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Abstract
Recently published optical mapping studies in larger mammals, including human, have identified
functionally discrete sino-atrial exit pathways of activation. This is in line with earlier mapping
studies in dog and human but in contrast with findings in mouse and rabbit, where a propagation
wavefront pattern of activation has been described. It underpins the complex 3D organization of
the cardiac pacemaking and conduction system in larger species, where sinoatrial and
atrioventricular nodal physiology both demonstrate identifiable activation pathways, which
coincide with anatomical landmarks and histological architecture. So that, in addition to muscle
fiber orientation and cell coupling, these intrinsic factors act to determine excitation pathways.
This complex 3D organization increases the effect of source-to-sink mismatch both by greater
variability of the space constant of tissue and by the 3D projection of this effect in all directions.
Mathematical modeling provides a means to study these interactions and newer models should
incorporate these additional factors and their effect in the 3D structure of large mammal
physiology.
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Introduction
The cardiac pacemaking and conduction system comprises the sinoatrial node (SAN), where
electrical activation of the healthy atria begins, the atrioventricular node (AVN), responsible
for channeling electrical conduction to the ventricles and serving as a backup pacemaker
when the SAN fails, and the Purkinje network, which synchronizes ventricular activation.
The cardiac pacemaking and conduction system exhibits automaticity i.e. consists of cells
that develop spontaneous diastolic depolarization and pacemaking capacity [38]. This
intrinsic pacemaking potential and its propagation to the myocardium is a complex process
modulated by anatomical, physiological and humoral factors. Each component of this
process can be studied individually, however, widespread efforts have been focusing on
constructing mathematical models to predict the physiological behavior of cardiac excitation
as a whole [16].
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Cardiac anatomy forms both bridges and barriers to electrical conduction. For example, the
muscular Bachmann's bundle forms a direct inter-atrial connection [62], which facilitates
synchronous activation of the atria [54]. Neurohumoral factors, such as the autonomic and
renin-angiotensin systems, further act to modulate cardiac excitation through ionic channel
and calcium handling regulation [25,28].

Conduction velocity is strongly dependent not only on fiber orientation [58] but also on
intercellular coupling [55]. Tissues of the cardiac conduction system rely on cellular
coupling to achieve two virtually opposing functions. Firstly, to reliably generate and
conduct electric current to the overwhelming electrotonic load of the nearby myocardium;
secondly, to remain electrotonically protected from the hyperpolarizing effects and
arrhythmogenic currents in surrounding tissues. Smaller species have been studied more
extensively in this respect, especially the mouse and rabbit, because of the technical
experimental limitations in larger species. Ease of use of microelectrodes and possibility of
genetic engineering in the rabbit and mouse SAN and AVN in contrast to larger mammals
have been the two major reasons of focusing on small species.

The cellular architecture of nodal cells varies considerably from that of working
myocardium. In the SAN, nodal cells are smaller, with fewer myofilaments and higher
density of nuclei [8,39]. A gradient in myofilament content was found from center to
periphery [48]. In the AVN, cells of varying sizes and myofilament content have been
described [56,59]. The most accepted description of AVN cells relies on their action
potential characteristics [7]. At the cellular level ion channel kinetics and gap-junction
proteins modulate nodal excitability and coupling respectively. The “gradient model” was
first introduced in SAN electrophysiology to describe the transitional properties exhibited by
rabbit cells between the anatomically defined SAN and atrial tissue [14]. The same principle
has been demonstrated by extracellular recordings exhibiting gradual changing properties
across the AVN [21]. More recently, studies in the dog and human have described distinct
SAN “exit pathways” [27,29].

The complexity of the cardiac conduction system further increases when the 3-dimensional
(3D) arrangement of cells and fibers is taken into account and this degree of physiological
complexity becomes harder to study, especially in larger species. Currents flow in and out of
cells in multiple anisotropic directions, with the depolarized cells acting as the “source” of
current, which diffuses into adjacent resting tissues (the “sink”). Such source-sink
consideration is useful in determining the preferential direction of current (and hence,
activation) spread in complex tissue architectures and the capacity of a relatively weak
source of current within the SAN to drive the overwhelming electric load of the sink of well-
coupled atrial myocardium. Quantitative differences between 2D and 3D cardiac fiber
networks [45] or cardiac tissues models [6] are due to different source-sink relations. A 2D
system with a point source needs to couple this source with a sink, which is proportional to
λ2, where λ is the space constant. In a 3D system, the sink is significantly larger, because it
is proportional to λ3. Thus, morphogenesis during development from a small heart with
essentially a 2D pacemaker to an adult heart with a 3D pacemaker needs to match source-to-
sink by significant anatomic and molecular engineering. The degree of complexity of this
rearrangement becomes immediately apparent from a comparison between the 2D SAN of
the mouse or rabbit heart and the 3D SAN of the canine or human heart.

