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Abstract

The sinoatrial node (SAN) is the primary pacemaker of the human heart. It is a single, elongated
three-dimensional (3D) intramural fibrotic structure located at the junction of the superior vena
cava intercaval region bordering the crista terminalis (CT). SAN activation originates in the
intranodal pacemakers and is conducted to the atria through one or more discrete sinoatrial
conduction pathways. The complexity of the 3D SAN pacemaker structure and intramural
conduction are underappreciated during clinical multi-electrode mapping and ablation procedures
of SAN and atrial arrhythmias. In fact, defining and targeting SAN is extremely challenging
because even during sinus rhythm, surface only multi-electrode mapping may not define the
leading pacemaker sites in intramural SAN but instead misinterpret them as epicardial or
endocardial exit sites through sinoatrial conduction pathways. These SAN exit sites may be
distributed up to 50 mm along the CT beyond the ~20 mm long anatomical SAN structure.
Moreover, since SAN reentry tachycardia beats may exit through the same sinoatrial conduction
pathway as during sinus rhythm, many SAN arrhythmias are underdiagnosed. Misinterpretation
of arrhythmia sources and/or mechanisms (e.g., enhanced automaticity, intranodal vs CT
reentry) limit diagnosis and success of catheter ablation treatments for poorly understood

SAN arrhythmias. The aim of this review is to provide a state-of-the-art overview of the

3D structure and function of the human SAN complex, mechanisms of SAN arrhythmias and
available approaches for electrophysiological mapping, 3D structural imaging, pharmacological
interventions and ablation to improve diagnosis and mechanistic treatment of SAN and atrial
arrhythmias.
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Graphical Abstract

3D Functional Anatomy of the Human Sinoatrial Node
for Mapping and Ablation

Epicardial
- Breakthrough/Exit site
f
Up to 5 Sinoatrial Mot location of SAN
Conduction Pathways

N
3

Endocardial

2
A
SAN Exit can |
happen through y
multiple Pathways .~ . i
= A

Alrial Breakthroughs/Exits
)

occur along a wider = Breakthrough/Exit site
region than the SAN - o Mot location of SAN

Keywords

sinoatrial node; crista terminalis; 3D electro-anatomical mapping; sinus tachycardia; optical
mapping; adenosine; reentry; ablation

INTRODUCTION

The sinoatrial node (SAN) is the primary pacemaker of the human heart. Beginning from
the original discovery by Keith and Flack in 19071, multiple histological studies have
defined the human SAN as a single elongated, fibrotic structure located at the junction of
the superior vena cava (SVC)-cranial intercaval region (Figure 1A). Impairments in both
activation and conduction result in SAN arrhythmias, including severe bradycardia due to
SAN arrest and exit block and/or tachycardia due to SAN reentry (SANRT) or abnormally
enhanced SAN pacemaker automaticity? 3. Clinical multi-electrode mapping is unable®

to assess intramural conduction in the 3D SAN pacemaker complex, which may lead to
misinterpretation of arrhythmic sources and/or mechanisms. An improved understanding
of the 3D functional anatomy of the human SAN pacemaker-conduction complex may
help design efficient mapping and ablation approaches to treat SAN related tachycardia.
The goal of this review is to provide a state-of-the-art comprehensive overview of the

3D structure-function of the human SAN, clinical and experimental electrophysiological
SAN mapping approaches, 3D structural imaging modalities (magnetic resonance imaging
(MRI) and computed tomography) and pharmacological interventions (e.g. adenosine). We
will also discuss the unigue role of crista terminalis (CT) in SAN arrhythmias, evaluate
SAN/CT ablation studies, and provide insights from these existing studies to improve SAN
arrhythmia for optimal outcomes.
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3D STRUCTURE AND FUNCTION OF THE HUMAN SAN PACEMAKER
CONDUCTION COMPLEX

The human SAN is a single, elongated 3D intramural fibrotic pacemaker structure, which
runs parallel to the CT (Figure 1B). The position of the SAN is intramural in the sense

that it is a discrete structure located at a depth of ~1-3mm from the epicardium (Figure

1C), separated from the endocardium and epicardium by layers of fibrosis, fat and atrial
myocardium. It is typically tilted such that the SAN head (superior third) lies relatively
sub-epicardially and the SAN tail (inferior third) sub-endocardially 2. The electrical impulse
that initiates the normal sinus rhythm originates in the SAN pacemaker cardiomyocytes,
which are enmeshed and electrically insulated within strands of dense connective tissue,

to create a distinct SAN pacemaker complex? >, In the adult human heart, the size of
SAN structure can significantly vary making its exact location difficult to define in patients.
Multiple studies have described the 3D structure of the human SAN > 79 which can be
between ~11 to 30mm in length® 710, ~2-6mm width and a thickness of ~2.2-2.6mm
(Figure 1D).

