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Abstract

Introduction: The sinoatrial node (SAN) should be identified before superior vena cava

(SVC) isolation to avoid SAN injury. However, its location cannot be identified without

restoring sinus rhythm. This study evaluated the usefulness of the anatomically defined

SAN by comparing it with the electrically confirmed SAN (e-SAN) and aimed to

establish a safe and more efficient anatomical reference for SVC isolation than the

previously reported reference of the roof of the right superior pulmonary vein (RSPV

roof).

Methods and Results: The e-SAN was identified as the earliest activation site in the

electro-anatomical map obtained during sinus rhythm. The anatomically defined SAN,

the cranial edge of the crista terminalis (CT) visualized with intracardiac

echocardiography (CT top), and the RSPV roof were tagged on one map. The distance

from the e-SAN to each reference was measured. Among 81 patients, the height of the

e-SAN from the CT top was —3.5 = 10.3 mm. The e-SAN existed below 10 mm above

the CT top in 78 (96%) patients and below the RSPV roof in 77 (95%) patients. A

longer SVC sleeve was measured from 10 mm above the CT top compared to the RSPV

roof (28.7 £ 11.2 vs. 22.5 + 11.3 mm, p <0.001). Faster heart rate predicted an e-SAN

location higher than the CT top (adjusted OR [95% CIJ; per 10 bpm increase: 1.6 [1.15—



2.22], p <0.01).

Conclusion: The CT top is useful in predicting the upper limit of the e-SAN and can

provide a useful reference for SVC isolation.

Keywords: catheter ablation; echocardiography; intracardiac imaging techniques; sinus

node; superior vena cava



Introduction

The superior vena cava (SVC) is one of the most common sites of atrial fibrillation (AF)

associated with a non-pulmonary vein (PV) origin, and SVC isolation is essential

procedure during ablation to control AF in up to 6-12% of the patients with AF'?. SVC

isolation is usually performed close to the SVC-right atrium (RA) junction, which is

close to the sinoatrial node (SAN) cell complex; hence, SAN injury is a well-known

complication of this procedure®. The electrically confirmed SAN (e-SAN), which is

regarded as the earliest atrial activation site during sinus rhythm, can be used as a

landmark during SVC isolation to avoid this injury. However, e-SAN cannot be always

detected before the isolation of the SVC"*°. Hence, an anatomical landmark indicating

the location of the e-SAN can be a useful guide during SVC isolation procedures in

these patients.

Histologically, SAN cells are organized as complex crescent-shaped cells

located at the superior border of the RA and extend parallel to the crista terminalis

(CT)®. This complex has been reported to extend 1.0-3.5 mm into the SVC without

distinctive variations in humans® ’. Therefore, we set the highest point of the CT

visualized by intracardiac echography (ICE) (CT top) as a reference point to locate the

anatomically defined SAN because the highest point of the SAN complex is believed to



be located close to the top of the CT.

This study aimed to evaluate the usefulness of the CT top as a reference point

to locate the e-SAN and to propose a new reference point based on the CT top that can

be used during SVC isolation, by comparing this reference point with the roof of the

right superior pulmonary vein (RSPV). The roof of the RSPV is close to the bottom of

the right pulmonary artery (RPA), which has been reported as a landmark during SVC

isolation®.

Methods
Patients

This retrospective study enrolled 81 consecutive patients who underwent e-SAN

mapping during catheter ablation at the National Cerebral and Cardiovascular Center,

Japan, between April 2019 and June 2020. Patients with atrial pacing and patients who

had a history of SVC isolation were excluded. The clinical and background data of the

patients were obtained from their medical charts.

All subjects provided written informed consent before undergoing the ablation

procedure, and the institutional review board of the National Cerebral and

Cardiovascular Center approved this retrospective analysis of the patients clinically

acquired data (M26-148-8).



Procedures

All patients were sedated with propofol and dexmedetomidine. The electrophysiological

study was performed using the CARTO3 three-dimensional electroanatomical mapping

(EAM) system (Biosense Webster, Diamond Bar, CA). Mapping information was

obtained using a multipolar mapping catheter (PentaRay®; Biosense Webster). The

activation map of the RA during sinus rhythm was recorded. The fast anatomical map

(FAM) was also used to record anatomical details of the SVC, RA, left atrium (LA), and

PVs. The cranial edge of the CT adjacent to the right atrial appendage was tagged on the

EAM by navigating the ablation catheter (Smart Touch Surround Flow®; Biosense

Webster) under two-dimensional ICE guidance (ACUSON AcuNav™ or

SOUNDSTAR®; Biosense Webster). This geometrical point was defined as the CT top

(Figure 1A). During determination process of the CT top, the activation map was hidden

to blind the physician from the information of the e-SAN.

