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Abstract

The intrinsic conduction system of the heart is comprised of several specialized subpopula-
tions of cells that either spontaneously generate electrical activity (pacemaker cells) or pref-
erentially conduct this activity throughout the chambers in a coordinated fashion. This
chapter will discuss the details of this known anatomy as well as put such discoveries into
a historical context. The cardiac action potential underlies signaling within the heart, and
the various populations of myocytes will elicit signature waveforms. The recording or
active sensing of these potentials is important in both research and clinical arenas. This
chapter aims to present a basic understanding of the cardiac conduction system to provide
the reader with a foundation for future research and reading on this topic. The information
in this chapter is not comprehensive and should not be used to make decisions relating to
patient care.
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Orderly contractions of the atria and ventricles are regulated
by the transmission of electrical impulses that pass through
an intricate network of modified cardiac muscle cells, the
cardiac conduction system. These cells are interposed within
the contractile myocardium. This intrinsic conduction system
is comprised of several specialized subpopulations of cells
that spontaneously generate electrical activity (pacemaker
cells) and/or preferentially conduct this activity throughout
the heart. Following an initiating activation (or depolariza-
tion) within the myocardium, this electrical excitation spreads
throughout the heart in a rapid and highly coordinated fash-
ion. This system of cells also functionally controls the timing
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of the transfer of activity between the atrial and ventricular
chambers. Interestingly, a common global architecture is
present in mammals, but significant interspecies differences
exist at the histologic level [1, 2] (see also Chap. 6).

Discoveries relating to this intrinsic conduction system
within the heart are relatively recent relative to cardiac func-
tion and anatomy. Johannes E. von Purkinje first described
the ventricular conduction system in 1845 and Gaskell, an
electrophysiologist, coined the phrase heart block in 1882.
Importantly, Gaskell also related the presence of a slow ven-
tricular rate to disassociation with the atria [3]. The discovery
of the mammalian sinoatrial node was published by Sir Arthur
Keith and Martin Flack in 1907 in the Journal of Anatomy
and Physiology. Nevertheless, novel findings related to the
functionality of this node are still being made today [4].

The elucidation of the bundle of His is attributed to its
namesake, Wilhelm His Jr [5], who described the presence in
the heart of a conduction pathway from the atrioventricular
node through the cardiac skeleton that eventually connected to
the ventricles. Tawara later verified the existence of the bundle
of His in 1906 [6]. Due to the difficulty in distinguishing the
atrioventricular nodal tissue from surrounding tissue, he
defined the beginning of the bundle of His as the point at which
these specialized atrioventricular nodal cells enter the central
fibrous body (which delineates the atria from the ventricles).
Tawara is also credited with being the first to clearly identify
the specialized conduction tissues (modified myocytes) that
span from the atrial septum to the ventricular apex, including
the right and left bundle branches and Purkinje fibers.

Walter Karl Koch (1880-1962) was a distinguished
German surgeon who discovered a triangular-shaped area in
the right atrium of the heart that marks the atrioventricular
node (known today as Koch’s triangle). Among Koch’s nota-
ble research findings was his hypothesis that the last part of
the heart to lose activity when the whole organ died was the
pacemaker region (ultimum moriens). Koch localized this
last region of the heart to lose function through his detailed
anatomical and histological studies of the hearts of animals
and stillborn human fetuses. He postulated that the cardiac
region near the opening of the wall of the coronary sinus was
the true pacemaker of the heart [7, 8]; the atrioventricular
node will elicit an escape rhythm when the sinoatrial node in
the right atrium fails (see below).

Early discoveries by distinguished researchers such as
Koch, Tawara, and Aschoff (to be discussed later in the text)
have been immortalized in medical terminology (Koch’s tri-
angle, Tawara’s node, and Aschoff’s nodule). As history dem-
onstrates, a thorough understanding of the anatomy and
function of the cardiac conduction system is important for
those designing cardiovascular devices and procedures. More
specifically, surgical interventions (heart valve replacement/
repair, repair of septal defects, coronary bypass grafting, con-
genital heart repair, etc.) are commonly associated with tempo-
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rary or permanent heart block due to damage of the conduction
system and/or disruption of its blood supply [9-13]. Hence, if
one is designing corrective procedures and/or devices to be
used, she/he needs to consider ways to avoid damage to cellu-
lar structures of the conduction system. For example, advances
in surgical techniques for the repair of ventricular septal
defects have reduced the incidence of complete atrioventricu-
lar block from 16 % in the 1950s to less than 1 % currently [14,
15]. Additionally, many rhythm control devices such as pace-
makers and defibrillators aim to return the patient to a normal
rhythm and contraction sequence [16-24]. Research has also
continued relative to the repair or replacement of the intrinsic
conduction system using gene and/or cell therapies [25].

A final example illustrating why an understanding of the
heart’s conduction system is critical to the design of devices
and procedures is the therapeutic use of cardiac ablation.
These methodologies purposely modify the heart to: (1)
destroy portions of the conduction system (e.g., atrioventricu-
lar nodal ablation in patients with permanent atrial fibrilla-
tion), (2) eliminate aberrant pathways (e.g., accessory pathway
ablation in Wolff—Parkinson—White syndrome), and/or (3)
destroy inappropriate substrate behavior (e.g., ablation of
ectopic foci or reentrant pathways in ventricular tachycardias,
ablation for treatment of atrial fibrillation, etc.) [26-29].

13.2 Overview of Cardiac Conduction

The sinoatrial node is located in the right atrium in the healthy
heart and serves as the natural pacemaker (Fig. 13.1). These
pacemaker cells manifest spontaneous depolarizations and are
thus responsible for generating the normal cardiac rhythm,
also described as intrinsic or automatic. Importantly, the fre-
quency of this earliest depolarization is modulated by both
sympathetic and parasympathetic efferent innervation. In
addition, the nodal rate can also be modulated by local changes
associated with perfusion and/or the chemical environment
(i.e., neurohormonal, nutritional, oxygenation, etc.). Although
the atrial rhythms normally emanate from the sinoatrial node,
variations in the initiation site of atrial depolarization have
been documented outside of the histological nodal tissues,
particularly when high atrial rates are elicited [30-33].