Mathematical models with various degrees of biophysical detail have been developed for all
major parts of the heart. The largest family of such models has been developed for rabbit,
which includes models for the SAN and atria [4,18,46,68], ventricles and Purkinje fibers
[6,12,61] and AVN [36,47]. These models incorporate large amount of electrophysiological
and anatomical data. However, such data is not always well integrated: for example, families
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of detailed electrophysiological models [6,36] were developed in parallel with the respective
anatomical models [12,47]. Besides, results obtained from models of the rabbit heart, even
when assembled from all available electrophysiological and anatomical data, are not
necessarily translatable into studies of the human heart.

Using the same example as above, the thin quasi-2D structure of the SAN in rabbit [3] is
different from the thick 3D structure of the SAN in human [19,25]. As a result, source-sink
relationships between the SAN and the surrounding atria are different between rabbit and
human. Therefore, the development of biophysically detailed 3D models based on human
data is crucial for cardiac research. Although data from human cells and tissues is limited,
several such models have been developed recently for the human SAN and atria [5,19] and
are reviewed below.

The sinoatrial node
Structure

The sinoatrial node is the site of the primary cardiac pacemaker and is located in the inter-
caval region of the right atrium, adjacent to the muscular crista terminalis (CT). Boineau et
al. [10] described in humans using open chest mapping that the origin of the epicardial sinus
impulse is anatomically varied and it can be multifocal, originating from more than one
locations in the atria. In a dog model [11] two theories were proposed for atrial activation by
the SAN: either separate pacemaker sites leading to different activation sequences or a
single pacemaker site activating different sino-atrial pathways into the atria. The former
organization was thought to be physiologically most favorable in small species with 2D
SAN physiology, such as mouse and rabbit, while the latter organization was established in
the larger 3D SANs of the canine [29] and human [27] hearts. Our recent studies in the
canine and human SAN have demonstrated functional and structural properties of the sino-
atrial exit pathways.

Inter-species variability has been noted not only in the precise location of the SAN but also
in the thickness of the atrial wall that it occupies [14]. In general, the size of the SAN
increases with larger species, as does the thickness of overlying endocardium and
epicardium. For this reason extracellular recordings of the SAN are not technically feasible
in larger species, unless the epicardium or endocardium are first stripped away [17]. The
cycle length and action potential duration also increase with larger species [51].

Activation sequence and exit pathways
Small animal studies have shown that the leading pacemaker site can shift spontaneously
and under different physiological and pathological conditions, such as autonomic
stimulation and pharmacological intervention. In larger species such shift is evident as shift
of the earliest breakthrough site at the epicardium or endocardium, due to utilization of
different sino-atrial exit pathways [11,27,29,44,57]. This shift in the leading pacemaker and
breakthrough sites is at least partly controlled by electrotonic influences from surrounding
tissue. In small mammalian species investigators have demonstrated shift of the pacemaking
site from the center to the periphery when the effect of atrial myocardium is removed [42]
and this has been confirmed in a multicellular mathematical model [13]. Removal of the
hyperpolarizing effect of atrial tissue unmasks the intrinsic faster spontaneous rate of the
SAN periphery.

