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Abstract—Modern cardiac pacemaker can sense electrical
activity in both atrium and ventricle, and deliver precisely
timed stimulations to one or both chambers on demand.
However, little is known about how the external cardiac
pacing interacts with the heart’s intrinsic activity. In this
study, we present an integrated dual-chamber heart and
pacer (IDHP) model to simulate atrial and ventricular
rhythms in the presence of dual chamber cardiac pacing
and sensing. The IDHP model is an extension and improve-
ment of a previously developed open source model for
simulating ventricular rhythms in atrial fibrillation and
ventricular pacing. The new model takes into account more
realistic properties of atrial and ventricular rhythm genera-
tors, as well as bi-directional conductions in atrium, ventri-
cle, and the atrio-ventricular junction. Moreover, an
industry-standard dual-chamber pacemaker timing control
logic is incorporated in the model. We present examples to
show that the new model can generate realistic cardiac
rhythms in both physiologic and pathologic conditions, and
simulate various interactions between intrinsic heart activity
and extrinsic cardiac pacing. Among many applications, the
IDHP model provides a new simulation platform where it is
possible to bench test advanced pacemaker algorithms in the
presence of different types of cardiac rhythms.

Keywords—Dual-chamber, Cardiac pacemaker, Sensing,

Pacing, AV junction, Arrhythmia.

INTRODUCTION

The heart has a unique electrical system that con-
trols the rhythm of the heartbeat. In a healthy heart,
the sinoatrial node in the right atrium serves as the
natural pacemaker, generating rhythmic electrical
pulses that spread across both atria. These electrical
pulses are delayed at the atrio-ventricular (AV) junc-
tion, or AVJ, before traveling along left and right
bundle branches and exciting both ventricles (Fig. 1).

It is well known that structural or functional abnor-
malities of the cardiac electrical conduction system can
lead to cardiac arrhythmias.

First invented about a half-century ago, the
implantable cardiac pacemaker is a medical device
designed to regulate the heartbeat. It can monitor the
intrinsic heart rhythm, and deliver pacing pulses to
proper heart chamber(s) when needed. Modern cardiac
pacemaker can also adjust the pacing rate according to
patient’s metabolic demand, time pacing sequence to
synchronize the contraction of multiple chambers,
trigger special pacing algorithm to terminate arrhyth-
mic episodes or prevent their occurrence, among many
other features.22 The dual-chamber pacemaker is the
most common type of pacemaker implanted today.19

Connecting to an atrial lead and a ventricular lead, a
dual-chamber pacemaker senses electrical signals in
both right atrium and right ventricle, and paces one or
both chambers if needed (Fig. 1).

For the native heart rhythm and the artificial
pacemaker to form a close-loop system and coordinate
their functions, complex interactions are expected.
From sensing perspective, intrinsic heart activity may
be detected by the pacemaker, or it may not be seen by
the device if it falls into pacemaker blanking window
or if the signal amplitude is smaller than the predefined
sensing threshold (i.e., under-sensing). Other sensing
problems, such as far-field sensing, T wave over-sensing,
noise sensing, etc., have also been well known in the
pacemaker industry. From pacing perspective, a pac-
ing pulse is designed to capture the target heart
chamber. Alternatively, it is also possible that the
pacing fails to depolarize the heart if the stimulation
strength is below the physiological capture threshold,
or if the heart is still refractory due to an earlier exci-
tation. Things become more complicated when both
sensing and pacing are considered. For example, device
sensing of intrinsic cardiac signal may inhibit the
pacing output, whereas device pacing may pre-excite
the myocardium and suppress its intrinsic rhythm.
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Furthermore, when both intrinsic depolarization and
paced depolarization are present, fusion of activation
waves is possible.

PRIOR WORK

Ironically, despite the progress of cardiac arrhyth-
mia research and the advance of the pacemaker tech-
nology, so far there is no computer model that can
realistically simulate how the external pacemaker
interacts with the heart’s intrinsic rhythm.

Early efforts had focused on modeling RR intervals
in atrial fibrillation (AF), likely reflecting both its
clinical significance and its perplexing ‘irregularly
irregular’ ventricular rhythm. The variation of RR
intervals during AF has been attributed to unstable
electrophysiological properties of both atrial source
and AVJ.3 As a convenient mathematical assumption,
the arrival of ‘random’ AF impulses has been con-
ventionally modeled as a Poisson process.4,7,18 The
modeling of AV conduction, however, has been a
matter of debate for decades.

Concealed conduction models have been tradition-
ally used to explain the ventricular response in AF.10,18

However, theoretical analysis showed that these sim-
plified models could not adequately account for vari-
ous patterns of RR interval histograms observed
experimentally.4 Wittkampf et al. proposed a different
model in which the AVJ functions as a pacemaker
whose rate and rhythm are modulated by AF
impulses,24,25 but this hypothesis was later rejected by
an experimental validation.23 An alternative model was
developed by Meijler et al., who believed that electro-
tonic modulation of AV conduction by concealed
impulses is responsible for the irregular RR intervals in
AF.17 Nonetheless, the inverse relationship between
atrial and ventricular rates in AF predicted by this
model was not confirmed in a clinical study.2

Treating the AVJ as a lumped structure with defined
electrical properties, Cohen et al. developed another
computer model, which they showed could account for
most principal statistical properties of the RR intervals
during AF.4 In a different approach, Glass’s group
developed several models to characterize the nonlinear
dynamics of AV conductions or statistical properties of
RR intervals.11,21,26 Although all these models could
provide reasonable estimate of RR interval output for
a given AF input, cardiac pacing was not considered
thus its effect on intrinsic rhythm could not be
addressed.

Recently, we have developed an AF–VP model to
elucidate the effects of ventricular pacing (VP) on the
ventricular rhythm in AF.12 This model can be viewed
as an extension and enhancement of Cohen’s model, by
taking into account VP, rate-dependent AV conduction
and AV refractoriness, and electrotonic modulation in
the AVJ. It has been demonstrated that this model
could explain most experimental observations, includ-
ing various patterns of RR interval distribution in
AF,12 biphasic relationship between atrial and ven-
tricular rates in AF,12 and the rate stabilization effects
of VP.12,14,15 We have further validated this model
through simulated atrial pacing protocols, which are
simpler-case scenarios by factoring out the randomness
of AF and the interactions with VP.13 To facilitate the
use and further improvement of the AF–VP model,
its software has been made freely available on Physio-
Net (http://www.physionet.org/physiotools/afvp/).6

The software architecture and design of the computer
model have also been provided in an open access
format.16

AIM OF STUDY

Although the AF–VP model can simulate many
types of cardiac rhythms in both physiological and
pathological conditions,12–14 it does not support more
advanced simulations involving dual-chamber cardiac
pacing and sensing. The availability of such a com-
puter model would not only facilitate cardiac rhythm
analysis in pacemaker patients, but also make it pos-
sible to bench test various embedded pacemaker
algorithms and guide the development of novel device
features for cardiac rhythm management.