One of the most conspicuous features of sinoatrial nodal
cells is that they possess poorly developed contractile appa-
rati (a common feature to all myocytes specialized for con-
duction), comprising only about 50 % of the intracellular
volume [34]. In general, although it cannot be seen grossly,
the location of the sinoatrial node is on the “roof” of the right
atrium at the approximate junction of the superior vena cava,
the right atrial appendage, and the sulcus terminalis. In the
adult human, the node is approximately 1 mm below the
epicardium, 10-20 mm long and up to 5 mm thick [35]. For
more details on cardiac anatomy, refer to Chaps. 5 and 6.
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Fig.13.1 Conduction system
of the heart. Normal
excitation originates in the
sinoatrial node and then
propagates through both atria
(internodal tracts shown as
dashed lines). The atrial
depolarization spreads to the
atrioventricular node and
passes through the bundle of
His (not labeled) and then to
the Purkinje fibers which
make up the left and right
bundle branches;
subsequently all ventricular
muscle becomes activated. AV
atrioventricular, SA sinoatrial

SA node

middle tract
(Wenckebach’s)

posterior tract
(Thorel’s)

After initial sinoatrial nodal excitation, depolarization
spreads throughout the atria. The exact mechanisms involved
in the spread of impulses (excitation) from the sinoatrial
node across the atria are somewhat controversial [36].
However, it is generally accepted that: (1) the spread of
depolarizations from nodal cells can go directly to adjacent
myocardial cells and (2) preferentially ordered myofibril
pathways allow this excitation to rapidly transverse the right
atrium to both the left atrium and the atrioventricular node. It
is believed that there are three preferential anatomic conduc-
tion pathways from the sinoatrial node to the atrioventricular
node (known as the node of Tawara) [37]. In general, these
can be considered as the shortest electrical routes between
the nodes. They are microscopically identifiable structures,
appearing to be preferentially oriented fibers that provide a
direct node-to-node pathway. In some hearts, pale staining
Purkinje-like fibers have also been reported in these regions
(tracts are shown as dashed lines in Fig. 13.1; also see
Fig. 13.1 in the online supplemental material). More specifi-
cally, the anterior tract is described as extending from the
anterior part of the sinoatrial node, bifurcating into the so-
called Bachmann’s bundle (delivering impulses to the left
atrium) and a second tract that descends along the interatrial
septum which connects to the anterior part of the atrioven-
tricular node. The middle (or Wenckebach’s pathway)
extends from the superior part of the sinoatrial node, runs
posteriorly to the superior vena cava, then descends within
the atrial septum, and may join the anterior bundle as it enters
the atrioventricular node. The third pathway is described as
being posterior (Thorel’s) which, in general, is considered to
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extend from the inferior part of the sinoatrial node, passing
through the crista terminalis and the Eustachian valve past
the coronary sinus to enter the posterior portion of the atrio-
ventricular node. In addition to excitation along these prefer-
ential conduction pathways, general excitation spreads from
cell to cell throughout the entire atrial myocardium via the
specialized connections between cells, the gap junctions,
which exist between all myocardial cell types (see below).

Toward the end of atrial depolarization, the excitatory sig-
nal reaches the atrioventricular node. This excitation reaches
these cells via the aforementioned atrial routes, with the final
excitation of the atrioventricular node generally described as
occurring via the slow or fast pathways. The slow and fast
pathways are functionally, and usually anatomically, distinct
routes to the atrioventricular node. The slow pathway gener-
ally crosses the isthmus between the coronary sinus and the
tricuspid annulus and has a longer conduction time but a
shorter effective refractory period than the fast pathway. The
fast pathway is commonly a superior route, emanating from
the interatrial septum, and has a faster conduction rate but, in
turn, a longer effective refractory period. Normal conduction
during sinus rhythm occurs along the fast pathway, but
higher heart rates and/or premature beats are often conducted
through the slow pathway, since the fast pathway may be
refractory at these rates.

Recent advances in the optical mapping of the human
atrioventricular junction further elucidate the dual pathway
electrophysiology [38]. More specifically, the dual charac-
teristics of this function have been revealed using an S1-S2
pacing protocol; in this procedure, a stimulus (S1) of constant
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Fig. 13.2 3D reconstruction of atrioventricular (AV) junction from
three human hearts: heart #1 (A-E), heart #2 (F-J), and heart #3 (K-0).
A, F, and K: complete 3D reconstruction with all types of tissue visible.
B, G, and L: 3D reconstruction with areas of atrium, ventricle, and fat
removed. C, H, and M: 3D reconstruction of conduction system. D, I,
and N: 3D reconstruction of major veins and arteries with conduction

duration and amplitude is applied followed by a second stim-
ulus (S2) of varying duration and amplitude. The S1-S2
interval is iteratively reduced until conduction block in the
fast pathway occurs due to the long refractory period [38].
Though the primary function of the atrioventricular node
may seem simple, that is, to relay conduction between the
atria and ventricles, its structure is very complex. As a means
to describe these complexities, mathematical arrays and
finite element analysis models have been constructed to elu-
cidate the underlying structure—function relationship of the
node [39]. Figure 13.2 shows a 3D reconstruction of the
region using a model of the heart stained with the voltage
sensitive dye di-4-ANEPPS. The reconstruction includes
histological and immunolabeling of marker proteins to iden-

system outlined. E, J, and O: 3D reconstruction of conduction system
superimposed on a photograph of the tissue used for its creation. P: key
to the colors in A—Q. AVN atrioventricular node, CFB central fibrous
body, HB His bundle, LINE leftward inferior nodal extension, RINE
rightward inferior nodal extension, TV tricuspid valve

tify various tissue types. Figure 13.3 shows the nodal recon-
struction of a normal human heart as well as one from a
patient who had an implanted left ventricular assist device.
For examples of these reconstructions, see Videos 13.1, 13.2,
and 13.3 in the online supplemental material.

In general, the atrioventricular node is located in the so-
called floor of the right atrium, over the muscular part of the
interventricular septum and inferior to the membranous sep-
tum. Following atrioventricular nodal excitation, impulses
are conducted to the His bundle (note that the bundle of His
has also been referred to as the common bundle or His bun-
dle). If conduction follows the slow pathway, a longer inter-
val is present between atrial and His activation. As mentioned
above, the anatomical region in which the His bundle and the
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Fig.13.3 Atrioventricular
reconstruction with normal
and pathologic human hearts.
The normal human heart (left)
and the heart of a left
ventricular assist device
patient (right) show different
proportions of tissue type in
the nodal region

.Atrium Il Ventricle .ConnectiveTissue

Bl vein

Il His Bundle

atrioventricular node both reside has been termed the trian-
gle of Koch. The triangle is bordered by the coronary sinus,
the tricuspid valve annulus along the septal leaflet, and the
tendon of Todaro.

After leaving the bundle of His, the normal wave of car-
diac depolarization spreads to both the left and right bundle
branches; these pathways carry depolarization to the left and
right ventricles, respectively. Finally, the signal broadly trav-
els through the remainder of the Purkinje fibers and ventricu-
lar myocardial depolarization spreads (see Video 13.4 in the
online supplemental material).