The bottom line of the RPA is one of the recommended landmarks used in SVC

isolation; it is anatomically located just above the RSPV. Hence, we also marked the

intersection of the middle line of the SVC and the roof of the RSPV (RSPV roof) on the

FAM (Figure 1B, right).



SVC isolation is performed in patients in whom the SVC is suspected to be a

non-PV focus of AF. Mapping of the e-SAN is usually performed before SVC isolation

if the patient is in sinus rhythm. In our study, the level of the CT top and the RSPV roof

were concealed during SVC isolation as the physician isolated the SVC based on the

location of the e-SAN (at least > 5 mm above), or based on the particular line

determined based on the shape of the anatomical FAM by the physician.

Radiofrequency energy, of up to 35 W, was delivered point-by-point, with a target

temperature of < 37 °C along with 17-30 mL/min of saline irrigation. The phrenic nerve

was placed above the isolation line during ablation to avoid phrenic nerve injury.

Measurements

All measurements were performed on the images created by CARTO3. The e-SAN, the

CT top, and the RSPV roof were tagged on the FAM of the LA, and PVs were co-

displayed on the same screen without tilting. A grid scale was used as a reference for

distance, and the grid size of each square was configured to 10 mm. The relative height

of the e-SAN from the CT top and the RSPV roof on the craniocaudal axis were

measured (Figure 1C). Additionally, the SVC sleeve lengths, from the e-SAN, the CT

top, and the RSPV roof to the highest point of the SVC, defined as voltage > 0.5



millivolts in this study, were measured in all patients. Furthermore, the SVC ablation

height from each point was also measured in those who underwent SVC isolation.

We set a new SVC isolation reference based on the CT top which assured an

equal safety level in terms of avoiding SAN injury to the RSPV roof and compared the

characteristics of this point (Figure 1B, left).

[insert Figurel]

Statistical analysis

Quantitative variables are expressed as mean + standard deviation. Student’s t-test was

used to compare the means of continuous variables. Categorical variables were

presented as number (n) and percentage (%). Odds ratio (OR) with 95% confidence

interval (CI) was estimated by univariate and multivariate logistic regression analyses,

adjusted for age and sex, to evaluate predictive factors that identified patients who had

higher e-SAN locations than the CT top. In each analysis, a two-sided significance level

of 0.05 was considered statistically significant. Statistical analyses were performed

using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which

is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna,

Austria)” °,



Data Availability

The dataset from this study is held securely by the National Cerebral and

Cardiovascular Center and is available from the corresponding author on reasonable

request.

Results
Baseline characteristics

Patients’ baseline characteristics are summarized in Table 1. Of the 81 patients, 52

(64%) were male, the mean patient age was 66 + 11 years, 75 (93%) underwent ablation

for AF, and the mean duration of arrhythmia was 40 + 70 months. A total of 26 (32%)

patients had a history of catheter ablation, and 2 (3%) had undergone a right-sided

surgical maze procedure. Six (7%) patients were diagnosed previously with sick sinus

syndrome. All e-SAN mappings were performed before SVC isolation, without or after

transient isoproterenol infusion, and the mean heart rate (HR) during mapping was 67 +

16 beats per minute (bpm).

e-SAN location from the CT top and the RSPV roof

Measurement results of each distance and proportion are shown in Table 2 and Figure 2.

The relative height of the e-SAN from the CT top was —3.5 = 10.3 mm (range, —37.0—
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13.0 mm). Meanwhile, the relative height of the e-SAN from the RSPV roof was —19.8

+ 12.8 (range, —50.0—4.0) mm, which was significantly higher than that from the CT top

(p <0.001). Furthermore, the mean distance from the CT top and the RSPV roof to the

electrical SAN was 7.9 £ 7.5 and 20.0 £ 12.4 mm, respectively, and e-SAN was

distributed closer to the CT top. The e-SAN was located at the level of or below the CT

top in 54 (67%) patients, and in 77 (95%) patients, the e-SAN was located at the same

level as or under the RSPV roof (Figure 2).