In this study, we present a new simulation
framework called integrated dual-chamber heart and
pacer (IDHP) model, which is an extension of the
AF–VP model by incorporating more realistic heart
rhythm generators, bi-directional wave conductions,
and an industry-standard dual-chamber pacemaker
timing control logic. As demonstrated below,
the IDHP model provides an abstract yet realistic

FIGURE 1. Illustration of the cardiac electrical conduction
pathway and an implantable dual-chamber cardiac pacemaker
connecting with a right atrial lead and a right ventricular lead.
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representation of the native cardiac electrical con-
duction system and its interactions with external
cardiac pacing.

MODEL STRUCTURE

Figure 2 shows the schematic diagram of the
IDHP model structure, which consists of 8 inter-
connected modules: (1) atrial source, (2) ventricle
source, (3) atrial conductor, (4) ventricle conductor,
(5) AVJ, (6) atrial lead, (7) ventricle lead, and (8)
pacer. As illustrated in the figure and described
below, bi-directional couplings exist between different
modular pairs.

Atrial Source Module

The atrial source module maintains an atrial rhythm
generator, which supports generating different types of
intrinsic atrial impulses, including sinus rhythm (with
fixed atrial intervals, or random atrial intervals with
predefined probability distribution); AF rhythm (e.g.,
Poisson distribution of impulse arrival rate and vary-
ing impulse strength); atrial ectopic rhythm (with
predefined incidence probability and random atrial
coupling interval); and custom rhythm (i.e., import
atrial intervals from external files representing pres-
elected atrial rhythms).

An impulse output from the atrial rhythm gener-
ator can start an antegrade wave (toward AVJ) in the
atrial conductor. Meanwhile, it provides input to the
atrial lead for atrial sensing (AS). On the other hand,
the atrial rhythm generator is reset by either a ret-
rograde wave (escaping from AVJ) in the atrial
conductor, or a supra-threshold atrial pace (AP)
delivered by the atrial lead. In addition, the atrial
source module can also generate exogenous atrial
noise (with defined incidence probability), which can
be sensed by the atrial lead, but cannot generate
activation wave in the atrial conductor nor reset the
atrial rhythm generator.

Ventricle Source Module

The ventricle source module maintains a ventricle
rhythm generator, which can generate two types of
intrinsic ventricular impulses: ventricular escape
rhythm (with fixed or random intervals which are
usually long to simulate slow escape rate, but can be
short to simulate ventricular tachyarrythmia); and
ventricular ectopic rhythm (with predefined incidence
probability and random ventricular coupling interval).

An impulse output from the ventricle rhythm gen-
erator can start a retrograde wave (toward AVJ) in the
ventricle conductor. Meanwhile, it provides input to
the ventricle lead for ventricular sensing (VS). On the
other hand, the ventricle rhythm generator is reset by
either an antegrade wave (escaping from AVJ) in the
ventricle conductor, or a supra-threshold VP delivered
by the ventricle lead. In addition, the ventricle source
module can also generate exogenous ventricle noise
(with defined incidence probability), which can be
sensed by the ventricle lead, but cannot generate acti-
vation wave in the ventricle conductor nor reset the
ventricle rhythm generator.

Atrial Conductor Module

The atrial conductor module supports simulation of
bi-directional atrial conductions. An atrial activation
wave (antegrade or retrograde) will not be initiated
unless the atrial conductor completes a predefined
atrial refractory period since its last activation.

The antegrade atrial conduction is started by either
an atrial rhythm generator output or a captured AP,
and is terminated after the antegrade wave hits the
AVJ, or collides with a retrograde atrial conduction
wave (atrial fusion). Conversely, the retrograde atrial
conduction is started after the completion of a retro-
grade AV conduction (escaping from AVJ), and is
terminated after the retrograde wave conducts to atrial
rhythm generator or collides with an antegrade atrial
conduction wave (atrial fusion).

Ventricle Conductor Module

The ventricle conductor module supports simula-
tion of bi-directional ventricular conductions. A ven-
tricular activation wave (antegrade or retrograde) will
not be initiated unless the ventricle conductor com-
pletes a predefined ventricular refractory period since
its last activation.

The antegrade ventricular conduction is started
after the completion of an antegrade AV conduction
(escaping from AVJ), and is terminated after the ante-
grade wave conducts to ventricle rhythm generator, or
collides with a retrograde ventricular conduction
wave (ventricular fusion). Conversely, the retrograde

AVJ

Ventricle
Conductor

Atrial
Lead

Ventricle
Lead

Ventricle
Source

Atrial
Source

Atrial
Conductor

Pacer

FIGURE 2. Schematic diagram of the IDHP model structure.

J. LIAN AND D. MÜSSIG66



ventricular conduction is initiated by either a ventricle
rhythm generator output or a captured VP, and is
terminated after the retrograde wave hits the AVJ or
collides with an antegrade ventricular conduction wave
(ventricular fusion).

AVJ Module

The AVJ is modeled as a lumped structure with
defined electrical properties, including automaticity,
conductivity, and refractoriness.4,12 The AVJ fires
when its membrane potential (Vm) reaches the depo-
larization threshold (VT). The activation of AVJ starts
a refractory period, when the AVJ is refractory to any
stimulation. At the end of refractory period, the AVJ
membrane potential returns to the resting potential
(VR) and starts to rise in a linear manner. Each time an
impulse (antegrade or retrograde) hits the AVJ during
phase 4, its membrane potential is increased by a dis-
crete amount (DV), which is dependent on the impulse
strength.