In addition to the normal path of ventricular excitation,
direct connections to the ventricular myocardium from the
atrioventricular node and the penetrating portion of the bun-
dle of His have been described in humans [40]. The function
and prevalence of these connections, termed Mahaim fibers,
is poorly understood. An additional aberrant pathway existing
between the atria and ventricles has been termed the bundle of
Kent (the clinical manifestation of ventricular tachycardia due
to the presence of this pathway is termed Wolff~Parkinson—
White syndrome); this pathway is commonly ablated.

Alternate representations of the cardiac conduction system
are shown in Figs. 13.4 and 13.5. Details of the ventricular
portion of the conduction system are shown in Fig. 13.6.
More specifically, the left bundle branch splits into fascicles
as it travels down the left side of the ventricular septum just
below the endocardium (these can be visualized with proper
staining). Its fascicles extend for a distance of 5—-15 mm, fan-
ning out over the left ventricle. Importantly, typically about
midway to the apex of the left ventricle, the left bundle sepa-
rates into two major divisions, the anterior and posterior
branches (or fascicles). These divisions extend to the base of

[ ]Fat []Artery

Central
Fibrous Body

Left Bundle
Branch

~ Fascicles
Bundle of His

Right Bundle

Branch Purkinje Fibers

Fig. 13.4 Conduction system of the heart. Normal excitation origi-
nates in the sinoatrial node then propagates through both atria. The
atrial depolarization spreads to the atrioventricular node and passes
through the bundle of His to the bundle branches/Purkinje fibers. AV
atrioventricular, SA sinoatrial

the two papillary muscles and the adjacent myocardium. In
contrast, the right bundle branch continues inferiorly, as if it
were a continuation of the bundle of His, traveling along the
right side of the muscular interventricular septum. This bun-
dle branch runs proximally just deep to the endocardium, and
its course runs slightly inferior to the septal papillary muscle
of the tricuspid valve before dividing into fibers that spread
throughout the right ventricle. The complex network of con-
ducting fibers that extends from either the right or left bundle
branches is composed of the rapid conduction cells known as
Purkinje fibers. The Purkinje fibers in both the right and left
ventricles act as preferential conduction pathways to provide
rapid activation and coordinate the excitation pattern within
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Fig.13.5 Details of the
atrioventricular nodal region.
The so-called slow and fast
conduction pathways are
indicated by the arrows. To
improve clarity in the
visualization of the
conduction anatomy, the
fascicles of the
atrioventricular node are not
drawn to scale (their size was
increased to allow the reader
to visualize the tortuosity of
the conduction pathway) and
the central fibrous body has
been thinned. AV
atrioventricular

Fig.13.6 Ventricular
conduction system. The
Purkinje network has a high
interspecies and intraspecies
variation, which likely results
in variability in excitation and
contractile patterns within the
ventricles. This variability is
evident in the dramatic
differences seen in the degree
and morphology of the
cardiac trabeculations (which
typically contain these fibers).
Modified from DeHann DL,
Circulation 1961; 24:458)

Anterior
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the various regions of the ventricular myocardium. As
described by Tawara, these fibers travel within the trabecula-
tions of the right and left ventricles, as well as within the myo-
cardium. Due to the tremendous variability in the degree and
morphology of trabeculations existing within and between
species, it is likely that variations in the left ventricular con-
duction patterns also exist. It should be noted that one of the
most easily recognized conduction pathways found in mam-
malian hearts is the moderator band, which contains Purkinje
fibers from the right bundle branch (see also Chap. 6).

Three criteria for considering a myocardial cell as a spe-
cialized conduction cell were first proposed by Aschoff [41]
and Monckeburg [42] in 1910, which include: (1) cells with
the ability to histologically identify discrete features; (2)
cells with the ability to track cells from section to section;
and (3) these cells are insulated by fibrous sheaths from the
nonspecialized contractile myocardium. It is noteworthy that
only the cells within the bundle of His, the left and right bun-
dle branches, and the Purkinje fibers satisfy all three criteria.
No structure within the atria meets all three criteria, includ-
ing Bachmann’s bundle, the sinoatrial node, and the atrio-
ventricular node (which are all uninsulated tissues).

13.3 Cardiac Rate Control

Under normal physiologic conditions, the dominant pace-
maker of the heart is the sinoatrial node which, in adults,
fires at rates between 60 and 100 beats per minute, faster
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than any other cardiac region. In an individual at rest, modu-
lation by the parasympathetic nervous system dominates
which slows the sinoatrial nodal rate to about 75 action
potentials per minute (or beats per minute when contractions
are elicited).

In addition to the cells of the sinoatrial node, other spe-
cialized conduction system cells are capable of developing
spontaneous diastolic depolarization, specifically those
found in the specialized fibers in the atrioventricular junction
and His—Purkinje system. Rhythms generated by impulse
formation within these cells range from 25 to 55 beats per
minute in the human heart (Fig. 13.7). These lower-rate
rhythms are commonly referred to as ventricular escape
rhythms and are important for patient survival, since they
maintain some degree of cardiac output in situations when
the sinoatrial and/or atrioventricular nodes are nonfunctional
or are functioning inappropriately. Note that the various pop-
ulations of pacemaker myocytes (i.e., in the sinoatrial and
atrioventricular nodes) elicit so-called slow-type action
potentials (slow-response action potential; see below).

In addition to the normal sources of cardiac rhythm, myo-
cardial tissue can also exhibit abnormal self-excitability;
such a site is also called an ectopic pacemaker or ectopic
focus. This pacemaker may operate only occasionally, pro-
ducing extra beats, or it may induce a new cardiac rhythm for
some period of time. Potentiators of ectopic activity include
caffeine, nicotine, electrolyte imbalances, hypoxia, and/or
toxic reactions to drugs such as digitalis. For more detail on
rate control of the heart, refer to Chap. 14.