Since the normal adult SAN structure consists of ~40-55% dense fibrotic tissuell,

cardiac fibrosis imaging techniques including high-resolution delay-enhanced MR, allow
identification of the human 3D SAN structure both in-vivo and ex-vivol2. The SAN

artery runs through the center of the human SAN (Figure 1C-E) and is often considered

a prominent landmark to identify the SAN2. Fibrosis, fatty tissue and/or discontinuous
myofibers along the SAN border electrically insulate the SAN pacemaker cells from

the hyperpolarizing effects of the surrounding myocardium, efficiently protecting normal
automaticity® (Figure 1E). The human SAN pacemaker cells lack high conductance gap
junction proteins Connexin 43 (Cx43)° 14, have low expression of cardiac Nav1.5 sodium
channels 3 14 but higher neuronal Nav1.6 sodium channels and highest cardiac expression
of pacemaker “funny” channels HCN1 and HCN414, which explains slower but robust
intranodal conduction (1-16 cm/sec) and fastest automaticity in the SAN center pacemaker.
HCN1/414 and adenosine receptor 1 (AR1), GIRK1/42 potassium channels expressions are
usually higher in SAN center than tail/head but with heart-specific variations.

PREFERENTIAL SINOATRIAL CONDUCTION PATHWAYS

Pioneering atrial epicardial multi-electrode mapping studies in canine!® and human6 hearts
by the Schuessler and Boineau group led to the suggestion of a widely distributed “atrial
pacemaker complex” and existence of specific exit sites for SAN impulses. Later, Bromberg
et al’s17 elegant ex-vivo canine study showed that leading SAN pacemaker activation

can precede the earliest atrial surface activation site (EAS) by > 100ms and located >

10mm from each otherl” (Figure 2A). Unlike clinical surface electrode studies, which
cannot define intramural activation within the SAN complex, sub-surface near-infrared
optical mapping (NIOM) reliably delineates activation and conduction within the human
SAN and preferential sinoatrial conduction pathways (SACPs)2 3(Figure 2 B-C). Novel
near-infrared voltage-sensitive dyes (e.g. di-4-ANBDQBS) can resolve intramural cardiac
conduction up to 4mm?8: 19 or even up to 8-10mm with transillumination and dual-sided
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endo-epicardial NIOM mapping, thereby unmasking intramural activation of the SAN20,
Analytical approaches allow the separation?! and/or the extraction® of intramural SAN
conduction from atrial activation (Figure 2D).

The 2017 Li et al’s? integrated NIOM-3D structural study showed that the human SAN is
functionally insulated/discontinued from the atria by fibrosis, fat and myofiber discontinuity
except for the 2-5 discrete SACPs. They were categorized based on their general anatomic
locations as lateral superior/middle/inferior, SVC, and septal pathways? 3 (Figures 2B).
NIOM successfully identified preferential SACPs in thirty-two human SANs (19-69 y.0.)
collectively mapped in five published ex-vivo human studies? 3 5 12.22_ Human SACPs are
composed of several discrete branching myofiber tracts, ~280um thick and ~2-3mm long,
characterized by myofibers of pacemaker cells transitioning to atrial cardiomyocytes, which
form continuous, uninterrupted electrical coupling between the SAN pacemaker cells and
atrial myocardium® (Figure 3A). Csepe et al® revealed a smooth transition in increasing

cell diameter from SAN to atrial regions only in SACP regions and Cx43-negative SAN
pacemaker cells progressively transition to distinct Cx43 gap junctions in the atria (Figure
3B) suggesting that SACP cells may show a morphological and molecular phenotype
intermediate between SAN and atria. Importantly, these SACPs between the SAN and atrial
myocardium are not the “specialized atrial conducting pathways” suggested to exist between
the SAN and atrioventricular node within atrial walls but never proven due to lack of any
morphological evidence, as recently reviewed by Anderson et al23.