In small mammals, the activation sequence from the SAN has been described as a broad
“wavefront” spreading towards the CT in a cranio-oblique course [28,65]. An area of
conduction block, known as the “block zone” is located septally, preventing direct spread of
the sinus impulse to the inter-atrial septum [24]. This zone of conduction block has been

T et al. Page 3

Pediatr Cardiol. Author manuscript; available in PMC 2013 July 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



identified in all species studied, including human [1,10,27–29,52]. Different hypotheses
have been put forward, some attributing this area of conduction block to low excitability, as
predicted mathematically [67]. However, the septal block zone was recently shown to
consist of fibrous tissue with low numbers of myocytes in the rabbit [28] and an area of
connective tissue, artery and fat in the human [27]. These findings make a physical electric
barrier to conduction at this site more likely. In addition to this septal block, in larger
mammals electric insulation is found in all directions, except for several sino-atrial exit
pathways [27,29]. Conduction velocity was shown to slow down before exiting the SAN
through these discrete pathways.

Experiments in animal preparations as well as a model of small balls of rabbit tissue [15,32]
have demonstrated that SAN activation preferentially spreads along the axis parallel to the
CT, as a result of favorable fiber orientation with a larger space constant in this direction [9].
Additionally, a gradient of increased refractoriness has been found from SAN periphery to
center [41,43], which would not only contribute to protect the SAN but, in line with
subsequent findings [53], may paradoxically increase the efficiency of conduction to the
myocardium. This gradient of refractoriness has been attributed to ionic channel gradients
[14] or a “mosaic” arrangement of atrial and SAN cells to explain this transition [60]. A
simulation study suggested that the mosaic model may not account for the activation
conduction pattern of an isolated SAN [66]. It is possible that in larger species, increased
layers of connective tissue surrounding the SAN further add to this safety network.

Controversy surrounds the precise mechanism of atrial activation by the primary pacemaker.
Boineau et al [11] attributed this to more than one “exit pathways” originating from more
than one primary pacing sites. Conversely, in smaller species an activation “wavefront” has
been described [28,30,65]. Bromberg et al [17] reported in the dog that SAN activation
mapped with extracellular endocardial mapping did not follow the same pattern as that
observed with intracellular microelectrodes. These discrepancies appear to reflect the
different anatomical organization in large species, whereby the SAN is surrounded by layers
of connective tissue separating it from the atrial cell layers, through which the sinus impulse
needs to penetrate via the sino-atrial exit pathways and “breakthrough” to activate the atria.
This concept of discrete pathways is supported by high-resolution optical mapping and
histological studies in the dog [29] and human [27]. In the human SAN pacemaker shifts
were recorded with atrial pacing. SAN activation originated from the anatomical SAN
region in all cases but atrial conduction was initiated by at least three consistent exit
pathways from SAN to atria (Fig. 1). These findings are in line with earlier in vivo studies in
dog [11]. Additionally, there is evidence of increased connective tissue and presence of
arterial branches at the conduction block zones. Biophysically detailed computational
modeling of the human SAN [19], which, unlike experiments, enables in-depth access to the
entire tissue, may help explain large mammal 3D physiology, by taking into account the 3D
insulation of the SAN by connective tissue.

Mathematical models of the SAN
Several mathematical models have been developed to describe the complex pacemaking
phenomena in the rabbit SAN [3,4,18,46,68]. These models incorporate extensive
electrophysiological and anatomical data and are important in underpinning the mechanism
of pacemaking in health and disease. An intrinsic limitation from the point of view of their
application to clinical pacemaking problems lies in the inter-species differences between
rabbit and mouse on one hand and human and canine on the other [27]. Primarily, the thin
quasi-2D structure of the SAN in rabbit [22] is very different from the thick 3D structure of
the SAN in human [27]. As a result, the source-sink relationship between the SAN and
surrounding atria is different in larger species. Therefore, recently developed models of the
human SAN and atria [5,19] are more suitable for addressing the problem of SAN activation
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and exit pathways. The detailed 3D model of the human SAN by Chandler et al. [19] was
based on a combination of imaging techniques—diffusion tensor MRI, histology,
immunohistochemistry and image processing—and validated against available experimental
data [10]. The model identified anatomical structures that may be responsible for the
mechanisms of SAN activation and exit into the surrounding atrial tissue, including the
orientation of myocytes and a “paranodal area” running alongside the SAN. This area is
thought to possess properties of both nodal and atrial tissues and may have a role in
pacemaking. Simulations of the model have shown that the paranodal area may depolarize
the atrial overlay adjacent to the SAN and in this way facilitate exit of the action potential
(AP) from the SAN into atrial muscle. The simulated SAN conduction time between the
earliest excitation in the SAN and the earliest atrial activation (breakthrough) was ~120 ms
(Fig. 2a), similar to that of ~70–100 ms observed experimentally in humans [27,40].
However, neither the model by Chandler et al. [19], nor a more detailed model of the entire
3D atria by Aslanidi et al. [5] demonstrated multiple well-defined breakthrough sites
recorded by both electrode and optical mapping in canine and human hearts [11,27], because
it did not incorporate the fibrous structure of the SAN surroundings (Fig 2b). Future
mathematical models can be refined to incorporate the sino-atrial exit pathways as
communication routes between the weak source of current within the SAN and the large 3D
sink of the atrial myocardium. Furthermore, existence of a “paranodal area” needs to be
confirmed by electrophysiological measurements in addition to histological data.