Normal Conduction Pacemaker
Activation Structure velocity rate
Sequence (m/sec) (beats/min)
1 SA node < 0.01 60 — 100
2 Atrial 1.0-12 None
myocardium
3 AV node 0.02 - 0,05 40 - 55
4 Bundle of 12-2.0 25-40
His
5 Bundle 2.0-40 2540
branches
6 Purkinje 2.0-4.0 25— 40
network
7 Ventricular 0.3-1.0 None
myocardium

Fig.13.7 Conduction velocities and intrinsic pacemaker rates of vari-
ous structures within the cardiac conduction pathway. The structures
are listed in the order of activation during a normal cardiac contraction,
beginning with the sinoatrial node. Note that the intrinsic pacemaker
rate is slower in structures further along the activation pathway. For
example, the atrioventricular nodal rate is slower than the sinoatrial

nodal rate. This prevents the atrioventricular node from generating a
spontaneous rhythm under normal conditions, since it remains refrac-
tory at rates <55 beats per minute. If the sinoatrial node becomes inac-
tive, the atrioventricular nodal rate will then determine the ventricular
rate. Tabulation adapted from Katz AM (ed), Physiology of the Heart,
3rd edn., 2001)
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13.4 Cardiac Action Potentials

Although cardiac myocytes branch and interconnect with
each other (mechanically via the intercalated disk and electri-
cally via the gap junctions), under normal conditions, the
heart is thought to form two separate functional networks—
the atria and the ventricles. The atrial and ventricular tissues
are separated by the fibrous skeleton of the heart (the central
fibrous body). This skeleton is comprised of dense connective
tissue rings that surround the valves of the heart, fuse with one
another, and merge with the interventricular septum. The skel-
eton can be considered to (1) form the foundation to which the
valves attach, (2) prevent overstretching of the valves, (3)
serve as a point of insertion for cardiac muscle bundles, and
(4) act as an electrical insulator that prevents the direct spread
of action potentials from the atria to the ventricles. See also
Chap. 5 for further details on the cardiac skeleton.

A healthy myocardial cell has a resting membrane poten-
tial of approximately —90 mV. The resting potential is
described by the Goldman—Hodgkin—Katz equation, which
takes into account the permeabilities (Ps) as well as the intra-
cellular and extracellular concentrations of ions [X], where
X is the ion:

P, [K] +P,[Na] +P,[Cl] +...
P [K]. +Py, [Na] +P,[Cl] +...

V, =(23R*T/F)*log

In the cardiac myocyte, the membrane potential is dominated
by the K* equilibrium potential. An action potential is initi-
ated when this resting potential becomes shifted toward a
more positive value of approximately —60 to —70 mV
(Fig. 13.8). At this threshold potential, the cell’s voltage-
gated Na* channels open and begin a cascade of events
involving other ion channels. In artificial electrical stimula-
tion, this shift of the resting potential and subsequent depo-
larization is produced by the excitation delivered through the
pacing system. The typical ion concentrations for a mam-
malian cardiac myocyte are summarized in Table 13.1 and
graphically depicted in Fig. 13.9.

Fig.13.9 Cardiac cell at rest.
The intracellular space is
dominated by potassium ions,
while the extracellular space
has a higher concentration of
sodium and calcium ions

Cell Membrane /
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When a myocyte is brought to the threshold potential,
normally via a neighboring cell, voltage-gated fast Na* chan-
nels actively open (activation gates); the permeability of the
sarcolemma (plasma membrane) to sodium ions (PNN ) dra-
matically increases. Because the cytosol is electrically more
negative than extracellular fluid, and the Na* concentration is
higher in the extracellular fluid, Na* rapidly crosses the cell
membrane. Importantly, within a few milliseconds, these fast
Na* channels automatically inactivate (inactivation gates)
and PNa‘ decreases.

The membrane depolarization due to the activation of the
Na* induces the opening of the voltage-gated slow Ca?
channels located within both the sarcolemma and sarcoplas-
mic reticulum (internal storage site for Ca?*) membranes.

Threshold Potential

Threshold Potential

-90
Millivolts

Fig. 13.8 Typical cardiac action potentials (slow on top and fast
below). The resting membrane potential, the threshold potential, and
the phases of depolarization (0—4) are shown

Table 13.1 Ton concentrations for mammalian myocytes

Intracellular concentration Extracellular

Ton (mM) concentration (mM)
Sodium (Na) 5-34 140

Potassium (K) 104-180 5.4

Chloride (CI) 4.2 117

Calcium (Ca) - 3

Adapted from Katz AM (ed), Physiology of the Heart, 3rd edn., 2001

CARDIAC CELL

Mostly Sodium And Calcium lons

Mostly
Potassium
lons

o *90 mv

Resting Membrane Potentia
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Fig.13.10 Ion flow during
the phases of a cardiac action
potential

o

lon Flow lon Flow
Into Cell OQut of Cell

Thus, there is an increase in the permeability of Ca?* ( PCaz+ ),
which allows the concentration to dramatically increase
intracellularly (Fig. 13.10). At the same time, the membrane
permeability to K* ions decreases due to closing of K* chan-
nels. For approximately 200-250 ms, the membrane poten-
tial stays close to 0 mV, as a small outflow of K* just balances
the inflow of Ca?*. After this fairly long delay, voltage-gated
K* channels open and active repolarization is initiated. The
opening of these K* channels (increased membrane permea-
bility) allows for K* to diffuse out of the cell due to its con-
centration gradient. At this same time, Ca?* channels begin to
close, and net charge movement is dominated by the outward
flux of the positively charged K*, restoring the negative rest-
ing membrane potential to approximately —-90 mV
(Figs. 13.10 and 13.11).

As mentioned above, not all action potentials that are elic-
ited in the cardiac myocardium have the same time course;
slow- and fast-response cells have differing shaped action
potentials with different electrical properties in each phase.
Recall that the pacemaker cells (slow-response type) have
the ability to spontaneously depolarize until they reach
threshold and thus elicit action potentials. Action potentials
from such cells are also characterized by a slower initial
depolarization phase, a lower amplitude overshoot, a shorter
and less stable plateau phase, and repolarization to an unsta-
ble, slowly depolarizing resting potential (Fig. 13.12). In the
pacemaker cells, at least three mechanisms are thought to
underlie the slow depolarization that occurs during phase 4
(diastolic interval): (1) a progressive decrease in P ., (2) a
slight increase in PNa‘ , and (3) an increase in Pcaz‘ .

13.5 Gap Junctions (Cell-to-Cell
Conduction)

In the heart, cardiac muscle cells (myocytes) are connected
end to end by structures known as intercalated disks. These
are irregular transverse thickenings of the sarcolemma,
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PHASES OF ACTION POTENTIAL AND ION FLOW

O through 4 are the
Action Potential Phases

within which there are desmosomes that hold the cells
together and to which the myofibrils are attached. Adjacent
to the intercalated disks are the gap junctions, which allow
action potentials to directly spread from one myocyte to the
next. More specifically, the disks join the cells together by
both mechanical attachment and protein channels. The firm
mechanical connections are created between the adjacent
cell membranes by proteins called adherins in the desmo-
somes. The electrical connections (low-resistance pathways,
gap junctions) between the myocytes are via the channels
formed by the protein connexin. These channels allow ion
movements between cells (Fig. 13.13).