Although 3D histology-based SAN models® 24 25 have been developed from 196056 25,
none showed distinct SACPs. Later in 2010, developments in intramural optical mapping
allowed Fedorov et all8 to identify and demonstrate the presence of distinct SACPs in

the human SAN. Subsequently, Chandler et al in 2011° provided a 3D human SAN
anatomical model, which included myocyte orientation based on 400um DT-MRI as well
as description of a novel “paranodal area....running alongside the sinus node” that did not
show discernible expression of HCN4. Although the area was suggested to have a role in
pacemaking and widespread distribution of the leading pacemaker site in human atria, no
direct electrophysiological recordings were reported by the authors or any other study to
demonstrate its function. Furthermore, the Chandler et al’s anatomical 3D model® did not
include SACP. The differences were previously discussed in detail in Csepe et al° where
high-resolution NIOM (330x330pum?2) was integrated with 3D structural approaches?: 3,
including serial histological sections parallel to epicardium (0.5x0.5um?2 X-Y resolution,
13-21um epicardium to endocardium section steps). 3D fiber orientation analysis with fiber
tracking® allowed for revealing the continuous SACP myofiber tracts connecting the SAN
to the atria, which transmit electrical impulses to the atrial myocardium and correspond to
the discrete EASs seen during SR. Importantly, other SAN models including Chandler et al®
had large steps between subsequent histological slides and did not include direct functional
validation of SAN conduction and 3D myofiber tracking, which may explain the absence
3D SACP structures in these models. Otherwise, all of these 3D models described similar
3D dimensions and the shape of SAN. Recently, the presence of the SACP’s has been
corroborated by Yamabe et al® by targeting SACPs for ablation of SANRT.
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DISCRETE SUPERIOR-INFERIOR SAN EXIT PATTERNS ALONG CT DURING
SINUS RHYTHM

Ex-vivo human SAN NIOM studies? have shown that during normal sinus rhythm,
excitation originates in one of the intranodal pacemaker compartments, and then is
preferentially delivered (exited) to the atria via either one or two lateral, superior or inferior
SACP (Figure 4A-C, Left panels). Redundant intranodal pacemakers and up to 5 SACPs
function as fail-safe mechanisms to ensure robust, uninterrupted SAN pacemaking and
conduction even when one or more of them could be dysfunctional due to disease-induced
impairments2. Due to intramural conduction from SAN-SACP-atria, the surface exits or
EASs could be from 5 to 25mm away from the leading intranodal pacemaker. Therefore
mapped EASs may be misinterpreted as SAN/atrial pacemaker sites just as with epicardiall®
or endocardial?” atrial electrogram recordings. In the classic Boineau et all® epicardial
multi-electrode mapping study, EASs were shown to arise over a region along the CT, which
is significantly larger (Figure 5A) than the length of the human anatomical SAN body
(~11-29mm). Figure 4A—C (Middle panels) show examples of superior/inferior and both
multifocal patterns of EASs during sinus rhythm. However, they described a predominant
clustering of exit sites along the CT and SVC-RA junction, which correlate well with
ex-vivo NIOM human studies? 3 5 12. 18 (Figures 4 and 5B). Pambrun et al?8 have also
reported three main preferential SAN exits using step-wise endocardial high-density 3D
catheter mapping in AF patients during stable sinus rhythm (Figure 4A-B, Right panels).
While currently available data from clinical studies suggest 2-428-30 and ex-vivo 3D
imaging studies have identified the existence of up to 5 functional SACPs, future studies
should investigate if more SACPs exist in human hearts.

Importantly, the SAN leading pacemaker location does not always correlate with the closest
SACP2. SAN activation can exit via the superior SACPs even though the leading pacemaker
could be located in the tail and vice versa (Figure 4A-B, Left panels). EASs or SAN exit
via the inferior SACP toward the 1\VVC could be misidentified as a second “inferior SAN”.

