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OBJECTIVES The aim of the current study was to examine electrophysiological characteristics of sinoatrial node (SAN)

activity from an endo-epicardial perspective.

BACKGROUND Electrophysiological properties of the in vivo human SAN and its exit pathways remain poorly

understood.

METHODS Twenty patients (75% male; median age 66 years [59 to 73 years]) with structural heart disease underwent

simultaneous endo-epicardial mapping (256 unipolar electrodes, interelectrode distance 2 mm). Conduction times, endo-

epicardial delays (EEDs), and R/S ratio were examined in the surrounding 10 mm of SAN activation. Areas of conduction

block were defined as conduction delays $12 ms and endo-epicardial asynchrony as EED $15 m.

RESULTS Three distinct activation patterns were observed in a total of 28 SAN–focal activation patterns (SAN-FAPs) (4

patients exhibited >1 different exit site), including SAN activation patterns with: 1) solely an endocardial exit site (n ¼ 10

[36%]); 2) solely an epicardial exit site (n ¼ 13 [46%]); and 3) simultaneously activated endo-epicardial exit sites (n ¼ 5

[18%]). Median (interquartile range) EED at the origin of the SAN-FAP was 10 ms (6 to 14 ms) and the prevalence of

endo-epicardial asynchrony in the surroundings of the SAN-FAP was 5% (2% to 18%). Electrograms at the origin of the

SAN-FAPs exhibited significantly larger R-peaks in the mid right atrium (RA) compared with the superior RA (mid R/S ratio

0.15 [0.067 to 0.34] vs. superior R/S ratio 0.045 [0.026 to 0.062]; p ¼ 0.004). Conduction velocity within a distance of

10 mm from the SAN-FAP was 125 cm/s (80 to 250 cm/s). All 6 SAN-FAPs at the mid RA were observed in patients with a

history of atrial fibrillation.

CONCLUSIONS Variations in activation patterns of the SAN observed in this study highlight the complex 3-dimensional

SAN geometry and indicate the presence of interindividual differences in SAN exit pathways. Solely in patients with a

history of atrial fibrillation, SAN activity occurred more caudally, which indicates changes in preferential SAN

exit pathways. (J Am Coll Cardiol EP 2021;7:693–702) © 2021 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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P ropagation of the electrical wave front
from the sinoatrial node (SAN) into
the surrounding atrial tissue is a com-

plex 3-dimensional process. Boineau et al. (1)
and Schuessler (2) postulated that the SAN is
isolated from the right atrial myocardium by
the SAN artery and fibro-fatty tissue except
for several exit pathways. These exit path-
ways enable atrial excitation at multiple sites
simultaneously and are influenced by neuro-
hormonal factors. Subsequently, Fedorov
et al. (3) used optical mapping of the isolated
coronary-perfused human SAN in combina-
tion with histological examination to show
that SAN arteries and fibrotic and fatty tissue
surrounding the SAN indeed form significant
conduction barriers. By showing that propa-
gation from the SAN occurred via multiple sinoatrial
exit pathways bypassing these structural barriers,
the Boineau and Schuessler hypothesis was further
substantiated. A recent study by Bychkov et al. (4)
in ex vivo mice provided novel insights into the role
of subcellular Ca2þ signaling pathways within and
among cells comprising the SAN. Microscopic assess-
ment of the SAN revealed synchronized action poten-
tials emerging from heterogeneous subcellular
subthreshold Ca2þ currents, which highlight the func-
tional complexity of the SAN. Although the SAN was
described more than a century ago, the
-Epicardial Mapping of the Right Atrium
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electrophysiological properties of the SAN and its
sinoatrial exit pathways remain poorly understood.

Sánchez-Quintana et al. (5) studied the architec-
ture of the SAN in 47 postmortem hearts. They found
that the SAN is a highly complex irregular structure
packed within a dense matrix of connective tissue
with multiple radiations interdigitating with the sur-
rounding myocardium. The authors postulated that
the anatomy of the SAN may facilitate slowing of
conduction, thereby providing a substrate for re-
entry. Recent data suggest that SAN activity pro-
vokes endocardial–epicardial asynchrony (EEA) (6).
Whether structural barriers surrounding the SAN also
result in enhanced conduction abnormalities between
the endocardial and/or epicardial layer is unknown.
Thus far, few studies have described the simulta-
neously occurring patterns of activation in the endo-
and epicardial layer surrounding the SAN area in the
intact human heart. We therefore investigated SAN
activation in patients undergoing open heart surgery
by performing simultaneous endo-epicardial map-
ping at a high-density scale.