As noted above, not all cells elicit the same type of action
potentials, even though excitation is propagated from cell to
cell via their interconnections (gap junctions). The action
potentials elicited in the sinoatrial nodal cells are of the
slow-response type and those in the remainder of the atria
have a more rapid depolarization rate (Fig. 13.14). Although
a significant temporal displacement in the action potentials
elicited by the myocytes of the two nodes (sinoatrial and
atrioventricular) occurs, the action potential morphologies
are similar.

It takes approximately 30 ms for excitation to spread
between the sinoatrial and atrioventricular nodes, and atrial
activation occurs over a period of approximately 70-90 ms
(Fig. 13.14). The speed at which an action potential propa-
gates through a region of cardiac tissue is called the conduc-
tion velocity (Fig. 13.7). The conduction velocity varies
considerably in the heart and is directly dependent on the
diameter of a given myocyte. For example, action potential
conduction is greatly slowed as it passes through the atrio-
ventricular node. This is due to the small diameter of these
nodal cells, the tortuosity of the cellular pathway [2], and the
slow rate of rise of their elicited action potentials. This delay
is important to allow adequate time for ventricular filling.

Action potentials in the Purkinje fibers are of the fast-
response type (Fig. 13.14), i.e., rapid depolarization rates
that, in part, are due to their large diameters. This feature
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phase 1

phase O

Membrane Potenital (mV)

Rapid depolarization due to opening
of voltage-gated fast sodium channels

phase 2 plateau due to opening of voltage-gated slow calcium channels
and closing of some of the potassium channels

Repolarization due to opening of
voltage-gated potassium channels
and closing of calcium channels
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Fig.13.11 A typical action potential of a ventricular myocyte and the
underlying ion currents. The resting membrane potential is approxi-
mately =90 mV (phase 4). The rapid depolarization is primarily due to
the voltage-gated Na* current (phase 0), which results in a relatively

allows the Purkinje system to transfer depolarization to the
majority of cells in the ventricular myocardium nearly in
unison. Because of the high conduction velocity in these
cells which span the myocardium, there is a minimal delay in
the cell’s time of onset. It is important to note that the ven-
tricular cells that are last to depolarize have shorter duration
action potentials (shorter Ca?* current) and thus are the first
to repolarize. The ventricular myocardium repolarizes within
the time period represented by the T-wave in the
electrocardiogram.

sharp peak (phase 1) and transitions into the plateau (phase 2) until repo-
larization (phase 3). Also indicated are the refractory period and timing
of the ventricular contraction. Modified from Tortora GJ, Grabowski SR
(eds), Principles of Anatomy and Physiology, 9th edn., 2000

13.6 The Atrioventricular Node and Bundle
of His: Specific Features

The atrioventricular node and the bundle of His play critical
roles in the maintenance and control of ventricular rhythms.
As mentioned previously, the atrioventricular node is com-
posed of heterogeneous gap junctions with electrical com-
munication via the protein connexin. Specifically, there are
four connexin proteins identified to date: Cx43, Cx40, Cx45,
and Cx30.2/31.9. Cx43 and Cx40 are associated with the fast
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Fig.13.12 The comparative
time course of membrane
potentials and ion
permeabilities that would
typically occur in a fast-
response (left: ventricular
myocyte) and a slow-response
cell (right: nodal myocyte).
Modified from Mohrman DE,
Heller LJ (eds)
Cardiovascular Physiology,
Sth edn., 2003
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Fig. 13.13 Several cardiac myocytes in different states of excitation.
The depolarization that occurred in the cell on the left causes depolar-
ization of the adjacent cell through cell-to-cell conduction via the gap

conduction pathway, whereas Cx45 and Cx30.2/31.9 are
generally expressed in the slow conduction pathway [43].
The expression of these proteins is also species dependent; it
should be noted that one study found Cx43, Cx40, and Cx45
are expressed in the human atrioventricular junction [44].
Additionally, both structures are frequently accessed dur-
ing cardiac catheterization procedures: (1) as anatomic land-
marks, (2) to allow insight into atrial-ventricular conduction
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0 0.15 0.30 0 0.15 0.50

time (sec)

time (sec)

+ 4+ttt

.

junctions (nexus). Eventually all adjoining cells will depolarize. An
action potential initiated in any of these cells will be conducted from
cell to cell in either direction

behaviors, and/or (3) to ablate these structures or the sur-
rounding tissues to terminate aberrant behaviors (e.g., reen-
trant tachycardias) or to prevent atrioventricular conduction
in patients with chronic atrial fibrillation. Today, there is a
strong interest by the medical device designer to understand
the details of the structural and functional properties of the
atrioventricular node and the bundle of His to develop new
therapies and/or to avoid inducing complications.
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Fig.13.14 Predominant conduction pathways in the heart and the rel-
ative time, in ms, that cells in these various regions become activated
following an initial depolarization within the sinoatrial node. To the
right are typical action potential waveforms that would be recorded
from myocytes in these specific locations. The sinoatrial and atrioven-
tricular nodal cells have similar shaped actions potentials. The non-
pacemaker atrial cells elicit action potentials that have shapes somewhat

The myocytes located within the region of the atrioven-
tricular node and the bundle of His have many unique char-
acteristics. Specifically, both the atrioventricular node and
His bundle are comprised primarily of “spiraled” myofibers
that are then combined to form many collagen-encased fas-
cicles. These fascicles are generally arranged in a parallel
fashion in the proximal atrioventricular bundle (PAVB, the
region of the atrioventricular node transitioning from the
atrium into the body of the nodal tissues) and the distal atrio-
ventricular bundle (DAVB, the penetrating portion of the
bundle of His) and are interwoven within the atrioventricular
node itself (the tortuosity of the cellular pathway within the
atrioventricular node likely is a major contributor to the con-
duction delay in this region; Fig. 13.5). In general, the myo-
cytes of the His are larger than those of the PAVB and the
atrioventricular node, and the perinuclear regions of these
myocytes are filled with glycogen. These cells uniquely uti-
lize anaerobic metabolism instead of the normal aerobic
metabolism used by the more abundant contractile myocar-
dium. His myocytes have longer intercalated disks and,
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ventricular muscle
ventricular muscle
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between the slow-response (nodal) and fast-response cells (e.g., ven-
tricular myocytes). The ventricular cells elicit fast-response-type action
potentials; however, their durations vary in length. Due to the rapid
excitation within the Purkinje fiber system, the initiation of depolariza-
tion of the ventricular myocytes occurs within 3040 ms and is recorded
as the QRS complex in the electrocardiogram

although all of the nodal tissues have thin end processes, they
are less numerous in the His. His myocytes are innervated,
but to a lesser extent than those in the atrioventricular node.
Unlike the sinoatrial and atrioventricular nodes, the His bun-
dle has no large blood vessels that supply it specifically.
Table 13.2 provides a summary of histological characteris-
tics of the His in comparison to the other nodal tissues.