This model points to a possible explanation of the differences in results recorded from
different species. Recording using thin SAN tissues from the rabbit [28] or mouse [30] may
favor the continuous wavefront theory simply because the quasi-2D source-to-sink
mismatch at the CT is proportional to λ2 and is much weaker, conduction towards the CT is
faster and the activation breaks through the surface evenly (almost isotropically) in the
direction of the CT. The only source-sink matching required is the electrotonic uncoupling
in the septal direction caused by a region of connective tissue. As the 3D structure in dog
[26] and human [27] is much thicker, the source-to-sink mismatch is proportional to λ3 and
is stronger and thus has to be resolved by structural means. Such means include extension of
a linear septal uncoupling of the SAN in 2D atria of the rabbit and mouse to a cylindrical
uncoupling of the SAN from the atrial myocardium in the canine and human heart. This
hypothesis can be tested by in-depth 3D mapping and modeling. It is also interesting to
explore morphogenes that drive structural source-sink matching during cardiac development
in such a different way in smaller and larger hearts with 2D and 3D SANs respectively.

Atrioventricular node
Structure

The AVN relays electrical activation from the atria to the ventricles in a tightly controlled
manner. In addition, when sino-atrial activation fails, the AVN junctional pacemaker can
take over cardiac excitation, serving as a backup pacemaker. It is located in the triangle of
Koch, bound by the coronary sinus ostium at the apex, the septal leaflet of the tricuspid
valve and the Tendon of Todaro [2]. This anatomical arrangement, similar to the SAN,
creates discrete conduction pathways in the right atrium, through which electrical activation
can reach the AVN (e.g. the thin septal isthmus between the coronary sinus ostium and the
hinge of the tricuspid valve leaflet, which is the site of the “slow” pathway). The two
predominant AVN pathways, the fast and slow pathways, consist of AVN extensions and
nearby transitional atrio-nodal myocardium and occupy a tight space between working atrial
myocardium and layers of fibrous tissue. This complex anatomical arrangement makes
electrode recordings difficult. In the dog, AVN studies have required stripping of the
endocardium for conducting microelectrode recordings [63]. In the human only optical
mapping studies have been done so far [27,33].
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Based primarily on electrophysiological characteristics of the rabbit AVN [7,21] cells have
been classified as atrio-nodal (AN), nodal (N) and nodo-His (NH). This classification has
been correlated with histological findings [23,47] as well as the discovery of “transitional”
areas of intermediate protein expression both at the atrio-nodal junction and within the AVN
itself in the rabbit [23,31,47,50]. In this way, AN cells are characteristic of the transitional
area, nodal cells are typical of the compact node (CN) and NH cells make up the AV bundle.
In contrast to the rabbit, larger species, including dog and human, are known to have at least
two posterior extensions (rightward and leftward posterior extensions) [37]. More recently,
the concept of “parallel longitudinal pathways” through the AVN has been developed in
larger species based on Cx43 expression [34]. The rightward extension was shown to be in
continuity with the lower nodal bundle and part of the His bundle in expressing significant
Cx43 levels (presumed slow pathway), while the leftward extension and compact node had
low Cx43 levels (presumed fast pathway). This indicates differential conduction pathways
within the AVN, which could form the substrate of AV-nodal re-entry tachycardia. These
findings have been strengthened by optical mapping studies, where more than one atrio-
nodal pathways are discernible through the transitional zone [25,64] (Fig. 3). In the rabbit,
the posterior nodal extension demonstrates low levels of Cx43, similar to the compact node
[23].

