are paced With the speci?ed 
offset interval if no intrinsic activity is sensed in the rate 
chamber and a pace to the rate chamber is not otherWise 
delivered as a result of a triggering event. A speci?c example 
of this mode is ventricular triggered synchronized pacing 
Where the rate and synchronized chambers are the right and 
left ventricles, respectively, and a sense in the right ventricle 
triggers a pace to the left ventricle and/or a sense in the left 
ventricle triggers a pace to the right ventricle. 
As With other synchronized pacing modes, the rate cham 

ber in a triggered synchronized pacing mode can be paced 
With one or more synchronous bradycardia pacing modes. If 
the rate chamber is controlled by a triggered bradycardia 
mode, a sense in the rate chamber sensing channel, in addi 
tion to triggering a pace to the synchronized chamber, also 
triggers an immediate rate chamber pace and resets any rate 
chamber escape interval. The advantage of this modal com 
bination is that the sensed event in the rate chamber sensing 
channel might actually be a far-?eld sense from the synchro 
nized chamber, in Which case the rate chamber pace should 
not be inhibited. In a speci?c example, the right and left 
ventricles are the rate and synchronized chambers, 
respectively, and a sense in the right ventricle triggers a pace 
to the left ventricle. If right ventricular triggered pacing is 
also employed as a bradycardia mode, both ventricles are 
paced after a right ventricular sense has been received to 
alloW for the possibility that the right ventricular sense Was 
actually a far-?eld sense of left ventricular depolarization in 
the right ventricular channel. If the right-ventricular sense 
Were actually from the right ventricle, the right ventricular 
pace Would occur during the right ventricle’s physiological 
refractory period and cause no harm. 
As mentioned above, certain patients may experience 

some cardiac resynchronization from the pacing of only one 
ventricle and/ or one atrium With a conventional bradycardia 
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pacing mode. It may be desirable, however, to pace a single 
atrium or ventricle in accordance With a pacing mode based 
upon senses from the contralateral chamber. This mode, 
termed synchronized chamber-only pacing, involves pacing 
only the synchronized chamber based upon senses from the 
rate chamber. An example of synchronized chamber-only 
pacing is left ventricle-only synchronized pacing Where the 
rate and synchronized chambers are the right and left 
ventricles, respectively. Left ventricle-only synchronized 
pacing may be advantageous Where the conduction veloci 
ties Within the ventricles are such that pacing only the left 
ventricle results in a more coordinated contraction by the 
ventricles than With conventional right ventricular pacing or 
biventricular pacing. Left ventricle-only synchronized pac 
ing may be implemented in inhibited demand modes With or 
Without atrial tracking, similar to biventricular pacing. A left 
ventricular pace is then delivered upon expiration of the AVI 
escape interval or expiration of the LRL escape interval, 
With left ventricular pacing inhibited by a right ventricular 
sense that restarts the LRL escape interval and stops the AVI 
escape interval. 

In the synchronized modes described above, the rate 
chamber is synchronously paced With a mode based upon 
detected intrinsic activity in the rate chamber, thus protect 
ing the rate chamber against paces being delivered during 
the vulnerable period. In order to provide similar protection 
to the synchronized chamber, a synchronized chamber pro 
tection period (SCPP) may be provided. The SCPP is a pro 
grammed interval Which is initiated by sense or pace occur 
ring in the synchronized chamber during Which paces to the 
synchronized chamber are inhibited. For example, if the 
right ventricle is the rate chamber and the left ventricle is the 
synchronized chamber, a left ventricular protection period 
LVPP is triggered by a left ventricular sense Which inhibits a 
left ventricular pace Which Would otherWise occur before the 
escape interval expires. The SCPP may be adjusted dynami 
cally as a function of heart rate and may be different depend 
ing upon Whether it Was initiated by a sense or a pace. The 
SCPP provides a means to inhibit pacing of the synchronized 
chamber When a pace might be delivered during the vulner 
able period or When it might compromise pumping ef? 
ciency by pacing the chamber too close to an intrinsic beat. 
In the case of a triggered mode Where a synchronized cham 
ber sense triggers a pace to the synchronized chamber, the 
pacing mode may be programmed to ignore the SCPP during 
the triggered pace. Alternatively, the mode may be pro 
grammed such that the SCPP starts only after a speci?ed 
delay form the triggering event, Which alloWs triggered pac 
ing but prevents pacing during the vulnerable period. 