It should be noted that the bundle of His can receive inputs
from both the atrioventricular node and from transitional
cells in the atrial septum. In general, the His bundle is located
adjacent to the annulus of the tricuspid valve, distal to the
atrioventricular node and slightly proximal to the right bun-
dle branch and left bundle branch. The functional origin may
be ill defined, but it is typically considered to anatomically
begin at the point where the atrioventricular nodal tissue
enters the central fibrous body. The bundle of His is described
as having three regions—the penetrating bundle, nonbranch-
ing bundle, and branching bundle. The penetrating bundle is
the region that enters the central fibrous body. At this point,
the His fascicles are insulated but are surrounded by atrial
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Table 13.2 Summary of the histological characteristics of nodal and perinodal tissues in canines

Feature
Nucleus

Metabolism
Myofiber size
Myofibers in fascicles?

Primary fascicles encased in
collagen

Secondary fascicles present

Secondary fascicles encased in
collagen

Fascicular arrangement

Myofiber arrangement within
fascicles

Cross striations

End processes present on the
myocytes?

Intercalated disks
Fat vacuoles
Vascularization
Innervation

Atrioventricular bundle (DAVB,
His bundle)

Clear perinuclear zone filled
with glycogen

Anaerobic

Largest

Yes

Yes

Yes
Yes

Parallel
Least spiraling

Delicate
Yes. Short and delicate

Broad
Little or none
No large vessels

Tendrils (sympathetic). No
packets or fascicles of nerve
endings present

Atrioventricular node (AVN)
Clear perinuclear zone filled with
glycogen

Anaerobic

Mid

Yes

Yes

Yes
Yes

Interwoven (“massive whorl”)
Spiraled

Delicate

Yes. Most numerous. Extend from
proximal parallel myofibers to
central whorled fibers

Form short stacks
Little or none
No large vessels

Fascicles of boutons, tendrils
(sympathetic), and varicosities
(parasympathetic) present
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Proximal atrioventricular bundle
(PAVB)

Clear perinuclear zone filled with
glycogen

Anaerobic

Smallest

Yes

Yes

Yes
Yes

Parallel
Most spiraling

Delicate
Yes

Broadest
Yes
Large vessels present

Fascicles of boutons, tendrils
(sympathetic), and varicosities
(parasympathetic) present. Sheaves

Compiled from Racker and Kadish [2]

tissue (superiorly and anteriorly), the ventricular septum
(inferiorly), and the central fibrous body (posteriorly). Thus,
the exact point where the atrioventricular nodal tissues end
and the bundle begins is difficult to define, since it occurs
over a transitional region. The penetrating bundle has been
described as oval in shape and was found to be 1-1.5 mm
long in young canines and 0.25-0.75 mm long in neonates
[1]. The nonbranching bundle passes through the central
fibrous body and is surrounded on all sides by the central
fibrous body. In this cardiac region, the His bundle still has
atrial tissue superior and anterior to it, the ventricular septum
inferior to it, and now the aortic and mitral valves posterior
to it. The branching bundle is described to begin as the His
exits the central fibrous body. At this point, it is inferior to
the membranous septum and superior to the ventricular sep-
tum. The bundle is also at its closest proximity to both the
right and left ventricular chambers at this point. After leav-
ing the central fibrous body, the bundle then bifurcates into
the bundle branches; the right bundle branch passes into the
myocardium of the interventricular septum and the left bun-
dle branch travels subendocardially along the septum in the
left ventricle. Figures 13.15 and 13.16 show canine
histological sections of the bundle of His as they exit the
central fibrous body (the branching bundle).

of nerve endings extend along the
length of the myofibers

Electrophysiologic studies of the bundle of His com-
monly have been performed using catheters with polished
electrodes and a short interelectrode spacing (i.e., those with
diameters of 2 mm). Due to the small amplitude of the His
potential, special high-pass filtering must be used (>30 Hz).
This high-pass setting must be used in order to separate the
His signal from the low-frequency shift in the isopotential
line between the atrial depolarization and the atrial repolar-
ization/ventricular depolarization. His potentials can com-
monly be mapped by deploying an electrode in one of three
ways: (1) endocardially in the right atrium at a point on the
tricuspid annulus near the membranous septum, (2) epicardi-
ally at the base of the aorta near the right atrial appendage, or
(3) radially within the noncoronary cusp of the aortic valve
[16-18, 20, 45].

Today, His potentials are commonly mapped to provide a
landmark for ablation of the atrioventricular node as well as to
assess A-to-V conduction timing. In addition to direct electri-
cal mapping, much can be learned about the general anatomi-
cal and functional properties of the cells lying within the
bundle via attempts to directly stimulate it. For example,
direct stimulation of the His produces normal ventricular acti-
vation due to the initiation of depolarization into the intrinsic
conduction pathway [16, 17, 19]. Thus, if one frequently



228

T.G. Laske et al.

Fig. 13.15 Histologic section through the bundle of His in a canine
heart. The section was prepared using a modified Masson’s trichrome
stain (collagen/nuclei stains blue, muscle/keratin/cytoplasm stains red).
Ao aorta, HB His bundle, /VS interventricular septum, LA left atrium,
LV left ventricular endocardium, RA right atrial endocardium, RV right
ventricular endocardium, 7'V tricuspid valve

experiences failed attempts to selectively stimulate the His
bundle, she/he may assume pathological changes [20].

The His bundle has historically been thought to act only as
a conduit for transferring depolarization. Ventricular escape
rhythms have been known to emanate from the His, but it was
considered to be, in general, a relatively simple structure. To
the contrary, recent evidence indicates that at least two gen-
eral sources serve as inputs to the His and that it functions as
at least two functionally distinct conduits. Using alternans
(alternate beat variation in the direction, amplitude, and dura-
tion of any component of the ECG), the duality of its electro-
physiology was recently demonstrated in isolated preparations
from the region of the triangle of Koch in rabbit hearts [45].