The firing of AVJ generates an activation wave that
starts an antegrade or retrograde AV conduction. If
AVJ is retrograde activated while an antegrade wave
has not finished its AV conduction or vice versa, a
collision occurs, annihilating the activation waves in
both directions. Both refractory period and conduction
delay of the AVJ are dependent upon its recovery time
(RT), which is defined as the interval between the end
of last AVJ refractory period and the current AVJ
activation time. Mathematically, the AV conduction
delay (AVD) is modeled as11,12,21,26

AVD ¼ AVDmin þ a expð�RT=scÞ ð1Þ

where AVDmin is the shortest AVD when RT fi /, a
is the longest extension of AVD when RT = 0, and sc is
the conduction time constant. The AV refractory per-
iod (s) is modeled as4,12

s ¼ smin þ b 1� expð�RT=srÞð Þ ð2Þ

where smin is the shortest s corresponding to RT = 0,
b is the longest extension of s when RT fi /, and sr
is the refractory time constant. In addition, the elec-
trotonic modulation is also incorporated in the model,
by assuming s is prolonged by a concealed impulse
according to11,12,17

s0 ¼ sþ sminðt=sÞh minð1;DV=ðVT � VRÞÞ½ �d ð3Þ

where s and s¢ are, respectively, the original and pro-
longed refractory periods, t is the time when the
impulse is blocked (0< t< s), and the degree of
extension depends on the timing and strength of the
blocked impulse, which are respectively modulated by
two positive parameters h and d.

Atrial Lead Module

The atrial lead module supports simulation of both
AP and AS.

An AP captures the atrium if the atrial conductor is
non-refractory and the AP strength is greater than a
predefined atrial threshold. The captured AP also
resets the atrial rhythm generator, and starts an ante-
grade wave in the atrial conductor. On the other hand,
no effect follows a non-capture AP.

The atrial lead senses any types of electrical signals
in the atrium, which could be intrinsic atrial depolar-
izations (including atrial rhythm generator output and
retrograde atrial activation), or exogenous noise (gen-
erated by the atrial source module).

Ventricle Lead Module

Similarly, the ventricle lead module supports simu-
lation of both VP and VS.

A VP captures the ventricle if the ventricle con-
ductor is non-refractory and the VP strength is greater
than a predefined ventricular threshold. The captured
VP also resets the ventricle rhythm generator, and
starts a retrograde wave in the ventricle conductor. On
the other hand, no effect follows a non-capture VP.

The ventricle lead senses any types of electrical
signals in the ventricle, which could be intrinsic ven-
tricular depolarizations (including ventricle rhythm
generator output and antegrade ventricular activa-
tion), or exogenous noise (generated by the ventricle
source module).

Pacer Module

Modern pacemakers maintain a plural of timers and
windows to perform sense event classification and pace
timing control. Most of these timing control logics are
supported by the pacer module, such as the basic
interval, pace and sense AV delays, atrial and ven-
tricular blanking windows, atrial and ventricular
refractory periods, upper tracking interval, far-field
window, safety window, etc. Interacting with both at-
rial and ventricle leads, the pacer module classifies at-
rial and ventricular senses, and controls the timing of
AP and VP, according to various industry-standard
pacing modes, such as DDD, DDI, DVI, VDD, VVI,
AAI, etc.5 Some basic concepts on pacemaker timing
are summarized in Appendix A.

The pacer module also provides support of contin-
uous interval measurement, including but not limited
to, the A–A intervals, the V–V intervals, the A–V
intervals, the V–A intervals, etc., based on which the
pacemaker can perform rate and rhythm analysis, log
diagnostic statistics, and implement advanced pacing
algorithms.
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MODEL IMPLEMENTATION

Figure 3 shows the top-level flowchart of the IDHP
model. The simulation reads model parameters from
an external configuration file (see Appendix B), and
then initializes model variables including various tim-
ers, flags, counters, etc. Some major timers associated
with the heart modules and their start and stop con-

ditions are listed in Table 1. Besides, the simulation
maintains a plural of pacer specific timers (e.g., to
schedule AP and VP, to start and stop various win-
dows for sense classification, to measure intervals
between different event types), which are mostly
dependent on the pacing mode. The simulation runs at
the predefined sampling frequency. At each sample
time, the model updates its time-dependent variables
(e.g., AVJ membrane potential, active timers), and
then handles possible event(s) as detailed below. The
simulation continues until a predefined number of
cardiac beats are generated or the simulation time runs
out, when the model logs statistics and exits.

The general event handling routine is described in
Fig. 4, in which the AP/AS handling and VP/VS
handling are further illustrated in Fig. 5. The model
checks its timers and status flags to detect various
events and calls for respective service routines when
necessary. Atrial or ventricular fusion (AtrFusion or
VtrFusion) occurs when antegrade and retrograde
waves meet in the atrium or ventricle, respectively.
Completion of antegrade atrial conduction or retro-
grade ventricle conduction leads to antegrade or ret-
rograde invasion of AVJ (AnteHitAvj or RetrHitAvj).
An antegrade or retrograde activation wave escapes
the AVJ (AnteEscAvj or RetrEscAvj) upon completing
the respective AV conduction. The AVJ is activated
(ActivateAvj) and becomes refractory (StartAvjRef) if
its membrane potential exceeds its depolarization
threshold, whereas the end of AVJ refractory period
starts the phase 4 (StartAvjPh4). Pacer delivers AP or
VP (AtrPace or VtrPace) according to programmed

Load model configuration

Simulation
Begin

Model initialization

Simulation
End

Max beats OR
simulation timeout

Model exit: log statisticsUpdate time-dependent
model variables

Event handling

Y

N

FIGURE 3. Top-level flowchart of running IDHP model
simulation.

TABLE 1. List of major timers associated with the heart modules of the IDHP model.

Timer Start condition Stop condition

Atrial rhythm generator timer Impulse output from atrial rhythm generator, or

atrial rhythm generator reset by AP or

retrograde atrial conduction

Next impulse output of atrial rhythm generator, or

atrial rhythm generator reset by AP or retrograde

atrial conduction

Ventricle rhythm generator timer Impulse output from ventricle rhythm generator,

or ventricle rhythm generator reset by VP or

antegrade ventricle conduction

Next impulse output of ventricle rhythm generator,

or ventricle rhythm generator reset by VP or

antegrade ventricle conduction

AVJ refractory timer Begin of AVJ refractory period caused by AVJ

activation

End of AVJ refractory period

Antegrade AVJ timer Antegrade AVJ activation Completion of antegrade AV conduction, or

collision with a retrograde AV conduction

Retrograde AVJ timer Retrograde AVJ activation Completion of retrograde AV conduction, or