Results of the logistic regression analysis of the baseline parameters for

predicting a higher e-SAN location than the CT top case are shown in Table 3. In the

univariate analysis, a faster HR during e-SAN mapping and larger left atrial dimensions

were significant predictors for identifying those in whom the location of the e-SAN was

higher than the CT top and remained significant after adjusting for age and sex (HR:

adjusted OR per 10 increase: OR 1.60, 95% CI 1.15-2.22, p <0.01; left atrial

dimension: adjusted OR 0.92, 95% CI 0.85-0.99, p <0.05). No significant relationship

was found with age, sex, hypertension, congestive heart failure, sick sinus syndrome, or

prior cardiac surgery.
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New anatomically based SVC isolation reference and SVC sleeve lengths: 10 mm

above the CT top vs. the RSPV roof

As the RSPV roof was located above the e-SAN in 95% of the patients in this study,

we set 10 mm above the CT top as the new anatomically guided SVC isolation

reference, which was located higher than the e-SAN in 78 (96%) patients (Figure 2).

The SVC sleeve lengths from 10 mm above the CT top were significantly

longer than those from the RSPV roof (28.7 + 11.2 vs. 22.5 £ 11.3 mm, p <0.001).

[insert Figure2]

SVC isolation and ablation height

In this study, 18 patients underwent SVC isolation during the ablation procedure.

Bidirectional block between the SVC and RA was achieved in all patients with 19 £ 7

radiofrequency applications, and no patient had sinus node dysfunction, required

pacemaker implantation, or had phrenic nerve injury. The height of the ablation line

from the e-SAN was 17.7 £ 10.0 mm, which was 11.1 + 3.4 mm from the CT top and

—5.8 £ 10.2 mm from the RSPV roof.

Discussion

The main findings of this study are as follows: (1) ICE-guided anatomically defined

12



SAN (CT top) could be used to predict the height of the e-SAN; (2) SVC isolation 10
mm above the CT top can ensure longer sleeve and is as secure as using the RSPV roof
as a landmark in terms of avoiding e-SAN injury during SVC isolation; and (3) SVC
isolation using the CT top as a landmark provides additional information that could

guide the physician in locating the boundaries of the e-SAN.

Elimination of arrhythmogenic triggers is the standard strategy of catheter
ablation for AF, and PV isolation is the most common procedure because triggers of AF
usually originate from the PVs'. However, SVC isolation is another procedure to
control AF, as the myocardial sleeves of the SVC serve as non-PV foci site in 6-12% of
AF patients, and long SVC could be a substrate for the maintenance of AF" > '%,
Determining the e-SAN is important before performing SVC isolation, as sinus node
dysfunction is a well-known complication of this procedure*'*. In general, SVC
isolation is performed at or above the SVC-RA junction, and several methods can be
employed to identify this landmark. The electrically defined SVC-RA junction is the
site where both atrial and SVC potentials are recorded on the same electrode'® .
However, these electric-based methods require restoration of sinus rhythm, which in

some cases cannot be achieved due to rapid initiation of AF before the sinus beat is

restored after electrical cardioversion.

13



Our study proposed a novel ICE-based method which uses the CT top, which is

an established histological location, as a reference point to identify the e-SAN. Most

(96%) of the e-SAN were located 10 mm above or below the point of the CT top,

distributed widely toward the inferior vena cava, which was consistent with the

histological position of the SAN cell along the crista terminalis. In previous studies, the

anatomically defined landmarks for the SVC-RA junction were reported as the point

where the cylindrical SVC dilates into the RA as visualized by angiography or geometry

created by three-dimensional anatomical mapping systems or the lower RPA border with

ICE projection from inside the SVC** '°, According to our results, the former reference

is not sufficient to prevent sinus node injury, as these points are at least equal to or

lower than the CT top, because the highest point of the CT corresponds to the upper

point of the deflection. Conversely, the RSPV roof, which was a substitute of the later

reference points in this study, was a good marker for identifying the ablation height in

terms of avoiding e-SAN injury, because 95% of the e-SAN were located below this

level. In patients who had undergone SVC isolation without e-SAN dysfunction in the

study population, the actual ablation height was lower than the RSPV roof and 11 mm

higher than the CT top. Based on these results, whenever it is difficult to restore sinus

rhythm in order to identify the e-SAN, maintaining a certain distance above the CT top

14



during radiofrequency energy application, specifically 10 mm above the expected
ablation radius, is required regardless of the location of the e-SAN, to avoid e-SAN
injury.