13.7 Comparative Anatomy

All large mammalian hearts are considered to have a very sim-
ilar conduction system with these main components: sinoatrial
node, atrioventricular node, bundle of His, right and left main
bundle branches, and Purkinje fibers. Yet, interspecies varia-

tions are well recognized [1, 46—48]. For a summary of the
major differences in the atrioventricular conduction systems
between human, pig, dog, and sheep hearts, refer to Chap. 6.

More specifically, Bharati et al. compared the electrophys-
iologic properties of the swine and human heart (Table 13.3)
[46]. In addition to significant differences in atrial (HRA-
LRA) and AV conduction times (much shorter in the swine),
the authors also found significantly more autonomic innerva-
tion within the atrioventricular node and penetrating bundle
of the swine heart (thought to be both adrenergic and cholin-
ergic). They concluded that this indicates a more important
neurogenic component to the swine conduction system, rela-
tive to the human heart. Due to this difference, they cautioned
using swine as a model for assessing cardiac arrhythmias.
Although the neurogenic differences between the human and
swine are significant in vivo, isolation of such hearts results
in denervation of the conduction system and thus reduces or
eliminates the relevance of this finding.

The canine is another commonly used model in biomedi-
cal device research. Information on A-to-V timing in canines
was published by Karpawich et al. [18]. These researchers
placed tripolar electrodes on the right atrial epicardium near
the noncoronary cusp of the aorta of canines; the resulting
timing recorded was extracted from the paper and is tabu-
lated in Table 13.4.

13.8 The Recording of Action Potentials
and/or the Spread of Excitation
Through the Myocardium

Action potential waveforms can be actively monitored from
the epicardial, endocardial, or transmural surfaces of the
heart. Several methods exist for the acquisition of such sig-
nals, including: (1) glass micropipette electrodes, (2) metal
electrodes of various designs, (3) multielectrode arrays, (4)
optical mapping, and (5) contact or noncontact endocardial
mapping. Contact or noncontact endocardial mapping tech-
nologies measure primarily the intracardiac electrograms
(endocardial, see also Chap. 32) rather than those from the
epicardial surface or globally from the whole myocardium,
as in a standard 12-lead ECG. It should be noted that for
many ablative arrhythmia therapies, the measurement of
intracardiac electrograms within a given cardiac chamber is
more common than the recordings from the epicardium (see
Chaps. 28 and 29) [49]. Furthermore, algorithms employed
by implantable devices such as pacemakers and defibrillators
typically use the intercardiac (transmural) electrogram
(EGM) signal when detecting an arrhythmia. In this applica-
tion it is common to use active fixation leads with distal elec-
trodes screwed into the myocardium [50].

Typically, glass micropipettes are produced from small-
diameter capillary tubing and then employed for intracellular
recordings. These glass tubes are heated (with a burner or


http://dx.doi.org/10.1007/978-3-319-19464-6_6
http://dx.doi.org/10.1007/978-3-319-19464-6_32
http://dx.doi.org/10.1007/978-3-319-19464-6_28
http://dx.doi.org/10.1007/978-3-319-19464-6_29

13 Cardiac Conduction System

229

Fig.13.16 Histologic section
through the bundle of His in a
canine heart. The region
enlarged is noted by the
dashed lines in the original
histologic section. Both
sections were prepared using
a modified Masson’s
trichrome stain (collagen/
nuclei stain blue, muscle/
keratin/cytoplasm stain red).
Ao aorta, CFB central fibrous
body (provides structure and
isolates the atrial from the
ventricular tissues), HB His
bundle, VS interventricular
septum, LA left atrium, LV
left ventricular endocardium,
RA right atrial endocardium,
RV right ventricular
endocardium, 7'V tricuspid
valve

Table 13.3 Comparison of swine to human electrophysiology

Table 13.4 Tabulation of activation timing

Swine (average +std P-wave to Atrial activation | His bundle electrogram
Parameter dev/range) Normal human R-wave to His bundle to ventricular activation
Heart rate (beats | 13232 (91-167) 60100 interval (ms) | electrogram (ms) | (ms)
per minute) Mean 92.1 77.5 29
PR interval (ms) | 94£27 (50-120) 3-5-year-old: Std 18.4 11.5 8.9
110-150 Dev
5-9-year-old: Max 120 100 50
120-160 Min |70 60 20

HR=150: 210-280
HR =100: 260-350
2-5-year-old: 6-38
6-10-year-old: 0-41

QT interval (ms) 25669 (150-340)

HRA-LRA (ms) 10+0 (10)

LRA-H (ms) 63 +2 (60-65) 2-5-year-old: 45-101
6—-10-year-old:
40-124

H-V (ms) 25+7 (20-35) 2-5-year-old: 27-59

6—10-year-old: 28-52
H His, HR heart rate, HRA high right atrium, LRA low right atrium, V
ventricle

Adapted from Bharati et al. [46]

heating element) and then, under tension, elongated (stretched)
to produce a constriction that eventually breaks. Currently,
this process is typically facilitated by a commercially avail-
able micropipette puller which reproducibly creates electrodes

Data compiled from Karpawich et al. [18]

with tips of about 0.1 pm with resistances of 10-40 MQ. The
pipette is then filled with an electrolyte such as 3M KCI. A
silver, platinum, or stainless steel wire is then positioned inside
the pipette until it is in contact with the electrolytic solution
[51]. The user must be careful manipulating the fragile elec-
trode tip, especially when recording directly from a beating,
moving cell. The ultimate goal of this recording approach is to
impale the microelectrode through the cell membrane, so that
the tip is into the myoplasm of a single cell while not inducing
major damage to the cell; the membrane seals around the tip
and the cell does not become depolarized.

There are various designs for metal recording electrodes
which can be employed to monitor action potential wave-
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Fig.13.17 Representative cardiac signals. The leftmost signal is from
a standard Ag/AgCl surface electrode. The second signal was collected
subcutaneously with a Medtronic Reveal® Dx insertable cardiac moni-
tor (Medtronic, Inc, Minneapolis, MN, USA). The third signal was col-

forms extracellularly. One of the most common methods is to
use a needle with two closely spaced embedded conductors.
Yet, the relative spacing between the active and reference
conductors can be manipulated to control the sensing area
[52]. Another method is to use an internal conductor needle
with the cannula of the needle as the reference electrode. In
such cases, the internal conducting wire is electrically
isolated from the cannula. In a monopolar configuration, the
needle is a single shaft, and the reference is taken from the
subject ground. Each of these designs can have needle tip
diameters as small as 0.30 mm.