METHODS

STUDY POPULATION. Patients with structural heart
disease undergoing elective open heart surgery were
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TABLE 1 Patient Characteristics

Number of patients with SAN-FAPs 20

Age (yrs) 66 (59-73)

Male 15 (75.0)

BMI (kg/m2) 27 (23-31)

Underlying heart disease

iHD 9 (45.0)

vHD 4 (20.0)

cHD 7 (35.0)

History of AF

Paroxysmal AF 8 (40.0)

Cardiovascular risk factors

Hypertension 10 (50.0)

Diabetes mellitus 7 (35.0)

Hypercholesterolemia 10 (50.0)

LVF

Good or mild impairment (LVEF $40%) 17 (85.0)

Moderate impairment (LVEF 30%–39%) 3 (15.0)

Values are n, median (interquartile range), or n (%).

AF ¼ atrial fibrillation; BMI ¼ body mass index; cHD¼ combined heart disease;
iHD ¼ ischemic heart disease; LVF ¼ left ventricular function; LVEF ¼ left ven-
tricular ejection fraction; SAN-FAPs ¼ sinoatrial node–focal activation patterns;
vHD¼ valvular heart disease.
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included in the current study. Exclusion criteria were
hemodynamic instability, implanted pacemaker with
atrial pacing, previous cardiac surgery, end-stage
renal failure, or severely impaired left ventricular
function. The study was approved by the institutional
medical ethical committee (MEC2015-373), and writ-
ten informed consent was obtained from all patients.
The study was performed according to the principles
of the Declaration of Helsinki. Patient characteristics
were obtained from electronic medical files.

SIMULTANEOUS ENDO-EPICARDIAL MAPPING

PROCEDURE. An overview of the methodology is
TABLE 2 Characteristics of SAN-FAPs

Number of SAN-FAPs 28

Repetitive 25 (89.0)

Near lines of CB 16 (57.0)

RA location

Superior 22 (79.0)

Middle 6 (21.0)

Inferior 0 (0.0)

Layer of exit site

Epicardial exit site 13 (46.0)

Endocardial exit site 10 (36.0)

Endo- and epicardial exit sites 5 (18.0)

CL (ms)

Median 793 (672–964)

Superior 829 (705–938)

Mid 545 (417–1,009)

Values are n, n (%), or median (interquartile range).

CB ¼ conduction block; CL ¼ cycle length; RA ¼ right atrial; other abbreviations
as in Table 1.
provided in Figure 1. After heparinization and arterial
cannulation, simultaneously endo- and epicardial
mapping was performed before commencement of
extracorporeal circulation. Two electrode arrays, each
containing 128 unipolar electrodes with a diameter of
0.45 mm and 2 mm interelectrode spacing, were
secured on 2 bendable spatulas. As shown in
Figure 1B, the electrode arrays were located on the
exact opposite side of each other (7). A temporary
epicardial pacemaker wire was stitched to the RA free
wall and served as the reference electrode. The
indifferent electrode was connected to a steel wire,
which was stitched to the subcutaneous tissue of the
thoracic wall. Before venous cannulation, one spatula
(marked as the endocardial electrode array) was
introduced in the right atrium (RA) after incising the
right atrial appendage, and the incision site was
closed with the purse string suture. To prevent
overlap of measurement area near the right atrial
incision, the endocardial electrode array was intro-
duced into the RA for at least 1.5 cm extra after
introducing the last row of electrodes.

Simultaneous endo-epicardial mapping was per-
formed following a predefined mapping scheme with
3 different mapping locations on the right atrial free
wall as illustrated in Figure 1A. Mapping of the supe-
rior RA started at the junction of the superior cava
vein and RA also covering the sulcus terminalis. Due
to the large dynamic range of SAN activity, the map-
ping clamp was subsequently moved to the middle
and inferior part of the RA.