Activation sequence and entry pathways
Following the source-sink approach the AVN presents a reversed situation, where electrical
impulses from the atria need to be summated and funneled through a progressively
diminishing area (sink). Although the situation is reversed, the AVN achieves this in similar
ways to the SAN; firstly through a gradient of transitional tissue, secondly through the
existence of more than one pathways into the AV node and, thirdly, by slowing of
conduction and a long refractory period, which allows only controlled propagation to the
ventricles [25,31,47,64]. In addition to this, it seems likely that the complex AVN anatomy
reflects further points at which modulation of conduction can take place.

The “dual pathway” physiology to the AVN delineates the existence of two
electrophysiological pathways, which can form re-entry circuits; one through the septal
isthmus and a second through the atrial septum [49,50]. The precise anatomical and
molecular substrate of these pathways is not fully described but the posterior nodal
extension has been proposed as the site of the “slow pathway” in the rabbit [23] and dog
[64]. In clinical electrophysiology, ablation of the slow pathway is known to terminate AV-
nodal re-entry tachycardia. The human AVN has recently been studied in detail using optical
mapping [25]. Fedorov et al. showed that in the human denervated heart the intrinsic
junctional pacemaker is located in the nodo-His and His area, from where it shifts under
autonomic control. When the AVN is paced from the right atrium there are two distinct
antegrade atrio-nodal activation pathways (Fig. 3) but when junctional rhythm is allowed to
propagate retrogradely multiple nodo-atrial exit pathways are seen.

Similar to the human, junctional activation in the dog originates in the nodo-His area [56].
This is in contrast to the rabbit, where junctional rhythm originates in the inferior nodal
extension (INE) [23,35]. Also in the rabbit the junctional pacemaker is stationary under
autonomic stimulation. [35]. Wu et al described three preferential antegrade pathways in the
dog AVN [64]. In humans C×43 expression delineates two longitudinal pathways through
the AVN (lower and upper pathways) [34]. The significance of this warrants further
investigation. It seems to agree with earlier anatomical studies of the dog AVN [63]. The
branching nature of fibers in the canine AVN led these investigators to the hypothesis of
multiple non-linear pathways of conduction converging and diving again as they transverse
the AV junction.
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Mathematical models of the AVN
Numerous models for AVN conduction have been developed recently [20,36]. Climent et al.
[20] suggested a phenomenological model for the activation time of the AVN. The model
was validated against experimental data and accurately reproduced experimentally observed
dual activation times through the fast and slow conduction pathways. However, this simple
model did not consider details of electrophysiology and anatomy underlying the AVN
conduction. A family of electrophysiologically detailed models for the AVN has been
developed by Inada et al. [36], which included detailed AP models for single AN, N and NH
cells. The models exhibited the same AP shapes and refractoriness as observed in
experiments. Combining these models with models for the SAN and atrial muscle, Inada et
al. also developed a one-dimensional (1D) multicellular model including both SAN and
AVN. The multicellular model had slow and fast pathways into the AVN and was used to
analyze the rich behavior of atrioventricular activation. Under normal conditions, APs were
initiated in the SAN center and then propagated through the atrium and AVN. The
relationship between the AVN conduction time and the timing of a premature stimulus
(conduction curve) was also consistent with experimental data. After premature stimulation
AVN re-entry could occur. During simulated atrial fibrillation the AVN was also shown to
limit the number of APs transmitted to the ventricle, while in the absence of SAN
pacemaking the INE acted as the pacemaker. Thus, the developed model [36] for the first
time enabled detailed simulations of the typical physiological and pathophysiological
characteristics of AVN conduction. The model can also be used in combination with the
anatomically detailed model of the AVN developed by the same group [47].

Conclusions
This review aims to highlight the physiological complexity of the cardiac conduction
system, which does not always allow direct observations to be drawn from anatomical
studies alone. Paradoxical and counter-intuitive behaviors in this system make mathematical
modeling an invaluable tool for creating hypotheses and predicting outcomes that could be
tested experimentally.