collision with an antegrade AV conduction

Antegrade atrial timer Start of antegrade atrial conduction caused by

atrial rhythm generator output or a captured AP

Completion of antegrade atrial conduction, or

collision with a retrograde atrial conduction

Retrograde atrial timer Start of retrograde atrial conduction when a

retrograde wave escapes the AVJ

Completion of retrograde atrial conduction, or

collision with an antegrade atrial conduction

Antegrade ventricle timer Start of antegrade ventricle conduction when an

antegrade wave escapes the AVJ

Completion of antegrade ventricle conduction,

or collision with a retrograde ventricle conduction

Retrograde ventricle timer Start of retrograde ventricle conduction caused

by ventricle rhythm generator output or a

captured VP

Completion of retrograde ventricle conduction,

or collision with an antegrade ventricle

conduction
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timing logic. Atrial sense (AtrSense) can be caused
by atrial rhythm generator output (ArgOutput),
retrograde atrial activation, or atrial noise, whereas
ventricle sense (VtrSense) can be the result of ventricle

rhythm generator output (VrgOutput), antegrade ven-
tricle activation, or ventricle noise. More detailed
flowcharts of IDHP model event handling are shown in
Appendix C.

Event handling
Begin

Event handling
End

active ante & retr
atrial timers

Y

N

ante atr timer expires

retr vtr timer expires

ante AVJ timer expires

retr AVJ timer expires

AVJ in phase 4

Vm >= VT

Y

Y

N

N

Y

Y

AVJ refr timer expires

N

N

N

N

N

Y

Y

Y

active ante & retr
ventricle timers

VtrFusion()

Y

N

AP/AS  handling

VP/VS  handling

AtrFusion()

AnteHitAvj()

RetrHitAvj()

AnteEscAvj()

RetrEscAvj()

ActivateAvj()

StartAvjRef()StartAvjPh4()

FIGURE 4. General event handling routines implemented in IDHP model.

AP/AS handling
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AP/AS handling
End
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scheduled AP

AtrPace()

AtrSense()

AtrSense()

AtrSense()

ArgOutput()

VP/VS handling
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VP/VS handling
End

ventricle noise

ante vtr timer expires

VRG timer expires

scheduled VP

VtrPace()

VtrSense()

VtrSense()

VtrSense()

VrgOutput()

N

Y

N

Y

N

Y

Y

N

N

Y

Y

Y

Y

N

N

N

FIGURE 5. Specific event handling routines implemented in IDHP model for AP/AS events (left) and VP/VS events (right).
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RESULTS

By changing model parameters through the config-
uration file (see Appendix B), the IDHP model can
simulate various types of heart rhythm in the presence
of dual-chamber cardiac pacing and sensing.

As examples, Figs. 6–11 show some representative
segments of the model generated event markers. In
these figures, sense and pace events are represented by
vertical bars; atrial events are plotted in the upper area
and ventricular events are plotted in the lower area.
Each vertical bar has a symbol representing event type

classified by the pacer: pace (circle), sense (triangle),
refractory or far-field sense (star), and undetected due
to blanking (cross). Pace amplitudes (unit: V) are
shown next to the pace markers. In addition, the fol-
lowing marker annotations are used to show the true
event type: I—intrinsic depolarization; E—ectopic
depolarization; R—retrograde atrial depolarization;
S—conducted ventricular depolarization; C—captured
pace; L—loss-of-capture pace.

Figure 6 shows a segment of model generated event
markers when the heart is in normal sinus rhythm and
the pacer operates in DDD mode. In this example, the

FIGURE 6. An exemplary segment of model-generated event
markers when the heart is in normal sinus rhythm with inci-
dental atrial extra-systole and ventricular extra-systole, and
the pacer operates in DDD mode.

FIGURE 7. An exemplary segment of model-generated event
markers when the heart is in normal sinus rhythm, and the
pacer operates in DDD mode but with sub-threshold AP
amplitude.

FIGURE 8. An exemplary segment of model-generated event
markers when the heart is in AF rhythm while the pacer
operates in DDI mode.

FIGURE 9. An exemplary segment of model-generated event
markers when the heart is in atrial tachycardia rhythm, and the
pacer operates in DDD mode but the VP rate is limited by the
programmed upper tracking rate.
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intrinsic sinus rate (about 60 beats/min) is similar to
pacer’s basic rate (fixed at 60 pulses/min), thus the
atrial rhythm is mixed between paces and senses. After
four ventricular paces, a ventricular ectopic beat
occurs, followed by a retrograde atrial depolarization.
Two cycles later, an atrial ectopic beat occurs, followed
by a conducted ventricular depolarization.

Similarly, Fig. 7 shows another segment of model
generated event markers when the heart is in normal
sinus rhythm and the pacer operates in DDD mode.
However, in this example, the AP amplitude (0.5 V)
was set below the atrial threshold (1.0 V). Because the
sub-threshold AP does not capture the atrium, the

sinus rhythm is preserved, evidenced by intrinsic atrial
depolarization shortly after each AP (undetected by
the pacer due to post-AP blanking, or detected as a
far-field or refractory sense); or alternatively, the
atrium is activated by retrograde conduction induced
by VP.

Figure 8 shows a segment of model generated event
markers when the heart is in AF rhythm and the pacer
operates in DDI mode (as during pacemaker mode
switch). The AF rhythm is characterized by random
arrival of atrial impulses and irregular ventricular
response. Evidently, some AF impulses are blocked
and not conducted to the ventricle. Also note that the
first two VPs fail to capture the ventricle despite their
supra-threshold (threshold 1.0 V) pacing amplitude
(3.6 V). As shown in the figure, each of the non-
capture VP is immediately preceded by a conducted
ventricular depolarization (but undetected by the pacer
due to post-AP blanking) that renders the ventricle
refractory.

Figure 9 shows an example of model simulated
atrial tachycardia rhythm while the pacer operates in
DDD mode. In this example, the atrial rate (about 126
beats/min) is slightly higher than the pacer upper
tracking rate (fixed at 120 pulses/min). As expected,
each normal AS is tracked by the pacer and followed
by a VP. However, due to the limitation of the upper
tracking rate, VP is postponed and can only be deliv-
ered at the end of the upper tracking interval. This
causes progressive lengthening of the AS–VP interval,
until an AS falls into the post-ventricular atrial
refractory period (i.e., not tracked by the pacer), thus
there is no following VP (i.e., periodic AV block). This
is the well-known pacemaker Wenckebach behavior.5

Figure 10 shows an example of model simulated
ventricular tachycardia rhythm while the pacer oper-
ates in DDD mode. Atrial tachycardia (intrinsic rate
about 150 beats/min) is also simulated in this example
(evidenced by three intrinsic AS events shown in the
figure), but higher ventricular rate (about 200 beats/
min) overdrives the ventricle and blocks antegrade AV
conduction, and frequently entrains the atrium
through retrograde VA conductions.