In the case of synchronized chamber-only synchronized 
pacing, a synchronized chamber pace may be inhibited if a 
synchronized chamber sense occurs Within a protection 
period prior to expiration of the rate chamber escape inter 
val. Since the synchronized chamber pace is inhibited by the 
protection period, the rate chamber is not pseudo-paced and, 
if no intrinsic activity is sensed in the rate chamber, it Will be 
paced upon expiration of the rate chamber escape intervals. 
The rate chamber pace in this situation may thus be termed a 
safety pace. For example, in left ventricle-only synchronized 
pacing, a right ventricular safety pace is delivered if the left 
ventricular pace is inhibited by the left ventricular protection 
period and no right ventricular sense has occurred. 

Synchronized pacing may be applied to multiple sites of a 
single chamber. In these synchronized modes, one sensing/ 
pacing channel is designated as the rate channel for sensing/ 
pacing a rate site, and the other sensing/pacing channels in 
either the same or the contralateral chamber are designated 
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8 
as synchronized channels for sensing one or more synchro 
nized sites. Pacing and sensing in the rate channel folloWs 
rate chamber timing rules, While pacing and sensing in the 
synchronized channels folloWs synchronized chamber tim 
ing rules as described above. The same or different synchro 
nized pacing modes may be used in each synchronized chan 
nel. 

3. Calculation of Sensing and Pacing Event Frequencies 
As noted above, it is useful for a clinician to have a record 

of the frequencies at Which particular pacing and sensing 
events have occurred over a period of time. In the case of 
ventricular events, these event frequencies are the frequen 
cies at Which ventricular sensing and pacing events at par 
ticular R-R intervals occur, Where an R-R interval is the time 
betWeen ventricular events that de?ne a cardiac cycle, either 
a ventricular sense or pace. Atrial event frequencies of atrial 
sensing and pacing events can similarly be recorded. FIG. 2 
shoWs an example of a histogram representing such ven 
tricular event frequencies as may be produced by a pace 
maker operating in a biventricular pacing mode With pacing 
and sensing of both the right and left ventricles and Where 
the R-R interval is the time betWeen right ventricular events. 
In the diagram, each bar represents the frequency that ven 
tricular sensing and pacing events occur at a particular R-R 
interval (each R-R interval actually represents a range of 
R-R intervals). A ventricular sense at a particular R-R inter 
val corresponds to the instantaneous intrinsic ventricular 
rate. Ventricular paces occur at R-R intervals determined by 
the length of the ventricular escape interval Which may 
either be constant or vary if atrial tracking and/or rate 
adaptive pacing modes are used. 

In order to collect the data to make up the histogram, the 
number of senses and paces occurring through the right ven 
tricular channel are counted during each cardiac cycle for a 
speci?ed period of time, and each counted sense or pace is 
assigned to an interval bin representing the R-R interval for 
that cardiac cycle. The event frequencies, Which are 
expressed as a percentage of total cardiac cycles during the 
speci?ed period of time, are calculated as folloWs: 

%RVS in bin=RVS count in bin/total RVS count+total RVS count 

and 

%RVP in bin=RVP count in bin/total RVS count+total RVP count 

Where RVS is a right ventricular sense and RVP is a right 
ventricular pace. The denominator in each case is the total 
count of right ventricular senses and paces during the speci 
?ed period of time. Since in an inhibited demand pacing 
mode based upon right ventricular senses, right ventricular 
senses and right ventricular paces are mutually exclusive for 
a given cardiac cycle, the denominator represents the total 
number of cardiac cycles. The formula thus correctly com 
putes the frequency of occurrence for each sense and pace in 
a particular interval bin. 
A pacemaker delivering resynchronization therapy may 

be capable of operating in a number of different resynchro 
nization pacing modes and sWitched to different ones of 
those modes over a period of time, either automatically or as 
a result of reprogramming. It Would be desirable for the 
device to use a method for computing even frequencies from 
event counts that Would give consistent results over all of the 
different modes in Which it might operate. Using a frequency 
formula With a denominator as set forth above, hoWever, 
does not result in a count computation of event frequencies 
When the pacemaker is operated in different resynchroniza 
tion pacing modes. In a pacemaker operating in a resynchro 
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nization pacing mode, for example, the frequency of left 
ventricular senses could be calculated as: 