The SAN is highly innervated compared to surrounding atria and the relative density of
innervation is greater in the SAN central region of the SAN than in the tail3l. Sympathetic
activation is known to accelerate SAN pacemakers and shifts EAS to superior SACP and
parasympathetic activation can slow sinus rhythm and shift EAS inferiorly but may not
correlate with the direction of intranodal pacemaker shift from center to head or tail?2 32,
The presence of several functional SACPs can lead to beat-to-beat variations in atrial
activation? and suggest that multifocal atrial activation patterns may correspond to exits
from one leading SAN pacemaker through two or more SACPs rather than two anatomically
separate, simultaneous leading pacemakers (Figure 4C, Left panels).

Recent clinical simultaneous epicardial and endocardial multi-electrode mapping studies of
patients with cardiac diseases and AF from de Groot33 and Kalman3* groups have also
suggested that earliest surface epicardial and endocardial atrial activations during SR may
not represent true intramural SAN activation but rather several discrete SAN exits through
SACPs. Furthermore, both clinical®’: 29 and ex-vivo NIOM?Z studies show that in diseased
hearts the number of functional SACPs/SAN exits can decrease leading to diminished
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robustness/reserve of the SAN and tachy-brady arrhythmias. SAN impairments due to
cardiac diseases can result in decreased number of functional SACPs/SAN exits compared
to non-diseased patients?% 30, Open-chest endo-epicardial mapping in AF patients showed
preferential inferior EASs/SAN exits compared to non-AF patients33, however, the specific
mechanisms causing this phenomenon are not yet completely understood.

TRANSMURAL CONDUCTION IN CT AND SAN EXITS ON EPICARDIAL AND
ENDOCARDIAL SURFACES

The CT, often regarded as an arrhythmogenic substrate for micro or macro-reentrant
arrhythmia, is identified as a thick muscular ridge (~40-55mm in length and >7mm thick)
starting near the junction of the atrial septum and right atrial appendage and ending in the
vicinity of the IVC orificel0. The location and structure of the CT and close proximity of
the SAN are important factors that can lead to the development of SANRT. The CT is highly
anisotropic with poor transverse cell-to-cell coupling3®, which could promote both atrial
macro-reentry and micro-reentry3® secondary to slow transversal conduction. Kalman et al3’
found that approximately two thirds of focal right atrial tachycardias were located along the
CT and referred to them as “Cristal” Tachycardias. Morris et al’s38 review of studies where
CT tachycardias were successfully ablated in 125 patients, showed that their common origin
is in the superior and mid-CT, which overlap with main SAN exits/EAS regions (Figure 5C).
As most of the superior, mid-lateral and inferior SAN exits are often observed on the CT in
ex-vivo human atria3®, one has to wonder whether majority of focal atrial CT tachycardias,
which can be terminated by adenosine??, involve SAN reentry3’. Moreover, human NIOM
studies of AF mechanisms also suggest that the superior CT-lateral RA is one of the most
common sites for reentrant drivers in persistent AF3°, ablation of which is very challenging
due to complex 3D architecture of the SVC-superior CT-pectinate muscle junctions with
largest wall thickness gradient (1-10mm). For the same reasons, endocardial-only SAN
ablation/modification can be technically challenging and is often unsuccessful either due

to inadequate transmural lesions to affect intramural SAN pacemakers within the >10mm
thickness of the superior CT or the limitations due to the proximity of the phrenic nerve*L.

Sanders et al*2 have shown that SAN modification with radiofrequency ablation at the

EAS near the SVC-RA junction may be an effective and safe option for treating SANRT.
However, current clinical electroanatomic mapping may not be capable of diagnosing

the experimentally reported 1-3mm intranodal microreentries*3, or be able to accurately
distinguish whether tachycardia (reentry or enhanced automaticity) originates from SAN
pacemakers or from surrounding atrial sources (e.g. SVC or CT). Hence, the heterogeneous
results that have been reported for catheter ablation of SAN arrhythmias guided by
endocardial mapping*! are not surprising. Surface mapping may lead to targeting EASs
rather than the intramural leading SAN pacemaker, which could be more than 20mm away.