Finally, Fig. 11 shows a typical example of model
simulated pacemaker-mediated tachycardia episode.5

The model configuration for this example is similar to
that of Fig. 6 except that the pacer’s post-ventricular
atrial refractory period is shortened. After three cycles
of baseline AP–VP rhythm in DDD mode, a ventric-
ular ectopic beat causes retrograde atrial depolariza-
tion, which is detected by the pacer as a normal AS.
The pacer tracked this detected AS by delivering a VP
at the programmed AV delay. The VP causes another
retrograde AS, and the sequence repeats, leading to an
endless loop tachycardia.

FIGURE 10. An exemplary segment of model-generated
event markers when the heart is in ventricular tachycardia
rhythm while the pacer operates in DDD mode.

FIGURE 11. An exemplary segment of model-generated
event markers representing pacemaker-mediated tachycardia
in DDD mode.
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DISCUSSION

In this paper, we present a new IDHP model, which
for the first time allows realistic simulation of heart
rhythm in the presence of a dual-chamber cardiac
pacemaker.

The IDHP model is an extension and improvement
of the previous AF–VP model, which was shown to be
able to explain many experimental observations in
AF.12 The AF–VP model was further validated
through simulated atrial pacing protocols,13 by
reproducing most experimental results obtained in an
isolated rat heart model.8,9 Recently, the AF–VP
model was also applied to elucidate the role of ven-
tricular conduction time in rate stabilization for AF,16

providing mechanistic explanation to the findings of a
clinical study that found no measurable difference in
rate stabilization effects between His bundle pacing
and right ventricle apex pacing.20

Building on success of the AF–VP model, the IDHP
model incorporates more realistic properties of the
heart, including various rhythm generators (e.g., sinus
rhythm, ectopic rhythm, escape rhythm, tachyar-
rhythmias, etc.), and bi-directional atrial, ventricular,
and AVJ conductions. More importantly, the IDHP
model encapsulates an industry standard pacer module
that supports advanced timing control logic existing in
state-of-the-art dual-chamber pacemakers. With these
enhanced features, the IDHP model provides a unique
platform to study complex interactions between
intrinsic heart rhythm and extrinsic dual-chamber
cardiac pacing. By adjusting model parameters,
Figs. 6–11 provide clear, albeit certainly not exhaus-
tive, examples of how the intrinsic heart rhythm would
be affected by cardiac pacing, and how the cardiac
pacemaker would sense, interpret and respond to the
intrinsic heart activity.

Model Framework

It is clear from Fig. 1 that, in the IDHP model, the
intrinsic heart rhythm generator, the cardiac conduc-
tion pathway, and the implantable cardiac pacemaker
are integrated into a closed-loop system—as it is in the
real world. The antegrade branch of the loop starts
from the atrial source output, or from AP delivered by
the pacer via the atrial lead. The resulting atrial
depolarizations pass through the atrial conductor
before bombarding the AVJ, where the signals are
processed, then further propagate through the ventricle
conductor, until reaching the ventricle source and
being sensed by the pacer via the ventricle lead. On the
other hand, the retrograde branch of the loop starts
from the ventricle source output, or from VP delivered
by the pacer via the ventricle lead. The resulting

ventricular depolarizations pass through the ventricle
conductor before penetrating the AVJ, where it is
delayed before further invading the atrial conductor,
until reaching the atrial source and being sensed by the
pacer via the atrial lead. Evidently, multi-level inter-
actions may occur between these two opposite electri-
cal conduction branches.

The kernel component of the heart model is AVJ,
which is treated as a hypothetical equivalent cell whose
electrophysiological properties represent the overall
behavior of all AV nodal cells.4,12,16 A black-box
modeling approach is used to characterize the input–
output relationship of the AVJ: the input to the AVJ is
the antegrade or retrograde invading impulses, while
the output of the AVJ is the antegrade or retrograde
activation waves conducting to the ventricle or atrium,
respectively. Moreover, the functional behavior of the
AVJ can be equated to multiple signal processing steps
that involve blanking (refractory period), summation
(phase 4), thresholding (activation), and time delay
(AV conduction). From the system modeling perspec-
tive, the AVJ can also be regarded as a relay unit that
connects its output (antegrade and retrograde activa-
tion waves) to the ventricle and atrium, which are,
respectively, driven by two opposing electrical sources.
The atrial source and the ventricular source compete
for the activation of the AVJ, which serves as the
common pathway for both antegrade and retrograde
conductions.

Model Applications

The present model has a number of applications.
First and foremost, the IDHP model provides a un-
ique simulation environment to generate various
cardiac rhythms, to emulate how the pacemaker
would sense and classify cardiac events and then yield
diagnosis, and moreover, to study how the cardiac
pacing would affect the intrinsic cardiac rhythm. This
makes it possible to rigorously bench test advanced
pacemaker algorithms (in the presence of different
heart rhythms and numerous variants, e.g., ectopic
beat, noise, etc.) even before experimental or clinical
investigations, thus may guide and speed up the
development of novel device features for cardiac
rhythm management.

Second, the IDHP model can help unravel many
puzzling cardiac rhythms encountered in the real
world. As demonstrated before, the AF–VP model can
generate various patterns of normal and abnormal
heart rhythms that are consistent with previous
experimental observations.12–14,16 Some seemingly
conflicting observations could be explained in terms of
a difference in model parameter settings.12–14 With
enhanced simulation capabilities, the IDHP model
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offers a new tool to probe complex heart rhythms
while taking into account dual-chamber cardiac pacing
and sensing.

Third, the model provides an abstract yet realistic
representation of the cardiac electrical conduction
system including atrial and ventricular sources, and the
atrium-AVJ-ventricle conduction pathway, all of
which are under autonomic control. Many cardiac
arrhythmias are thought to result from disturbances in
autonomic modulation of the electrophysiological
properties of the heart’s electrical conduction system.
Hence, the present model may become a useful tool to
facilitate better understandings on the mechanisms of
arrhythmia genesis, maintenance, and termination.