%LVS in bin=LVS count in bin/total LVS count+total LVP count 

Which gives an incorrect frequency if right ventricular pac 
ing only is programmed since the denominator degenerates 
to just the total LVS count. Or, if biventricular pacing is 
programmed With a right ventricular sense frequency of 
100% and loss of the left ventricular sensing, the denomina 
tor becomes zero. 

The present invention is a method for computing event 
frequencies that produces consistent results over a plurality 
of different resynchronization pacing modes in Which a rate 
chamber and/or one or more sites of a synchronized chamber 
are paced in accordance With events occurring in a rate 
chamber. In accordance With the invention, the number of 
senses and paces occurring in each rate and synchronized 
chamber are counted for a speci?ed period of time, With 
each counted sense or pace assigned to an interval bin repre 
senting the rate chamber event interval for the cardiac cycle 
in Which the event occurred. The rate chamber event interval 
is the time betWeen rate chamber events that de?ne a cardiac 
cycle, either a sense or pace. The event frequency for the 
senses and paces in each interval bin over the speci?ed 
period of time is then calculated by dividing the sense and 
pace count in each bin by a denominator equal to the sum of 
the total sense counts for the rate chamber, the total pace 
counts for the rate chamber, and the total pace counts for the 
synchronized chamber only for those cardiac cycles in 
Which no pace Was delivered to the rate chamber. The 
denominator then correctly corresponds to the total number 
of cardiac cycles and is calculated soley from event counts. 
In a resynchronization mode Where multiple synchronized 
channels are employed, only one synchronized chamber 
pace is counted per cardiac cycle if one or more occurs When 
no pace is delivered to the rate chamber. The method may be 
applied to compute event frequencies for either ventricular 
or atrial events. 

In an exemplary embodiment, the pacemaker is operated 
in a resynchronization pacing mode such that the right ven 
tricle is the rate chamber and the left ventricle is the synchro 
nized chamber. In these modes, only the left ventricle or both 
ventricles may be paced in an inhibited demand mode based 
only upon right ventricular senses With left ventricular 
senses used only to inhibit left ventricular paces. Each event 
is assigned to an interval bin representing a rate chamber 
event interval, Which in this case is the R-R interval as mea 
sured With respect to right ventricular senses or paces. The 
formula for computing event frequencies then becomes: 

%event in bin=event count in bin/total RVS count+total RVP count+ 
total LVP count 

Where the LVP count includes only those left ventricular 
pacing events in Which no right ventricular pace is delivered 
for that cardiac cycle. 

In a system incorporating the invention as described 
above, the computation of event frequencies may be per 
formed by the controller of a cardiac rhythm management 
device and then transmitted to an external programmer for 
display. Alternatively, the raW counts of each event may be 
transmitted to the external programmer Which then performs 
the computations to derive the event frequencies for each 
event. 

Although the invention has been described in conjunction 
With the foregoing speci?c embodiment, many alternatives, 
variations, and modi?cations Will be apparent to those of 
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10 
ordinary skill in the art. Such alternatives, variations, and 
modi?cations are intended to fall Within the scope of the 
folloWing appended claims. 
What is claimed is: 
1. A method for operating a cardiac pacemaker in resyn 

chronization pacing mode, comprising: 
sensing rate and synchronized heart chambers through 

separate channels and generating sense signals upon 
detection of depolarization occurring in a chamber; 

pacing the rate chamber in accordance With bradycardia 
pacing mode based upon rate chamber senses and 
paces; 

pacing the synchronized chamber in accordance With a 
resynchronization pacing mode; 

measuring a rate chamber event interval for each cardiac 
cycle, Wherein the interval is the time betWeen the 
chamber senses and paces that de?ne a cardiac cycle; 