Simultaneous endo-epicardial mapping was performed
for 5 s during sinus rhythm (SR) and included a calibration
signal of 2 mV and 1,000 ms, a bipolar reference electro-
gram, and all endo- and epicardial unipolar electrograms.
Recordings were analogue-to-digital converted (16-bits),
sampled with a rate of 1 kHz, amplified (gain 1,000), and
filtered (bandwidth 0.5 to 400 Hz).

MAPPING DATA ANALYSIS. Mapping data were
analyzed by using custom-made software previously
described in detail (8). For both the endo- and
epicardial layer, color-coded activation maps were
reconstructed by annotating the steepest negative
slope of atrial potentials recorded at every electrode
(9). Consistent with previous intraoperative mapping
studies, areas of conduction block (CB) were defined
as interelectrode differences in local activation times
(LATs) $12 ms corresponding with effective conduc-
tion velocities <17 cm/s.

SAN ACTIVATION. All recordings were indepen-
dently screened by 2 researchers based on the selec-
tion criteria for FAPs, as described in previous studies
(9–11). These criteria include: 1) the electrode from



FIGURE 2 3-Dimensional Dynamics of Sinoatrial Node Activation

Three types of sinoatrial node–focal activation patterns (SAN-FAPs) were observed: 1) solely an endocardial exit site (upper panel; n ¼ 10

[36%]); 2) solely an epicardial exit site (middle panel; n ¼ 13 [46%]; and 3) simultaneously activated endo-epicardial exit sites (lower panel;

n ¼ 5 [18%]). Stars indicate origins of SAN-FAPs, and arrows indicate the main trajectories of the SAN-FAP. Local activation times are depicted

near the head and tail of the arrows. CL ¼ cycle length; Endo ¼ endocardium; Epi ¼ epicardium.
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which the SAN-FAP originates (SAN-FAP origin) is not
activated >1 ms after activation of the first electrode
of the entire electrode array; 2) in case of a neigh-
boring electrode being activated at the same time,
this electrode should be activated at least 2 ms earlier
than its surrounding electrodes; and 3) the distance
between the border of the mapping area and the SAN-
FAP origin should be at least 2 electrodes.

In case of repetitive SAN activation patterns that
were nearly distinguishable from one another, only
one SAN-FAP arising at the same location during the
entire recording was included for analyses. If the
SAN-FAP origin covered more electrodes with similar
LATs, the electrode closest to the center of this
earliest activated area was chosen as the SAN-FAP
origin. To investigate conduction properties at
different distances relative to the SAN-FAP origin, the
Euclidean distances between the SAN-FAP origin and
surrounding electrodes within a range of 10 mm were
calculated. This yielded 14 predefined distances from
the SAN-FAP origin: 0 mm (origin), 2, 2.8, 4.0, 4.5,
5.6, 6.0, 6.3, 7.2, 8.0, 8.2, 8.5, 8.9, and 10.0 mm. SAN-
FAPs with their origin within a range of 6 mm from a
line of CB were labeled as FAPs near lines of CB.



FIGURE 3 Spatial Distribution and Electrogram Fingerprint of Sinoatrial Node Activation

(Left) Distribution of SAN-FAP exit pathways are illustrated per location and per layer separately. Yellow, red, and green stars indicate SAN-

FAPs with endocardial-, epicardial-, and simultaneous endo-epicardial exit sites, respectively. (Middle) R/S ratio at the origin of SAN-FAPs

specified per location. A significant difference in the R/S ratio was observed between the superior right atrium (RA) and mid RA (p ¼ 0.004).

(Right) Characteristics of SAN-FAPs in the superior RA and mid RA. AF ¼ atrial fibrillation; Ao ¼ aorta; CV ¼ conduction velocity; IVC ¼ inferior

vena cava; RV ¼ right ventricle; SVC ¼ superior vena cava; other abbreviations as in Figures 1 and 2.
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PROPAGATION OF SAN-FAPs IN EITHER THE

ENDOCARDIUM OR EPICARDIUM. Conduction veloc-
ity (CV) in an area with a radius of 10 mm around the
SAN-FAP was analyzed by calculating the conduction
time between the SAN-FAP origin and the neigh-
boring electrodes in the same plane. Because there
are multiple electrodes with the same distance to the
SAN-FAP origin in the different directions, the
shortest conduction time from the origin of SAN-FAP
toward the predefined distances within this area was
calculated, reflecting the fastest conduction of the SR
wave front away from the SAN-FAP origin.