Last but not least, the model can contribute to the
development of advanced biomedical signal processing
techniques for cardiac arrhythmia research. For
example, the present model can generate at least three
closely coupled time series: PP (or A–A) intervals, RR
(or V–V) intervals, and PR (or A–V) intervals.
By simulating various cardiac rhythms, the model-
generated time series can be used to build a standard
test platform for quantitative evaluation or compari-
son of different signal processing techniques that have
been developed for heart rhythm analysis.

Limitations and Future Work

This study is limited by the nature of computer
simulation. Direct experimental validation of the
model is certainly warranted to confirm its concrete
behavior. Nonetheless, the IDHP model is a con-
ceptual representation of: (a) the cardiac electrical
conduction system with well-documented electro-
physiological properties and (b) the dual-chamber
cardiac pacing system whose technical features
and control logics are clearly defined. The integration
of these two systems allows rational encapsulation of
cardioelectric and pacemaker variables, and the set of
logical and quantitative relationships between them.
Moreover, the validity of the model has also been
demonstrated by its capability to account for most
known experimental observations.12–14

Another limitation of the present study is that the
model parameters are empirically defined. Ideally the
parameters could be derived by fitting the model to
experimental data, but a simultaneous search over all
model parameters is technically impractical. Nonethe-
less, the dimension of the search space could be sig-
nificantly reduced by deriving some baseline
parameters independently. For example, the parame-
ters pertaining to AV conduction time and refractory
period may be derived from respective recovery curves,
which can be obtained during application of standard
atrial pacing protocols.8 The parameters pertaining to

electrotonic modulation may be found through a
scanning process,11 or estimated through more elabo-
rate pacing protocols involving concealed conduction.9

Other model parameters (e.g., AF frequency, relative
impulse strength, and the rate of phase 4 depolariza-
tion) may be estimated by fitting the model with
recorded RR interval distribution.4

Finally, further improvement of the IDHP model is
planned for the future study. The architecture of the
IDHP model is constructed in a modular manner. Such
a modular design not only facilitates model change to
achieve a particular purpose, but also allows poten-
tially more realistic features of the heart and pacer to
be included. For instance, it is highly attractive to
enhance the heart model with autonomic modulation,
which is known to significantly affect automaticity,
excitability, and conductivity of the myocardial cells.
The history-dependent behavior of the AV node,
namely the fatigue and facilitation,21 can also be
incorporated into the present model by modifying the
AV conduction formula. For the pacer model, more
advanced device features and clinical problems (e.g.,
over-sensing, under-sensing, etc.) could be simulated.
Besides, in view of the rapid progress in cardiac
resynchronization therapy for treating refractory heart
failure with cardiac dyssynchrony,1 the next incre-
mental step to build an integrated three-chamber (right
atrium, right ventricle, left ventricle) heart and pacer
model will be certainly challenging yet rewarding.

CONCLUSION

An integrated dual-chamber heart and pacer model
is presented that enables realistic simulation of heart
rhythm in the presence of a dual-chamber cardiac
pacemaker. The detailed model structure is described
within a unified yet flexible framework, where it is
possible to study the interactions between intrinsic
heart rhythm and extrinsic cardiac pacing. Represen-
tative examples are provided to illustrate the usage of
the model, and its validity is demonstrated by its
realistic outputs that are consistent with clinical
observations. Further improvement of the model, as
well as its scientific merits and potential applications
are discussed.

APPENDIX A: BASICS OF PACEMAKER TIMING

Modern pacemakers have many therapeutic and
diagnostic features, which are supported by hundreds
of sophisticated pacer-specific timers and windows.
While it is beyond the scope of this paper to discuss the
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detailed pacemaker timing logic, the basic concept of
dual-chamber pacemaker sensing and pacing is sum-
marized below.

Figure A1 illustrates some common pacemaker
windows used for device sensing. After each AP or
VP, a blanking window is applied to the same channel
and another blanking window is applied to the other
channel to prevent device from sensing the pacing
artifact. Any electrical event occurring in these
blanking windows is not seen by the pacemaker. Each
AP (or VP) also starts an atrial (or ventricular)
refractory window, when an atrial (or ventricle) event
can be seen, but usually is ignored by the pacemaker.

A VP triggers both a far-field window and a post-
ventricular atrial refractory period in the atrial
channel. The former prevents far-field sensing of
ventricular depolarization, and the latter prevents
tracking of retrograde AS event that may lead to
pacemaker-mediated tachycardia (see Fig. 11). On the
other hand, an AP triggers a safety window in the
ventricle channel. If an intrinsic ventricular activity is
detected during this window (could not be differen-
tiated from cross-talk), a VP will be triggered at the
end of the safety window to prevent ventricular
asystole. In addition, an upper tracking interval is
applied after each VP, which sets the upper limit to
the ventricular pacing rate in DDD mode (see Fig. 9).
Similar windows are also applied after each AS or VS
event (not shown).

Figure A2 illustrates the basic timing concept of
pacemaker in (a) DDD mode and (b) DDI mode.
DDD mode is an atrial-tracking mode, i.e., pacer’s
basic interval and AV delay start with each AP or AS.
Timeout of the basic interval triggers an AP, and
timeout of the AV delay triggers a VP. An AS event
detected during the basic interval inhibits the AP, and
a VS event detected during the AV delay inhibits the
VP. Additionally, a pacer-classified ventricular extra-
systole reschedules the next AP at the calculated VA
delay. Contrarily, DDI mode is a non-atrial tracking
mode. The pacer’s basic interval and VA delay starts
with each VP or VS. Timeout of the basic interval
triggers a VP, and timeout of the VA delay triggers an
AP. A VS event detected during the basic interval
inhibits the VP, and an AS event detected during the
VA delay inhibits the AP.

APPENDIX B: MODEL PARAMETERS

The simulation loads model parameters from an
external configuration file. The model parameters are
grouped into nine parts, corresponding to the simula-
tion environment and eight model components.
Most parameters inherited from the AF–VP model
have been described elsewhere,12,16 whereas those
extended heart model parameters and pacer specific
model parameters can be understood from the text or
comments. An exemplary set of model parameters is
listed in Table B1. The parameters that are changed
to produce Figs. 6–11 are, respectively, listed in
Table B2.

APPENDIX C: MODEL EVENT HANDLING

This section describes the IDHP event handling
services shown in Figs. 4 and 5.