counting the number of senses and paces occurring in 
each rate and synchronized chamber for a speci?ed 
period of time and assigning each counted sense or 
pace to an interval bin representing the rate chamber 
event interval for that cardiac cycle so that each interval 
bin contains a sense count and a pace count for each 

chamber; 
calculating an event frequency for the senses and paces in 

each interval bin over the speci?ed period of time by 
dividing the sense and pace count in each bin by a 
denominator equal to the sum of the total sense counts 
for the rate chamber, the total pace counts for the rate 
chamber, and the total pace counts for the synchronized 
chamber only for those cardiac cycles in Which no pace 
Was delivered to the rate chamber. 

2. The method of claim 1 Wherein the rate and synchro 
nized chambers are the right and left ventricles, respectively, 
and the rate chamber event interval is an R-R interval. 

3. The method of claim 2 Wherein the R-R interval is 
measured With respect to right ventricular senses and paces. 

4. The method of claim 1 Wherein the rate and synchro 
nized chambers are the right and left atria, respectively. 

5. The method of claim 1 further comprising sensing and 
pacing the synchronized chamber through one or more addi 
tional synchronized channels and Wherein the event fre 
quency for the senses and paces in each interval bin over the 
speci?ed period of time is calculated by dividing the sense 
and pace count in each bin by a denominator equal to the 
sum of the total sense counts for the rate chamber, the total 
pace counts for the rate chamber, and the total pace counts 
for the synchronized chamber only for those cardiac cycles 
in Which no pace Was delivered to the rate chamber, Where 
only one synchronized chamber pace is counted per cardiac 
cycle if one or more occurs. 

6. A cardiac rhythm management device, comprising: 
sensing channels for sensing depolarizations in a pair of 

heart chambers and generating sense signals in accor 
dance thereWith; 

right and left pacing channels for delivering paces to the 
right and left chambers, Wherein one chamber is desig 
nated as the synchronized chamber and the other cham 
ber as the rate chamber; 

a controller for controlling the delivery of paces to the rate 
chamber in accordance With a bradycardia pacing mode 
and to pace the synchronized chamber in accordance 
With a resynchronization pacing mode; 

Wherein the controller is programmed to measure a rate 
chamber event interval for each cardiac cycle, Wherein 
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the interval is the time betWeen rate chamber senses and 
paces that de?ne a cardiac cycle, and to count the num 
ber of senses and paces occurring in each rate and syn 
chronized chamber for a speci?ed period of time and 
assign each counted sense or pace to an interval bin 
representing the rate chamber event interval for that 
cardiac cycle so that each interval bin contains a sense 
count and a pace count for each chamber; and, 

Wherein the controller is programmed to calculate an 
event frequency for the senses and paces in each inter 
val bin over the speci?ed period of time by dividing the 
sense and pace count in each bin by a denominator 
equal to the sum of the total sense counts for the rate 
chamber, the total pace counts for the rate chamber, and 
the total pace counts for the synchronized chamber only 
for those cardiac cycles in Which no pace Was delivered 
to the rate chamber. 

7. The device of claim 6 Wherein the rate and synchro 
nized chambers are the right and left ventricles, respectively, 
and the rate chamber event interval is an R-R interval. 

8. The device of claim 7 Wherein the controller is pro 
grammed to measure the R-R interval With respect to right 
ventricular senses and paces. 

9. The device of claim 6 Wherein the rate and synchro 
nized chambers are the right and left atria, respectively. 

10. The device of claim 6 further comprising one or more 
additional synchronized channels and Wherein the controller 
is programmed to calculate the event frequency for the 
senses and paces in each interval bin over the speci?ed 
period of time by dividing the sense and pace count in each 
bin by a denominator equal to the sum of the total sense 
counts for the rate chamber, the total pace counts for the rate 
chamber, and the total pace counts for the synchronized 
chamber only for those cardiac cycles in Which no pace Was 
delivered to the rate chamber, Where only one synchronized 
chamber pace is counted per cardiac cycle if one or more 
occurs. 