ENDO-EPICARDIAL DELAY AT THE SINOATRIAL

NODE AREA. Endo-epicardial delay (EED)was calculated
by determining differences in local endo-epicardial acti-
vation times, as illustrated in Figures 1B and 1C. In accor-
dance with previous mapping studies, for each electrode,
the median of the time delays within the exact opposite
electrode and its 8 surrounding electrodes was selected
(8). For each set of electrodes at the same distance in each
direction from the SAN-FAP origin, the median EED was
selected. In linewith previous studies, EEAwas defined as
EED$15ms (9). Percentage of EEAwas calculatedwithin a
radius of 10 mm from the SAN-FAP origin.

R/S RATIO. R/S ratios of unipolar potentials were
calculated for all electrodes at the origin of the SAN-
FAP. First, correction for the baseline amplitude was
calculated per deflection between 70 and 30 ms
before the deflection. Subsequently, the amplitudes
of the R- and S-peak were extracted, and the baseline
correction was applied. The R/S ratio was calculated
by dividing the corrected amplitude of the R-peak by
the corrected amplitude of the S-peak (12).

STATISTICAL ANALYSIS. Normally distributed contin-
uous variables are expressed as mean � SD and
skewed variables as median (interquartile range).
Continuous data were analyzed by using the Mann-
Whitney U test or the Kruskal-Wallis H test. A p
value < 0.05 was considered statistically significant.
Statistical testing was performed by using IBM SPSS
Statistics version 25 (IBM SPSS Statistics, IBM Corpo-
ration, Armonk, New York), and plots were created by
using R version 3.6.1 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

STUDY POPULATION. A total of 20 patients were
included (15 [75%] male; median age 66 years [range:
59 to 73 years]; median body mass index 27 kg/m2

[range: 23 to 31 kg/m2]); 8 patients (40%) had a history
of paroxysmal atrial fibrillation (AF) (Table 1).
Ischemic heart disease, valvular heart disease, or
combined heart diseases were present in 9 (45%), 4
(20%), and 7 (35%) patients, respectively. Most



FIGURE 4 Conduction Characteristics Surrounding the

Sinoatrial Node Area

Conduction times (upper panel) and EED (lower panel) of SAN-

FAPs for each measured electrode distance up to 10 mm. Median

conduction velocity was 125 cm/s [interquartile range: 80 to 250

cm/s]. Highest EED was found at the SAN-FAP origin.

CT ¼ conduction time; other abbreviations as in Figures 1 and 2.

Kharbanda et al. J A C C : C L I N I C A L E L E C T R O P H Y S I O L O G Y V O L . 7 , N O . 6 , 2 0 2 1

Simultaneous Endo-Epicardial Mapping of SAN Activity J U N E 2 0 2 1 : 6 9 3 – 7 0 2

698
patients had a good left ventricular function (LVF) or
mild impairment (left ventricular ejection fraction
50% to 70% and 40% to 49%, respectively); only 3
patients showed moderate impairment of LVF (left
ventricular ejection fraction 30% to 39%). None of the
patients had heart failure or sinus node dysfunction.

CHARACTERISTICS OF SAN ACTIVATION. In 15 pa-
tients, repetitive SAN activity at the same exit site
was observed, and 5 patients exhibited >1 different
exit site (2 patients exhibited 2 different exit sites;
3 patients exhibited 3 different exit sites). Charac-
teristics of all 28 included SAN-FAPs are specified in
Table 2. As shown in Figure 2, 3 distinct activation
patterns were observed after analyses of 28 SAN-
FAPs, including SAN activation patterns with the
following: 1) solely an endocardial exit site (upper
panel, n ¼ 10 [36%]); 2) solely an epicardial exit site
(middle panel, n ¼ 13 [46%]); and 3) simultaneously
activated endo-epicardial exit sites (lower panel,
n ¼ 5 [18%]). Although SAN activity was expected to
be repetitive, 3 SAN-FAPs (11%) had nonrepetitive
activation patterns, suggesting beat-to-beat varia-
tions in the origin of the SAN-FAP.