Post-ventricular refractory period

Far-field window

Atrial refractory period

Atrial blanking window

Ventricular blanking window

Ventricular refractory period

Safety window

Upper tracking interval

AP

VP

FIGURE A1. Schematic illustration of the pacemaker win-
dows used for sensing.
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FIGURE A2. Schematic illustration of the pacemaker timing
in (a) DDD mode and (b) DDI mode. BI: basic interval; AVD: AV
delay; VAD: VA delay; VES: ventricular extra-systole.
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TABLE B1. List of an exemplary set of model parameters.

Parameter (unit) Value Comments

// Simulation environment parameters

fnRR = outrr1.txt // output RR (VV) interval filename

fnPP = outpp1.txt // output PP (AA) interval filename

fnPR = outpr1.txt // output PR (AV) interval and AVJ status filename

fnMK = outmk1.txt // output event marker filename

fnLOG = outlog1.txt // output event log filename

MAX_BEAT = 10 // max ventricular beats to run

MAX_TIME(s) = 100 // max simulation time to run

Ts(s) = 0.001 // sampling interval

RR0(s) = 1.0 // initial RR interval

// Atrial rhythm generator (ARG) module parameters

ARG_MODEL = 3 // 1-exponential, 2-uniform, 3-Gaussion, 4-external, others-fixed

lambda(1/s) = 1 // mean arrival rate of ARG impulses (mean interval = 60/lambda)

AAstd(s) = 0.05 // standard deviation of ARG output intervals

dVmean(mV) = 50 // mean AVJ potential incr. (DV) by ARG impulse bombardment

dVstd(mV) = 0 // standard deviation of DV

AES_Prob = 0.005 // probability of atrial extra-systole (per atrial cycle)

AES_CI1 = 0.2 // shortest possible coupling interval of atrial extra-systole

AES_CT2 = 0.6 // longest possible coupling interval of atrial extra-systole

ANZ_Prob = 1e-6 // probability of atrial noise (per sample)

// Ventricle rhythm generator (VRG) module parameters

VRG_MODEL = 3 // 1-exponential, 2-uniform, 3-Gaussion, 4-external, others-fixed

VVmean(s) = 3.0 // mean VRG output interval (mean escape rate = 60/VVmean)

VVstd(s) = 0.05 // standard deviation of VRG output interval

VES_Prob = 0.005 // probability of ventricular extra-systole (per ventricle cycle)

VES_CI1 = 0.3 // shortest possible coupling interval of ventricular extra-systole

VES_CT2 = 0.6 // longest possible coupling interval of ventricular extra-systole

VNZ_Prob = 1e-6 // probability of ventricular noise (per sample)

// Atrial conductor module parameters

AtrAntDly(s) = 0.03 // antegrade conduction delay from ARG to AVJ

AtrRetDly(s) = 0.03 // retrograde conduction delay from AVJ to ARG

AtrRef(s) = 0.05 // atrial refractory period

// Ventricle conductor module parameters

VtrAntDly(s) = 0.05 // antegrade conduction delay from AVJ to VRG

VtrRetDly(s) = 0.1 // retrograde conduction delay from VRG to AVJ

VtrRef(s) = 0.2 // ventricular refractory period

// AVJ module parameters

Vt(mV) = -40 // AVJ excitation threshold potential

Vr(mV) = -90 // AVJ resting membrane potential

dVdt(mV/s) = 30 // AVJ spontaneous depolarization slope

MinAVDa(s) = 0.1 // shortest possible antegrade AV conduction time

MinAVDr(s) = 0.1 // shortest possible retrograde AV conduction time

alpha(s) = 0.15 // longest possible extension of AV conduction time

tau_c(s) = 0.1 // time constant of AV conduction time vs. AVJ recovery time

MinRef(s) = 0.05 // shortest possible AVJ refractory period

beta(s) = 0.25 // longest possible extension of AVJ refractory period

tau_r(s) = 0.5 // time constant of AVJ refractory period vs. AVJ recovery time

Ref_std(s) = 0 // standard deviation of AVJ refractory period

delta = 10 // concealed electrotonic modulation affected by impulse strength

theta = 10 // concealed electrotonic modulation affected by impulse timing

// Atrial lead module parameters

ApThresh(V) = 1.0 // atrial pacing threshold

// Ventricle lead module parameters

VpThresh(V) = 1.0 // ventricular pacing threshold

// Pacer module parameters

MODE = DDD // pacer mode: DDD, DDI, DVI, VDD, VVI, AAI, VOO, AOO

BI(s) = 1.0 // standby pacing basic interval (also known as lower rate limit)

AVDp(s) = 0.18 // paced AV delay (started after each AP in DDD mode)

AVDs(s) = 0.16 // sensed AV delay (started after each AS in DDD mode)

PVARP(s) = 0.325 // post-ventricular atrial refractory period

FFWp(s) = 0.15 // far-field window after ventricular pace
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TABLE B1. continued.

Parameter (unit) Value Comments

FFWs(s) = 0.1 // far-field window after ventricular sense

ARP(s) = 0.3 // pacemaker atrial refractory period

VRP(s) = 0.25 // pacemaker ventricular refractory period

PVAB(s) = 0.035 // post-VP atrial blanking window (x-channel VP blanking)

PAVB(s) = 0.07 // post-AP ventricular blanking window (x-channel AP blanking)

IPAB(s) = 0.125 // post-AP atrial blanking window (in-channel AP blanking)

IPVB(s) = 0.11 // post-VP ventricular blanking window (in-channel VP blanking)

ISAB(s) = 0.125 // post-AS atrial blanking window (in-channel AS blanking)

ISVB(s) = 0.1 // post-VS ventricular blanking window (in-channel VS blanking)

UTI(s) = 0.5 // upper tracking interval (upper tracking rate = 60/UTI)

SW(s) = 0.1 // safety window

AP_AMP(V) = 3.6 // atrial pacing amplitude

VP_AMP(V) = 3.6 // ventricular pacing amplitude

TABLE B2. List of model parameter changes from Table B1 to produce Figs. 6–11.