Furthermore, ex-vivo NIOM studies suggest that transmural conduction from intramural
SAN pacemaker through superior and/or inferior SACP to atria can lead to differences
between epicardial vs endocardial layers where exits from SAN head could be predicted
to be seen earlier on epicardium vs endocardium while exits from SAN tail will be
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seen earlier on endocardium vs epicardium?%: 21(Figure 5D). Parameswaran et al** using
simultaneous endocardial and epicardial mapping of the human SAN, demonstrated post-
pacing caudal shift in SAN exits with marked asymmetry in endo—epicardial exit sites,
resulting in significant post-pacing endo—epicardial dissociation of activation (Figure 5E).
These findings of complex intramural SAN activation and exit patterns add to the challenges
of meaningful electrode mapping.

SAN ARRHYTHMIAS

SANRT usually presents as paroxysms of apparent sinus tachycardia (100-150 beats/min)
with abrupt onset and termination#®. However due to the similarities in P wave morphology
and the atrial activation sequence, SAN reentrant arrhythmias can be mistaken for enhanced
SAN automaticity. Studies have reported reentrant tachyarrhythmia involving the SAN and
surrounding atrial tissue in 2-17% of patients with supraventricular tachycardiaZ® 46, The
electrocardiographic similarity of atrial activation during the SAN reentries and normal SR
is due to the reentrant excitation exiting the SAN through the preferential SACP, just as in
normal SR. Depending on the excitable state of intranodal pacemaker compartments and
SACPs, both SAN micro- and macro-reentry involving SACPs can be observed by NIOM in
ex-vivo hearts? 3 20(Figure 6). Specifically, these studies revealed intranodal unidirectional
block due to heterogeneous refractoriness of SAN pacemaker compartments, which can be
enhanced by autonomic modulation with isoproterenol and/or adenosine/acetylcholine and
sodium channel blockade3, as well as extensive interstitial fibrotic strands?: 29, critical for
maintenance of both SAN micro-reentry and macro-reentry. In SAN micro-reentry, pivot
waves, anchored to the longitudinal intranodal conduction block, can produce not only
tachycardia but even paradoxical bradycardia due to exit block (Figure 6B). In SAN macro-
reentry (Figure 6C), a slower SAN wavefront exiting through one SACP (exit) could be
followed by excitation of the atria and entering back to SAN via another SACP (entrance),
thus forming a reentry circuit with a slow intranodal path and a fast atrial path?: 3. The entire
SAN macro-reentry cycle length could range ~330-600ms (~100-180bpm), which agrees
with clinical studies of SANRT with rates ~110-200 beats/min#°. Notably, Yamabe et al?6
demonstrated the high efficiency and safety of targeted ablation of the entrance SACP for
successful SANRT treatment in all 15 patients studied.

Unlike paroxysmal SANRT, it remains unclear if a definitive reentrant mechanism can
drive other forms of SAN arrhythmias including inappropriate sinus tachycardia (IST)*’, a
persistent tachycardia characterized by heart rates >100 beats/min. IST causal mechanisms
are unknown?® 48, which limits targeted treatments. Ivabradine, an effective blocker of

I¢ is prescribed for IST, but its potential for teratogenic effects limits pharmacological
treatment options for IST patients that are primarily young females of childbearing age*®.
Catheter ablations aim at “SAN ablation” or “SAN maodification” to treat IST by reducing
heart rate >50% from the baseline or a minimum of 25% reduction under catecholamine
infusion respectively. Rodriguez-Mafiero et al*! in their retrospective review of IST catheter
ablation found 86.4% survival free from symptoms but associated with a 50% pacemaker
implantation rate.

Heart Rhythm. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalyanasundaram et al. Page 8

Recently, IST has often been reported in patients with post-COVID-19 syndrome. Aranyo et
al®® found post-COVID-19 IST accompanied by a decrease in heart rate variability related
to cardiovagal tone, which suggest imbalances in the autonomic nervous system leading

to decreased parasympathetic activity as a causal mechanism. SAN arrhythmias can be
secondary to dysautonomia or impairments of the autonomic system that can accelerate or
suppress SAN automaticity®L: 92, Future studies should determine if autonomic imbalances
can cause IST and how best to discern this cause, which can lead to improved and targeted
treatment options.