The left panel of Figure 3 shows the distribution of
SAN-FAP exit pathways in the RA for both layers
separately. As expected, SAN-FAPs were solely
observed in the superior (n ¼ 22 [79%]) and mid (n ¼ 6
[21%]) RA but not in the inferior RA. All 3 patients
with moderate LVF impairment exhibited exit path-
ways in the superior RA. No significant difference in
cycle length was observed between the superior and
mid RA (superior: 828 ms [705 to 938 ms] vs. mid: 545
ms [417 to 1,009 ms]; p ¼ 0.194). As shown in the
middle panel of Figure 3, the morphology of unipolar
potentials recorded from the SAN-FAP origins in the
superior RA differed significantly from the electro-
gram morphology observed at the mid RA (superior
RA S-wave morphology: R/S ratio 0.045 [0.026 to
0.062]; mid RA S-wave morphology: R/S ratio 0.15
[0.067 to 0.34]; p ¼ 0.004).

Characteristics of all SAN-FAPs are depicted in the
right panel of Figure 3; there were no significant dif-
ferences in CV and degree of EED between the supe-
rior and mid RA SAN-FAPs. Interestingly, all 6
SAN-FAPs on the mid RA occurred in patients with a
history of AF.

The upper panel of Figure 4 shows the relation
between conduction times at every pre-defined dis-
tance from the SAN-FAP origin. The conduction
times increased linearly from 1 to 8 ms (4 to 12 ms)
over a distance of 10 mm, which corresponds with a
CV of 125 cm/s (80 to 250 cm/s). The lower panel of
Figure 4 shows the degree of EED at every
predefined distance within 10 mm from the SAN-FAP
origin. The highest degree of EED (10 ms [6 to 14
ms]) was found at the SAN-FAP origin and decreased
with increasing distance from the SAN-FAP. The
percentage of EEA within this area ranged from 2%
to 18% (median 5%).

Within a radius of 6 mm from the origin, 16 SAN-
FAPs (57%) exhibited lines of CB in the same endo-
or epicardial plane as the SAN-FAP, of whom 10 (63%)
also showed CB lines in the opposite plane. Within a
range of 10 mm from the origin of a SAN-FAP, lines of
CB were found in 22 (79%) activation maps, either on
both the endocardial and epicardial layer (n ¼ 17
[77%]), solely on the same side of the SAN-FAP (n ¼ 4
[18%]), and only once on the opposite side of the SAN-
FAP (5%).

Figure 5 illustrates an SAN-FAP with a typical area
of CB in both layers distal to its origin, which corre-
sponds to the area lateral to the SAN. The area behind
the line of CB is activated by a wave front w78 ms
later than start of SAN activation. These typical areas
of CB present in both the endocardium and



FIGURE 5 Typical Areas of Conduction Block Surrounding the Sinoatrial Node Area

Example of endocardial and epicardial color-coded activation maps of the superior RA. The arrows display the main trajectories of the electrical

wave fronts and local activation times are depicted at the head and tail. The star indicates the origin of SAN activation which is observed in the

epicardial layer. Thick black lines indicate lines of conduction block (CB). The distal part of both activation maps show a typical area of CB in

both atrial layers, which corresponds to the area lateral to the SAN. Abbreviations as in Figures 1 and 2.
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epicardium were observed in 9 patients (45%). This
area lateral to the SAN was activated with a delay
ranging between 18 and 78 ms (median 34 ms [range:
29 to 53 ms]) after the onset of SAN activation.

DISCUSSION

KEY FINDINGS. Simultaneous endo-epicardial map-
ping of the SAN area revealed 3 different patterns of
SAN activation: SAN activation with an epicardial exit
site, an endocardial exit site, or simultaneous endo-
and epicardial exit sites. SAN activity was mainly
found in the epicardium of either the superior or mid
RA, suggesting that SAN activation predominantly
starts at the epicardium. However, in 36% of the SAN-
FAPs, the earliest activated site was observed at the
endocardium. Solely in patients with a history of AF,
a caudal shift in SAN exit site was observed, which
indicate changes in preferential sinoatrial exit path-
ways due to structural remodeling. Moreover, CB and
EEA were commonly observed surrounding the SAN
area (Central Illustration).