Certain similarities can be drawn between activation of the SAN and AVN in the light of
recent human studies. Firstly, both exhibit a shifting pacemaker physiology. Secondly, there
are distinctly identifiable pathways connecting the SAN and AVN to the proximal atrial
myocardium. It is likely that anatomical landmarks, such as the coronary sinus and location
of the sinoatrial and atrioventricular nodal arteries, contribute to the establishment of these
pathways. Fourthly, there is prominent electric insulation of the nodes from the nearby atrial
myocardium by fibrous tissue. This insulation appears to facilitate safety of conduction
between nodal and atrial tissues by matching two tissues with vastly different excitability
and space constants. And lastly, both nodes exhibit significant inter-species differences, with
clear distinctions between smaller and larger species, due to their 2D and 3D electrical
architecture respectively. In the 3D larger mammalian SAN the source-sink mismatch is
stronger and fibrous tissue needs to provide much more rigorous matching, as compared to
the smaller mammalian 2D SAN. This can explain some of the discrepancies between
published animal and human studies.

Optical mapping combined with 3D mathematical modeling can help clarify the
fundamental methodological difference between 2D and 3D tissue organization. It will be
interesting to investigate developmental aspects of this discrepancy, because the 2D
pacemaker of the developing heart needs to undergo morphogenic reprogramming to
become a safe pacemaker in a 3D SAN of the adult human. Exogenous factors, such as
autonomic regulation, as well as human tissue genetic variability and the effect of
remodeling by therapies, also need to be considered in the next generation of mathematical
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models. In this review we have not discussed the Purkinje network physiology, which has
attracted increasing interest and is likely to further improve our understanding of cardiac
activation.
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Fig. 1.
a Epicardial aspect of a perfused SAN preparation. The three dashed lines are: black for
block zone, white for sulcus terminalis, blue for SAN arteries. The solid pink line
demarcates the location of the SAN. The solid circles are atrial exit breakthrough points
recorded in all preparations, the pink circle is the intrinsic breakthrough point of this
preparation b Optical APs from SAN (blue), breakthrough point in CT (green) and block
zone (red) during intrinsic sinus rhythm (cycle length 1070ms). Several components to the
APs reflect superimposed signals from overlying areas. The SAN component is smaller than
the atrial one c Separate activation maps of the SAN and right atrium allow tracking of the
exit pathway. Also shown here a slow diastolic depolarization (SDD) map of the right
atrium d Histological section through the SAN demonstrating surrounding connective tissue
layers and presence of arterial branches at the block zone. AP50%: 50% of SAN AP
amplitude, dV/dtmax: maximum derivative of atrial upstroke, IVC: inferior vena cava, SVC:
superior vena cava, RAA: right atrial appendage, epi: epicardium, endo: endocardium
(Reproduced from Fedorov et al. [27] with permission).
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Fig. 2.
a Activation sequence simulated with the 3D human SAN model by Chandler et al.
Snapshots of membrane potential isosurface V=−30 mV in the semi-transparent tissue are
shown at 400, 410 and 420 ms, along with time courses of the membrane potential in the
SAN and CT. Conduction time between the earliest excitation in the SAN and the earliest
atrial activation in the CT is ~120 ms, after which the excitation rapidly spreads through the
atrial tissue b Anatomical model of the human SAN based on histological reconstruction and
incorporating functional sino-atrial exit pathways (gold), shown in different projections.
Surrounding tissues are: connective tissue (purple), fat (yellow), atrial muscle (green) and
arteries (blue). SAN: sinoatrial node, CT: crista terminalis, PM: pectinate muscles, IAS:
inter-atrial septum, SVC: superior vena cava, IVC: inferior vena cava, Epi: epicardium,
Endo: endocardium (Fig. 2b reproduced from Fedorov et al. [27] with permission)
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Fig. 3.
a Optical APs and their maximum derivatives from five recording sites in the human AVN
preparation during atrial pacing at cycle length 1000ms (recording sites are solid circles in b
and c, superimposed on the optical field of view, which is 30×30 mm2) b Separate activation
maps of the right atrium, AVN and His bundle allow tracking of conduction with conduction
velocities. Black line represents the tricuspid valve annulus c dV/dtmax maps in the same
areas. FP: fast pathway, SL: slow pathway, IAS: inter-atrial septum, IVS: inter-ventricular
septum, CN: compact node (Reproduced from Fedorov et al. [25] with permission)
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