Various types of electrode designs and typical signals that
can be recorded with each are shown in Fig. 13.17. Note that
the morphology of a recorded signal will typically depend
on: (1) the configuration of the electrode employed (mono-
polar/unipolar or bipolar), (2) the relative surface area that
the electrode will monitor, (3) the anatomical placement
(atrium or ventricle), and/or (4) the site-specific myocardial
wall recording location (endocardial, epicardial, or transmu-
ral). Multiple ECG patches, for example, are used to cover a
larger surface area on the skin and thus detect potential
changes from a large transmural field, whereas a bipolar con-
centric needle placed epicardially records from a focal popu-
lation of cells. In other words, the surface electrodes will
provide a signal representative of a major portion of the
whole heart, while the small bipolar needle electrode pro-
vides a much more localized signal.

Active and passive pacing leads can be used to detect
action potential waveforms, commonly used today in either
unipolar or bipolar configurations (i.e., with those leads that
have both a distal-tip electrode and a distal-ring electrode).
Such leads can be used for either sensing or pacing. Modern
pacemaker lead diameters range from 4 to 10 French (1
French =one-third millimeter). Note, their relative dimen-
sions will ultimately dictate the size of the field from which
they are sensing electrical potentials. As with any active fixa-
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lected from a concentric bipolar needle electrode with 0.3 mm spacing
between conductors. The last endocardial signal was obtained with a
Medtronic 5076 screw-in electrode in the right ventricle; this electro-
gram has key fiducial points marked

tion lead or metal electrode which is engaged into the myo-
cardium, an initial injury potential can be associated with its
placement [53]. The current trend in the pacing lead industry
is to continually decrease the diameter of both the body and
tip dimensions (i.e., 2 Fr leads are currently in development
and clinical trials).

One can consider that an extension of the single-electrode
approach is the multielectrode array. As the name implies,
such systems consist of an array of equally spaced electrodes
supported by a base. Conducting wires are attached to the
electrodes on the array. Depending on the design, one or
more of the electrodes on the array can serve as the reference
electrode, while the others become the active electrodes.
These arrays allow for the mapping of electrical potentials
within a given region of the heart [54]. The designer or even-
tual user must determine the appropriate electrode spacing
for a given application while also considering the relative
electrode configurations, employed sampling rates, and/or
density of electrodes necessary to elucidate or monitor the
nature of the desired local events.

Catheter-based cardiac mapping systems are primarily
used to understand the underlying mechanisms of arrhyth-
mias. In principle, electroanatomical mapping systems use
low magnetic fields to reconstruct 3D maps and electrical
activation sequences of the chamber of interest. Briefly, in
sequential mapping systems, mapping catheters with radio-
frequency capability are placed into the heart chamber with
fluoroscopic guidance. Low magnetic fields are generated by
pads located under the patient’s bed. The sensor tip of the
catheter attains data in order to compute information regard-
ing magnetic field amplitude, frequency, and phase to recon-
struct a spatial 3D position. After chamber reconstruction,
sequential recording of electrical activation is recorded by
dragging the catheter along the endocardial wall. The inter-
cardiac electrogram is measured and typically the activation
time is superimposed on the reconstructed 3D chamber,
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resembling a contour map. The reconstruction process can be
conducted in real time; however, the process is time consum-
ing since it is a sequential process. Using these methods, one
can gain insights on the relative spread of excitation through
a given chamber or portions of the conduction system.
Contact mapping can also be conducted with basket cath-
eters that typically contain 32-64 nickel or titanium elec-
trodes that are 1-2 mm long and 1 mm in diameter with
interelectrode distances from 3 to 10 mm. The endocardial
surface is mapped at the basket’s splines, making contact with
the chamber wall. This technique has limitations, however,
since a catheter that is too small or too large will result in
poor-quality electrogram recordings. The technique is also
susceptible to movement artifacts from the continuously beat-
ing heart [55, 56]. Nevertheless, one can track relative electri-
cal activities through the heart with these methodologies.
Another approach to 3D chamber mapping is noncontact
mapping technology. One such product is the EnSite® system
manufactured by Endocardial Solutions (St. Jude Medical, St.
Paul, MN, USA). This system includes a catheter with 64
laser-etched unipolar electrodes that lies within the chamber;
one can track, on a beat-to-beat basis, the activation and repo-
larization patterns in a given chamber (see Chap. 32 for more
details on these systems and new non-invasive mapping tech-
nologies). It is the continued development of cardiac mapping
systems that helps physicians localize sites for catheter abla-
tion for the treatment of complex cardiac arrhythmias such as
tachycardia or atrial fibrillation [55, 57]. Catheters used for
noncontact cardiac mapping of endocardial activation and
repolarization processes are typically 9 Fr in diameter.

13.9 Future Research

Although much is already known, a great deal of supposition
and controversy remains related to our understanding of the
cardiac conduction system. Specifically, characterization of
the anatomy and electrophysiology of the atrioventricular
nodal region and the bundle of His continues to be an area of
great scientific interest and debate [58—60]. For example,
current clinical interest in the atrioventricular node and His
bundle has focused research on their potential stimulation to
ultimately improve hemodynamics in patients requiring pac-
ing [16-21], as well as their use in treating atrioventricular
nodal reentrant tachycardias [1, 2, 54, 61]. Also, there is
increasing evidence about the critical role that cardiac inner-
vation plays in the control and modulation of rhythms,
including evidence of ganglia in the pulmonary vein sleeves
modulating the rate of the sinus node [62]. A new cell type
has also been discovered in the pulmonary vein sleeves, in
the atrial tissue, and in the ventricular myocardium. These
interstitial Cajal-like cells (telocytes) are leading to new
hypotheses regarding the origins of rhythms, arrhythmias,
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and coordination of intercellular signaling [63-66]. In addi-
tion to a potential source of arrhythmias, these cells may
prove to be an additional source of the ventricular rescue
rhythms. Future scientific investigations will serve to
improve our understanding of the fundamental physiology of
the heart’s conduction system and the mechanisms of cardiac
activation in normal and diseased tissues. The findings from
these studies will provide a better foundation for future ther-
apies. For additional reviews on the human cardiac conduc-
tion system, the reader is referred to those by laizzo and
Laske [67], Dobrzynski et al. [68], and Anderson et al. [69].

13.10 Summary

This chapter reviewed the basic architecture and function of
the cardiac conduction system in order to provide the reader
with a working knowledge and vocabulary related to this
topic. While a great deal of literature exists regarding the
cardiac conduction system, numerous questions remain
related to the detailed histological anatomy and cellular
physiology of these specialized conduction tissues and how
they become modified in disease states. Future findings asso-
ciated with the function and anatomy of the cardiac conduc-
tion system will likely lead to improvements in therapeutic
approaches and medical devices.
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