Parameter Value Comments

// Parameter changes to produce Fig. 6

AES_Prob = 0.1 // increase probability of atrial extra-systole

VES_Prob = 0.1 // increase probability of ventricular extra-systole

// Parameter changes to produce Fig. 7

AP_AMP(V) = 0.5 // sub-threshold AP threshold

// Parameter changes to produce Fig. 8

ARG_MODEL = 1 // exponential distribution of AF intervals (arrival rate: Poisson)

lambda(1/s) = 2.5 // mean arrival rate of AF impulses

dVmean(mV) = 30 // mean AVJ potential increment by AF bombardment

MODE = DDI // DDI (non-atrial tracking) mode

// Parameter changes to produce Fig. 9

lambda(1/s) = 2.1 // atrial rate (about 126 beats/min)

MinAVDa(s) = 0.5 // antegrade AV block (pacemaker dependent)

MinAVDr(s) = 0.5 // retrograde AV block (no retrograde AS)

AVDp(s) = 0.12 // shorten AV delay after AP

AVDs(s) = 0.12 // shorten AV delay after AS

// Parameter changes to produce Fig. 10

lambda(1/s) = 2.5 // atrial rate (about 150 beats/min)

VRG_MODEL = 1 // exponential distribution of ventricular intervals

VVmean(s) = 0.3 // mean VRG output interval (ventricular rate 200 beats/min)

// Parameter changes to produce Fig. 11

VES_Prob = 0.1 // increase probability of ventricular extra-systole

PVARP(s) = 0.2 // shorten post-ventricular atrial refractory period

ArgOutput()
Begin

Start a new ARG timer

ArgOutput()
End

Get impulse strength (∆∆V)

atrium refractory

Start ante wave in atrium

VrgOutput()
Begin

VrgOutput()
End

ventricle refractory

Start retr wave in ventricleY

NN

Y

Start a new VRG timer

∆∆V= V T-VR

(a) (b) 

FIGURE C1. The event handling flowcharts for (a) atrial rhythm generator output and (b) ventricle rhythm generator output.
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The ArgOutput service is called upon an atrial
rhythm generator output (Fig. C1a). The model gets
the atrial impulse strength (DV) and predicts the arri-
val time of the next impulse. No atrial depolarization is
possible if the atrium is still refractory; otherwise, an
antegrade atrial activation wave is generated. The
VrgOutput service for ventricle rhythm generator out-
put (Fig. C1b) is similarly implemented, except that
the ventricular impulse is assumed strong enough that
it can bring the AVJ membrane potential (Vm) to the
depolarization threshold (VT).

Atrial fusion (AtrFusion) terminates both antegrade
and retrograde atrial activation waves (Fig. C2a), and

VtrFusion()
Begin

Stop ante wave in ventricle

Stop retr wave in ventricle

VtrFusion()
End

AtrFusion()
Begin

Stop ante wave in atrium

Stop retr wave in atrium

AtrFusion()
End

      (a)        (b) 

FIGURE C2. The event handling flowcharts for (a) atrial
fusion and (b) ventricular fusion.
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Y
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Stop retr wave in AVJ

Update AVJ refr period

N

Y

RetrHitAvj()
Begin

Stop retr wave in ventricle

AVJ in Phase 4

Vm = Vm + ∆∆V

Flag retr AVJ activation

ante wave in AVJ

Stop ante wave in AVJ

Update AVJ refr period

RetrHitAvj()
End

N

N

N

Y

Y
Vm >= VT

FIGURE C3. The event handling flowcharts for (a) antegrade invasion of AVJ and (b) retrograde invasion of AVJ.
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AnteEscAvj()
Begin

Stop ante wave in AVJ

AVJ starts recovery

AnteEscAvj()
End

(a) (b)

Start ante wave in ventricle

ventricle refractory
N

Y

RetrEscAvj()
Begin

Stop retr wave in AVJ

AVJ starts recovery

RetrEscAvj()
End

atrium refractory
N

Y Start retr wave in atrium

FIGURE C4. The event handling flowcharts for (a) antegrade escaping from AVJ and (b) retrograde escaping from AVJ.
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End

FIGURE C5. The event handling flowcharts for (a) activation of AVJ, (b) start AVJ phase 4, and (c) start AVJ refractory period.
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ventricle fusion (VtrFusion) annihilates ventricular
activation waves in both directions (Fig. C2b).

As shown in Fig. C3a, the antegrade atrial con-
duction stops when it hits the AVJ (AntHitAvj). If AVJ
is in phase 4, then Vm has a step increase of DV, and
antegrade AVJ activation is flagged if Vm ‡ VT. If AVJ
is still refractory, then its refractory period is extended
(electrotonic modulation). If there is a retrograde wave
in the AVJ and the atrial impulse has supra-threshold
strength, then the retrograde AV conduction is dis-
abled. The counterpart service for retrograde inva-
sion of AVJ (RetHitAvj) is similarly implemented
(Fig. C3b).

The AnteEscAvj service is called upon completion
of the antegrade AV conduction (Fig. C4a). It also
enables the AVJ for recovery, and starts an antegrade
ventricle activation wave if the ventricle is not refrac-
tory. Similarly, the RetrEscAvj service is implemented
(Fig. C4b).

The ActivateAvj service (Fig. C5a) is called when
Vm ‡ VT. It calculates the AV conduction time based
on elapsed AVJ recovery time. If the AVJ is antegrade
(or retrograde) excited, then an antegrade (or retro-
grade) AVJ activation wave is generated if there is no
activation wave in the opposite direction; otherwise,

the opposite activation wave is stopped (AVJ fusion).
Start of the AVJ phase 4 (StartAvjPh4) resets Vm to the
resting potential (VR) and enables AVJ to recover
(Fig. C5b). The StartAvjRef service (Fig. C5c) flags the
AVJ refractory phase, calculates the refractory period
based on the AVJ recovery time, and then starts the
AVJ refractory timer.

The AtrPace service first checks if the AP ampli-
tude is above the atrial threshold and if the atrium is
non-refractory (Fig. C6a). Only if both conditions are
met, an antegrade atrial activation wave is generated
with supra-threshold strength, and the atrial rhythm
generator is reset. Any AP (capture or non-capture)
will affect pacer’s operation, such as interval mea-
surement, timer update, and marker annotation.
Similar implementation of the VtrPace service is
shown in Fig. C6b.

The AtrSense service is called upon detection of any
electrical activity by the atrial lead (Fig. C7a). If the
sense is caused by retrograde atrial activation, then the
atrial rhythm generator is reset. For each atrial sense
(excluding blanked ones), pacer will classify its event
type, update various counters, timers, intervals, and
record the event markers. Similar implementation of
the VtrSense service is shown in Fig. C7b.
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FIGURE C6. The event handling flowcharts for (a) atrial pacing and (b) ventricular pacing.
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