DYNAMIC RANGE OF SAN ACTIVATION. The SAN is a
complex 3-dimensional structure located at the supe-
rior region of the sulcus terminalis isolated from the
surrounding atria by blood vessels, fibrotic tissue, and
fat (3,5). As expected, SAN activity was mainly
observed in the superior RA (79%) and to a lesser de-
gree in the mid RA (21%). Although the intrinsic length
of the human SAN is only w1 to 2 cm, the dynamic
range of SAN activation may cover a larger area
reaching up to the inferior cava vein (3,5,13–15). The
large dynamic range of SAN activity was recently
highlighted by ex vivo experiments in mice. Bychkov
et al. (4) showed synchronized action potential
emerging from heterogeneous subcellular subthresh-
old Ca2þ currents with a functional dynamic range
extending from the superior to the inferior vena cava.
In accordance, we also observed a large dynamic range
of SAN activation reaching from the junction of the
superior cava vein toward the mid RA, which is
approximately 3 cm in length. Fedorov et al. (3) have
also shown that sinoatrial exit pathways can be at
distances of 2.61� 0.79 cm from each other, which is in
line with our findings of the in vivo human heart.

CV AT THE RA FREE WALL AND NEAR THE ORIGIN

OF SAN ACTIVITY. CV is dependent on fiber direction,
enabling higher velocities in longitudinal rather than
transverse cardiac muscle fiber direction. Right atrial
CV has been measured at different anatomical



CENTRAL ILLUSTRATION Endocardial–Epicardial Mapping of In Vivo Sinoatrial Node Activity
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locations and heterogeneity, and variety of the right
atrial architecture should therefore be taken into ac-
count when comparing study outcomes. Konings et al.
(16) reported an average epicardial CV of 72 � 5 cm/s
during SR at the right atrial free wall in patients with
Wolff-Parkinson-White syndrome (244 unipolar elec-
trodes, interelectrode distance 2.25 mm). Hansson
et al. (17) found slightly higher epicardial CV in 12 pa-
tients undergoing open heart surgery due to ischemic
heart disease (n ¼ 8) or Wolf-Parkinson-White syn-
drome (n ¼ 3). Before commencement of extracorpo-
real circulation, a mean CV of 88 � 9 cm/s [(68 to 103
cm/s)], was observed during SR at the right atrial free
wall (3 � 4 cm mapping array, 56 bipolar electrodes).
We calculated local CV at the SAN area (<10mm of SAN
exit site) and observed a median atrial CV of 125 cm/s.
This higher CV near the surrounding area of the SAN
comparedwith CVmeasured at the RA free wall may be
explained by longitudinal alignment of muscle fibers
in the terminal crest that favors preferential
conduction.
SAN: ANATOMICAL SUBSTRATE FOR ARRHYTHMOGENESIS?

Fedorov et al. (18) examined 3-dimensional arrhyth-
mogenic features of the SAN during optical mapping
of coronary perfused canine hearts. They showed that
the SAN created a substrate for an atrial flutter (AFL)
re-entry circuit, which anchored around the SAN
structure. Moreover, the SAN exit pathways con-
ducted bi-directionally, allowing SAN overdrive sup-
pression during atrial pacing, AFL, and AF. However,
they also showed that SAN exit pathways can block
entering of wave fronts, thereby preventing electri-
cally induced remodeling of the SAN. After adminis-
tration of acetylcholine, hence increasing SAN
entrance block, SAN activity was observed indepen-
dently from the macro–re-entry circuit of AFL in the
RA. Based on the presence of bi-directional slow-
conducting SAN exit pathways, the authors postu-
lated that this area may furnish an anatomical
pathway for re-entrant arrhythmias.

The current study measured EED at the exit site of
SAN activity and the surrounding atrial tissue within
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a radius of 10 mm. The percentage of EEA
(EED $15 ms) observed at the surrounding of the SAN
area ranged from 2% to 18% (median 5%). Previous
research has shown that EEA in the atrial wall plays
an important role in the development of atrial
tachyarrhythmias and may initiate re-entry (9,19,20).
A recent study by Parameswaran et al. (6) also iden-
tified EEA at SAN exit sites (4 � 4 electrodes, 3-mm
interelectrode distance). EEA was determined by: 1)
comparing regional differences in distribution of SAN
exit sites; 2) assessing the endo-epicardial wave front
propagation sequence; and 3) determining the dif-
ference in phase value $20 ms between opposing
endo-epicardial electrodes. Interestingly, after post-
overdrive suppression at 600 and 400 ms, the
amount of EEA in percentage increased, but para-
doxically the degree of EED decreased. This raises the
question of whether overdrive suppression of the
SAN results in an increased degree of EEA, or solely
an increased amount of EEA. Our study shows that
not only slowing of atrial conduction but also EEA is
present at and surrounding the SAN, which may
contribute to atrial arrhythmogenesis.