ADENOSINE CAN DIFFERENTIATE SAN ARRHYTHMIA MECHANISMS

Adenosine, an endogenous metabolite of the heart, activates adenosine Al cardiac receptors
and G-protein coupled GIRK1-4 channels mediated potassium current I ado/ach, Which
has been suggested to be primarily responsible for SAN cell hyperpolarization and
pacemaking slowing in rabbit®3 and canine SAN20: 54 In particular, ex-vivo human SAN
studies revealed that activation of Ik aqo/ach current by adenosine-induced bradycardia

and long atrial pauses due to inhibition of both SAN intranodal pacemaking and slow
Ica-dependent conduction as well as exit blocks in SACPs? 3. Earlier clinical studies
showed that an intravenous adenosine bolus can effectively differentiate between atrial and
SAN arrhythmias®C. Adenosine bolus effectively terminates SANRT®3, primarily due to
inhibition of I, -dependent SAN pacemaker cell excitability and slow conduction similar
to atrioventricular node reentrant tachycardia. In a recent study Yamabe et al26 showed that
adenosine bolus and vagal maneuvers terminated SANRT in all 15 patients. As discussed
above, we also suggest that as focal CT tachycardias are often adenosine-sensitive®? one
must consider the high likelihood of they being SAN reentry and ablation at the entrance
SACP may represent a more effective target than SAN exits on a thick anisotropic CT
(Figure 6C).

Unlike SANRT, Still et al®6, reported that in 18 IST patients, adenosine only slightly slowed
heart rate compared to patients with normal SR and suggested that the negative chronotropic
response to adenosine could be impaired in IST patients. Inefficacy of adenosine in
terminating IST also suggests that intranodal SAN reentries may not be a cause of IST

or the source can be outside the SAN (e.g., CT). Adenosine testing could potentially confirm
IST diagnosis and discriminate other possibilities.

APPROACHES FOR OPTIMAL TRANSMURAL ABLATION OF SAN AND CT
ARRHYTHMIAS

Clinically, SAN functional location is often based on the EAS near the SVC base to
avoid targeting the SAN. This location is the SAN exit via the superior SACP and not
the leading SAN pacemaker located within the intramural SAN structure, which may
negatively impact the ablation procedure outcome (Figure 7A). SAN pacemaker and CT
structures can be visualized by high resolution delayed-enhancement MRI (DE-MRI)
imaging in human hearts!2 (Figure 7B), to avoid the thickest portions (~7-14mm) of

the CT when placing endocardial lesions for optimal transmural delivery. Intra-cardiac
echocardiography can guide accurate placement of the catheter along the CT to precisely
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target vulnerable intramural arrhythmogenic substrates37:39.574, Furthermore, multidetector
computed tomography can help define the septal SACP for targeted ablation of SANRT®®,
Placing an epicardial balloon at the ablation location can protect the phrenic nerve from
incidental damage during the procedure!, which may not be necessary when pulsed-field
ablation is commercially available (Figure 7C). SAN electrogram recordings acquired

near the anatomical location of the SAN to record the slow and relatively small SAN
deflections combined with 3D DE-MRI fibrosis imaging can also help locate the SAN
(Figure 7D). High-resolution computed tomography can provide accurate information for
locating, measuring thickness of the CT and intramural location of SAN based on the
SAN-specific artery3.

FUTURE DIRECTIONS

Investigating treatment strategies combined with high resolution epicardial and endocardial
SAN electrophysiological mapping and 3D structural imaging (e.g. DE-MRI) in large
animal models and humans are necessary to differentiate arrhythmia mechanisms and
develop safer and efficient patient-specific ablation procedures or pharmacological
treatments for SAN arrhythmias. Sex-specific mechanisms of SAN arrhythmias, including
adenosine signaling pathways and their interaction with autonomic nerves should be studied
in patients and suitable animal models®®.
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A Anatomical Location B 3D Human SAN C Intramural Location of
of the Human SAN along the CT the Human SAN
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Figure 1:
A. Anatomical location of human SAN. B. 3D SAN structure superimposed on CE-MRI,

located along the crista terminalis (CT). C. Histology section with Masson’s trichrome
staining shows the intramural location of the human SAN. D. Left, Masson’s trichrome
staining shows human SAN fibrosis (blue). Middle, serial histology of SAN sections
representing the transmural thickness of the SAN, stacked to generate computational 3D
human SAN (Right). E. 3D computational structural analysis by fiber tracking approach
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displays microstructure of myofibers, fibrotic tissue, and fat in the human SAN complex
(red) and surrounding atrial tissue (green). (Modified from?:12:5),
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Figure 2:
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i/ ! Intramural SAN Optical AP