11. The device of claim 6 further comprising a telemetry 
interface and Wherein the controller is programmed to trans 
mit the event frequencies for senses and paces in each inter 
val bin as a percentage of cardiac cycles to an external pro 
grammer. 

12. A cardiac rhythm management system, comprising: 
an external programmer; 

a pacemaker having sensing channels for sensing depolar 
izations in a pair of heart chambers and generating 
sense signals in accordance thereWith, right and left 
pacing channels for delivering paces to the right and 
left chambers, Wherein one chamber is designated as 
the synchronized chamber and the other chamber as the 
rate chamber, a controller for controlling the delivery of 
paces to the rate chamber in accordance With a brady 
cardia pacing mode and to pace the synchronized 
chamber in accordance With a resynchronization pacing 
mode, and a telemetry interface for transmitting data to 
the external programmer; 

Wherein the pacemaker controller is programmed to mea 
sure a rate chamber event interval for each cardiac 
cycle, Wherein the interval is the time betWeen rate 
chamber senses and paces that de?ne a cardiac cycle, 
and to count the number of senses and paces occurring 
in each rate and synchronized chamber for a speci?ed 
period of time and assign each counted sense or pace to 
an interval bin representing the rate chamber event 
interval for that cardiac cycle so that each interval bin 
contains a sense count and a pace count for each cham 

ber; 
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12 
Wherein the controller is programmed to transmit the 

counts in each interval bin to an external programmer; 

and, 
Wherein the external programmer is con?gured to calcu 

late an event frequency for the senses and paces in each 
interval bin over the speci?ed period of time by divid 
ing the sense and pace count in each bin by a denomi 
nator equal to the sum of the total sense counts for the 
rate chamber, the total pace counts for the rate chamber, 
and the total pace counts for the synchronized chamber 
only for those cardiac cycles in Which no pace Was 
delivered to the rate chamber. 

13. The system of claim 12 Wherein the rate and synchro 
nized chambers are the right and left ventricles, respectively, 
and the rate chamber event interval is an R-R interval. 

14. The system of claim 13 Wherein the controller is pro 
grammed to measure the R-R interval With respect to right 
ventricular senses and paces. 

15. The system of claim 12 Wherein the rate and synchro 
nized chambers are the right and left atria, respectively. 

16. The device of claim 12 further comprising one or more 
additional synchronized channels and Wherein the external 
programmer is con?gured to calculate the event frequency 
for the senses and paces in each interval bin over the speci 
?ed period of time by dividing the sense and pace count in 
each bin by a denominator equal to the sum of the total sense 
counts for the rate chamber, the total pace counts for the rate 
chamber, and the total pace counts for the synchronized 
chamber only for those cardiac cycles in Which no pace Was 
delivered to the rate chamber, Where only one synchronized 
chamber pace is counted per cardiac cycle if one or more 
occurs. 

1 7. A method for operating a cardiac pacemaker in a 
resynchronization pacing mode, comprising: 

sensing a rate chamber and generating sense signals upon 
detection of depolarization occurring in the chamber; 

pacing the rate chamber in accordance with a bradycar 
dia pacing mode based upon rate chamber senses and 
paces; 

pacing a synchronized chamber in accordance with a 
resynchronization pacing mode; 

measuring a rate chamber event interval for each cardiac 
cycle, wherein the interval is the time between rate 
chamber senses and paces that define a cardiac cycle; 
and, 

counting the number ofpaces occurring in each rate and 
synchronized chamber and the number of rate chamber 
senses for a speci?ed period of time and assigning each 
counted sense or pace to an interval bin representing 
the rate chamber event interval for that cardiac cycle so 
that each interval bin contains a rate chamber sense 

count and apace countfor each chamber 
18. The method ofclaim 17further comprising calculat 

ing an event frequency for the senses and paces in each 
interval bin over the speci?edperiod oftime by dividing the 
sense andpace count in each bin by a denominator equal to 
the sum of the total sense counts for the rate chamber, the 
total pace counts for the rate chamber, and the total pace 
counts for the synchronized chamber only for those cardiac 
cycles in which no pace was delivered to the rate chamber. 