SAN EXIT PATHWAYS IN PATIENTS WITH A HISTORY

OF AF. Several studies have shown a caudal shift of
SAN activity in patients with heart failure and sinus
node dysfunction. Sanders et al. (21–23) performed
endocardial mapping of SAN activation in 18 patients
with symptomatic heart failure, 16 patients with sinus
node dysfunction, and age-matched control subjects.
Patients with heart failure or sinus node dysfunction,
both conditions that are associated with development
of AF, exhibited more caudal SAN exit sites. A caudal
shift of SAN activity has also been observed after SAN
overdrive pacing and episodes of AFL (3,15). Inter-
estingly, we also observed a caudal shift in SAN ac-
tivity in patients with a history of AF. None of the
patients included in the current study had heart
failure or were diagnosed with sinus node dysfunc-
tion or AFL. The underlying mechanism of caudal
shifting of SAN activity in patients with heart failure
or persistent arrhythmias remains poorly understood
(15,21).

Stiles et al. (15) hypothesized that the superior
relatively shorter SAN exit pathway is more suscep-
tible to undergo structural remodeling, resulting in
conduction abnormalities. It is most likely that atrial
structural remodeling in patients with a history of AF
may result in conduction block in superior SAN exit
pathways that may ensue a caudal shift of SAN exit
sites, as observed in the current study.
STUDY LIMITATIONS. Although strict selection
criteria were used to select SAN-FAPs, due to lack of
histology, it still might be possible that some SAN-
FAPs were not caused by SAN activity but by ectopic
focal discharges in the right atrial wall. Furthermore,
due to the limited size of the electrode arrays, it may
be possible that the actual earliest activation site was
outside the measurement area. However, because
during stable SR, all SAN-FAPs were found in the
superior and mid RA and mostly repetitive, this is
very unlikely. An inevitable effect of in vivo mapping
is lack of histology and intramural SAN analyses. In
addition, we could not perform simultaneous endo-
epicardial mapping of the entire RA simultaneously
to investigate the effect of beat-to-beat variation
on SAN exit sites. Another limitation of our study
is that we measured fastest apparent CV in the
2-dimensional plane, whereas SAN activation occurs
in the 3-dimensional plane. Therefore, our method
overestimates real CV surrounding the SAN. Lastly,
this study described conduction in the SAN region.
Recordings with an even higher spatial resolution
are required to analyze wave propagation within the
SAN itself.

CONCLUSIONS

The current study is one of the first to analyze in vivo
patterns of activation surrounding the SAN from an
endo- and epicardial perspective by performing
simultaneous endo-epicardial mapping of the human
RA in patients undergoing cardiac surgery. The
observed variations in patterns of activation highlight
the complex 3-dimensional spread of SR wave fronts
emerging from the SAN and the presence of interin-
dividual differences in SAN exit pathways. Solely in
patients with a history of AF, SAN activity occurred
more caudally, which may reflect changes in prefer-
ential sinoatrial exit pathways as a result of structural
remodeling.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In line

with previous ex vivo SAN mapping studies, the current

study shows the presence of intraindividual and interin-

dividual differences in SAN exit pathways in patients un-

dergoing cardiac surgery. In addition to slowing of atrial

conduction, EEA is present surrounding the SAN, which

may contribute to atrial arrhythmogenesis. Activation of

inferior SAN exit pathways was only observed in patients

with a history of AF, which may be a result of structural

remodeling within superior SAN exit pathways.

TRANSLATIONAL OUTLOOK: Future in vivo simulta-

neous endo-epicardial mapping studies are essential to

investigate SAN activation and unravel its role in atrial

arrhythmogenesis. Further studies are required to inves-

tigate the effect of underlying heart disease (e.g.,

ischemic, valvular, or congenital heart disease) on SAN

activation and SAN dysfunction.
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