Further, when we compare the SVC isolation references from another
viewpoint, at the level of 10 mm above the CT top, it is possible to isolate a longer
lesion of the SVC than at the RSPV roof, and this may be more effective in controlling
arrhythmias by blocking additional triggers, and the substrate of AF as extensive

encircling PV isolation has been reported to be better than ostial isolation'®.

In addition to providing a new reference point for SVC isolation, our results

reveal that a higher HR correlated with a higher e-SAN location to a greater extent than

the CT top. Therefore, caution should be taken during SVC isolation, and the highest

level of the e-SAN should be used.

Histological examination reveals that the SAN cell complex is structurally and

electrically isolated by fat and connective tissue with few extensions into the

surrounding atrial myocardium®. Optical mapping using isolated human hearts revealed

that multiple exits form specialized sinoatrial electrical conduction pathways®.

Moreover, the major exits to the RA shift in response to autonomic influences, and

correlation with the HR was observed in both animal and human models**??. These
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characteristics might be attributed to a higher e-SAN location in those with a higher HR.

That is, the e-SAN acquired during lower HR does not always represent the highest

electrical exit from the SAN complex, and those patients could have a higher risk of

SAN complex injury during SVC isolation if we only refer to the e-SAN. Although

there are a limited number of patients who require permanent pacemaker implantation

due to SAN dysfunction caused by SVC isolation, recent reports indicate that there is a

latent SAN dysfunction characterized only by reduction in the maximum HR during

exercise after SVC isolation”. This implies that there are cases where potential

complications of the SAN injury are overlooked. Given that the highest exit would not

be far from the expected histological upper position, the ICE-guided anatomically

defined SAN would provide useful SAN complex positioning information for patients

in whom sinus rhythm is restored.

Limitations

The results of our study were limited by the single-center, retrospective design of the

study and the relatively small sample size. In echo studies, identification of the SVC and

RA connection varies between physicians due to differences in the interpretations of

ICE images, which may explain the few cases that showed a very high e-SAN compared

16



with the CT top. The utility of the current CT top-based SVC isolation reference should

be investigated in future studies.

Conclusions

The highest point of the CT determined by the ICE-guided approach is a useful

anatomical landmark in predicting the upper limit of the e-SAN. This provides useful

information about the SVC isolation height especially when e-SAN cannot be mapped

due to failure of maintaining sinus rhythm.
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Figure legends
Figure 1. Definition of each reference and measurement method

A. The earliest right atrial activation site during sinus rhythm was depicted as the

electrical sinoatrial node (e-SAN) (red star). The highest point of the crista

terminalis (CT), which was visualized as the upper edge of the right atrial

appendage by two-dimensional intracardiac echocardiography, was depicted as the

CT top (blue circle).

B. The superior vena cave (SVC) isolation reference was set 10 mm above the CT top

(gray line). The intersection of the right superior pulmonary vein (RSPV) and the

middle line of the SVC in the anteroposterior view was depicted as the RSPV roof

(pale blue circle), which is the conventional SVC isolation reference height.

C. In the fast anatomical map of the right atrium, SVC, left atrium, and pulmonary

veins, the e-SAN (right-sided white tag), the CT top (left-sided white tag) point, and

grid scale, with the grid size of the squares configured to 10 mm, are also displayed

on the same screen in the anteroposterior view using CARTO3. Tags are depicted as

a red star, blue and pale blue circles in the enlarged view. The relative height of the

e-SAN from the CT top and RSPV roof on the craniocaudal axis was measured.

RAA, right atrial appendage; RPA, right pulmonary artery
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Figure 2. Height of each anatomical reference

Box plot and 90th percentile standard error of the electrical sinoatrial node (e-SAN)

height from the highest point of the crista terminalis (CT top) (left) and the roof of the

right superior pulmonary vein (RSPV roof) (right). The median height of the e-SAN in

each plot was placed at the same level (red line). Ninety-six percent of the e-SAN were

located 10 mm above or below the CT top (gray line), which is proposed as the

anatomical reference of superior vena cava isolation in this study, and those with 95%

are located at the level of or below the RSPV roof (right plot). Schemes of the

relationship between the e-SAN (red star), the CT top (blue circle), and the RSPV roof

(pale blue circle) locations are shown in each box.
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