19. A cardiac rhythm management device, comprising: 
a sensing channel for sensing depolarizations in a rate 

heart chamber and generating sense signals in accor 
dance therewith; 

right and left pacing channelsfor delivering paces to the 
right and left chambers, wherein one chamber is desig 
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nated as the synchronized chamber and the other cham 
ber as the rate chamber; 

a controller for controlling the delivery of‘paces to the 
rate chamber in accordance with a bradycardia pacing 
mode and to pace the synchronized chamber in accor 
dance with a resynchronization pacing mode; and 

wherein the controller is programmed to measure a rate 
chamber event interval for each cardiac cycle, wherein 
the interval is the time between rate chamber senses 
andpaces that define a cardiac cycle, and to count the 
number of rate chamber senses and the number of 
paces occurring in each rate and synchronized cham 
ber for a specified period of time and assign each 
counted sense or pace to an interval bin representing 
the rate chamber event interval for that cardiac cycle so 
that each interval bin contains a sense count and apace 
count for each chamber 

20. The device of‘claim 19 wherein the controller is pro 
grammed to calculate an event frequency for the senses and 
paces in each interval bin over the speci?edperiod of‘time 
by dividing the sense and pace count in each bin by a 
denominator equal to the sum of the total sense counts for 
the rate chamber, the total pace counts for the rate chamber, 
and the total pace counts for the synchronized chamber only 
for those cardiac cycles in which no pace was delivered to 
the rate chamber 

2]. A cardiac rhythm management system, comprising: 
an external programmer; 

a pacemaker having a sensing channel for sensing depo 
larizations in a rate heart chamber and generating 
sense signals in accordance therewith, right and left 
pacing channelsf‘or delivering paces to the right and 
left chambers, wherein one chamber is designated as 
the synchronized chamber and the other chamber as the 
rate chamber, a controllerf‘or controlling the delivery 
of‘paces to the rate chamber in accordance with a 
bradycardia pacing mode and to pace the synchronized 
chamber in accordance with a resynchronization pac 
ing mode, and a telemetry interface for transmitting 
data to the external programmer; 

wherein the pacemaker controller is programmed to mea 
sure a rate chamber event interval for each cardiac 
cycle, wherein the interval is the time between rate 
chamber senses and paces that define a cardiac cycle, 
and to count the number of‘rate chamber senses and the 
number of‘paces occurring in each rate and synchro 
nized chamber for a specified period of time and assign 
each counted sense or pace to an interval bin represent 
ing the rate chamber event interval for that cardiac 
cycle so that each interval bin contains a sense count 

and a pace count for each chamber; and, 
wherein the controller is programmed to transmit the 

counts in each interval bin to an external programmer. 
22. The system of‘claim 2] wherein the externalprogram 

mer is configured to calculate an event frequency for the 
senses and paces in each interval bin over the specified 
period of‘time by dividing the sense andpace count in each 
bin by a denominator equal to the sum of the total sense 
counts for the rate chamber, the total pace counts for the rate 
chamber, and the total pace counts for the synchronized 
chamber onlyf‘or those cardiac cycles in which no pace was 
delivered to the rate chamber 

23. A methodf‘or operating a cardiac pacemaker, com 
prising: 

sensing a first ventricle and generating sense signals upon 
detection of depolarization occurring in the first ven 
tricle; 

14 
pacing the first ventricle and a second ventricle contralat 

eral to the first ventricle; 
measuring a first ventricle event interval for each cardiac 

cycle, wherein the interval is the time between first ven 
5 tricle senses and paces that define a cardiac cycle; and, 

counting the number of‘paces occurring in each of‘the?rst 
and second ventricles and the number of first ventricle 
senses for a specified period of time and assigning each 
counted sense or pace to an interval bin representing 

0 the first ventricle event interval for that cardiac cycle so 
that each interval bin contains a first ventricle sense 
count and apace countf‘or each chamber 

24. The method of‘claim 23f‘urther comprising calculat 
ing an event frequency for the senses and paces in each 

5 interval bin over the speci?edperiod of‘time by dividing the 
sense andpace count in each bin by a denominator equal to 
the sum of the total sense counts for the first ventricle, the 
total pace counts for the first ventricle, and the total pace 
counts for the second ventricle only for those cardiac cycles 
in which no pace was delivered to the first ventricle. 