"
—

SACT =51ms

A. Microelectrode recording and surface unipolar multi-electrode mapping of the canine
SAN preparation shows that earliest atrial activation (star) occurred more than 100 ms later
and 10 mm away from the SAN leading pacemaker. B. 3D human SAN model with SACPs.
C. Schematic to show intramural location of the human SAN, and Near-infrared optical
mapping (NIOM) SAN and atrial activation maps showing intramural SAN conduction. D.
Left, Human SAN and atrial optical action potentials (OAPS) recorded from ex-vivo NIOM

experiments. (Modified from17:2),
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A Functional and Structural Identification of Human SACP

(Csepe et al, 2016)
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Figure 3.
A. Top left, schematic of human SAN showing SACPs; Middle, near-infrared optical

mapping revealed conduction within the SAN complex; Right, histology section of the

same lateral region shows the SACP region. Bottom, 3D reconstruction of serial histological
sections and computational myofiber tracking of the SACP region containing continuous
myofiber tracts between the SAN and atria. B. Top panels, high resolution histological
images. Bottom panels, immunostaining images of Cx43 and a-actinin in SACPs. (Modified
from?2:5.60),
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A Human SAN Tail Leading Pacemaker - Superior SACP

Ex-Vivo Intramural In-Vivo Epicardial Endocardial
SAN 3D Model  nj0M Activation Maps Electrode Mapping Catheter Mapping
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(Pambrun et al, 2022)

Oms 125

(Lietal, 2017) (Boineau et al, 1988)

Figure 4:
Human SAN 3D model showing activation exits either via superior/inferior or both SAN

conduction pathways. A-C, Left panels: The ex-vivo human SAN NIOM studies show SAN
activation exiting either through superior/inferior or both SACPs rather than two different
leading pacemakers. A-C, Middle panels: Human epicardial multi-electrode mapping studies
show three examples of superior, inferior and both superior and inferior patterns of earliest
atrial activation during sinus rhythm (SR). A-B, Right panels: Two main preferential SAN
exits demonstrated with step-wise endocardial high-density catheter mapping in AF patients
during stable SR. (Modified from?: 16.28),
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A Superior to Inferior B Common Sites of SAN C Sites of CT Tachycardias
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E Simultaneous In-vivo Epicardial-Endocardial
Mapping of Human SAN Activation

Sinus rhythm
(Post-pacing at 600ms)

i GRID

. P \G F‘RD\A i
e‘,tloc&*’""‘wL g ”!
o\ )\ '

(Parameswaran et al, 2020)

A: Widespread distribution of the earliest atrial activation sites (EAS) recorded with
epicardial bipolar electrodes in patients. The EAS formed a widely distributed region along
the CT which greatly exceeded dimensions of the human SAN. B. Ex-vivo CE-CMR with
human 3D SAN model showing common EAS/Exit sites from SAN via superior, middle
and inferior SACPs defined by NIOM in ex-vivo human studies!®512.2.3 C. Distribution of
successful ablation sites of atrial tachycardias on the CT. 3D SAN model showing surface
exit sites via the superior and inferior SACPs near the SAN head and tail, respectively.
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E. Simultaneous endocardial-epicardial mapping of the SAN /CT showing post-pacing
caudal shift in activation exits with marked asymmetry in endo—epi exit sites. (Modified
from16.38.44)
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A NIOM Can Reveal Reentrant Arrhythmias in Ex-vivo Human SAN
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Figure 6:
A. Top to bottom, atrial ECG, SAN and atrial OAPs show pause, exit block, and SAN

reentrant arrhythmias after 300ms atrial pacing in the ex-vivo human heart; B. SAN 3D
model, activation maps and histology sections of microreentry path; C. Macro-reentrant
paths within the SAN-SACP-atria structure. (Modified from3:2),
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A Challenges in Mapping and Ablating SAN and CT Arrhythmia Sources
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Figure 7:
A. Central panel describes challenges in mapping and ablating human SAN arrhythmias.

B. DE-MRI can be utilized to visualize SAN and CT. C. Damage to phrenic nerve can be
avoided by utilizing an epicardial balloon. D. SAN can be identified with SAN electrogram
(EG) recorded from electrodes placed close to the SAN. (Modified from12:2:41),
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