25. The method of‘claim 23 wherein the?rst ventricle is 
the right ventricle. 

26. The method of‘claim 23f‘urther comprising: 
sensing the second ventricle and generating sense signals 

upon detection of depolarization occurring in the sec 
ond ventricle; and, 

counting the number of second ventricle senses for a 
specified period of time and assigning each counted 
second ventricle sense to an interval bin representing 
the first ventricle event interval for that cardiac cycle so 
that each interval bin contains a sense count and apace 
count for each of the first and second ventricles. 

27. A cardiac rhythm management device, comprising: 
a sensing channel for sensing depolarizations in a first 

ventricle and generating sense signals in accordance 
therewith; 

first and second pacing channels for delivering paces to 
the first and second ventricles; 

a controller for controlling the delivery of‘paces to the 
first and second ventricles; and, 

wherein the controller is programmed to measure a first 
ventricle event interval for each cardiac cycle, wherein 
the interval is the time between first ventricle senses 
andpaces that define a cardiac cycle, and to count the 
number of first ventricle senses and the number of 
paces occurring in each of the first and second ven 
tricles for a specified period of time and assign each 
counted sense or pace to an interval bin representing 

the first ventricle event interval for that cardiac cycle so 
that each interval bin contains a sense count and apace 
count for each ventricle. 

28. The device of‘claim 27 wherein the controller is pro 
grammed to calculate an event frequency for the senses and 

55 paces in each interval bin over the specified period of‘time 
by dividing the sense and pace count in each bin by a 
denominator equal to the sum of total sense counts for the 
first ventricle, the total pace counts for the first ventricle, 
and the total pace counts for the second ventricle only for 

60 those cardiac cycles in which no pace was delivered to the 
first ventricle. 

29. The device of‘claim 27f‘urther comprising: 
a sensing channel for sensing depolarizations in the sec 

ond ventricle and generating sense signals in accor 
dance therewith; and, 

wherein the controller is further programmed to count the 
number of second ventricle senses occurring in a speci 

40 
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?ed period of time and assign each counted second 
ventricle sense to an interval bin representing the first 
ventricle event interval for that cardiac cycle. 

30. A cardiac rhythm management system, comprising: 
an external programmer; 

a pacemaker having a sensing channel for sensing depo 
larizations in a first ventricle and generating sense sig 
nals in accordance therewith, first and second pacing 
channels for delivering paces to the first ventricle and a 
second ventricle contralateral to the first ventricle, a 
controller for controlling the delivery ofpaces to the 
first and second ventricles, and a telemetry interface for 
transmitting data to the external programmer; 

wherein the pacemaker controller is programmed to mea 
sure a first ventricle event interval for each cardiac 
cycle, wherein the interval is the time between first ven 
tricle senses and paces that define a cardiac cycle, and 
to count the number of first ventricle senses and the 
number of paces occurring in each of the first and sec 
ond ventricles for a specified period of time and assign 
each counted sense or pace to an interval bin represent 
ing the first ventricle event interval for that cardiac 
cycle so that each interval bin contains a sense count 

and a pace count for each ventricle; and, 
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wherein the pacemaker controller is programmed to 

transmit the counts in each interval bin to an external 

programmer 
3]. The system ofclaim 30 wherein the externalprogram 

mer is configured to calculate an event frequency for the 
senses and paces in each interval bin over the specified 

period oftime by dividing the sense andpace count in each 
bin by a denominator equal to the sum of the total sense 

counts for the first ventricle, the total pace counts for the first 
ventricle, and the total pace counts for the second ventricle 
onlyfor those cardiac cycles in which no pace was delivered 
to the first ventricle. 

32. The system of claim 30 wherein the pacemaker 
includes a sensing channel for sensing depolarizations in the 
second ventricle and generating sense signals in accordance 
therewith, and wherein the pacemaker controller is further 
programmed to count the number of second ventricle senses 
occurring in a specified period of time and assign each 
counted second ventricle sense to an interval bin represent 
ing the first ventricle event interval for that cardiac cycle. 
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