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Abstract

BACKGROUND Although low voltage zones (LVZs) in the left atrium (LA) are seen as arrhythmogenic substrate in some

patients with atrial fibrillation (AF), pathophysiologic factors responsible for LVZ formation remain unclear. OBJECTIVE

To elucidate the anatomical relation between the LA and ascending aorta responsible for remodeling of the anterior LA wall.

METHODS We assessed the relation between existence of LVZs on the anterior LA wall and measurements taken on 3-

dimensional computed tomography images obtained from 102 patients who underwent AF ablation. RESULTS Twenty-nine

patients (28%) had LVZs >1.0 cm2 on the LA wall at the LA-ascending aorta contact area (LVZ Group); no LVZs were seen

in the other 73 patients (No LVZ Group). In the LVZ Group (vs. No LVZ Group), the aorta-LA angle was smaller (21.0±7.7°
vs. 24.9±7.1°, P = 0.015), the aorta-left ventricle (LV) angle was greater (131.3±8.8° vs. 126.0±7.9°; P = 0.005), non-coronary

cusp (NCC) diameter was greater (20.4±2.2 mm vs. 19.3±2.5 mm; P = 0.036), and the NCC was closer to the anterior LA

wall (2.29±0.68 mm vs. 2.76±0.79 mm; P = 0.006). The aorta-LA angle correlated positively with patients’ body mass index

(BMI) and negatively with body weight and BMI. CONCLUSION Deviation of the ascending aorta course and distention of

the NCC appear to be related to the development of LA anterior wall LVZs at the LA-ascending aorta contact area. Mechanical

pressure exerted by extracardiac structures on the LA along with limited thoracic space may contribute to the development of

LVZs associated with AF.
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Abstract

BACKGROUND

Although low voltage zones (LVZs) in the left atrium (LA) are seen as arrhythmogenic substrate in some
patients with atrial fibrillation (AF), pathophysiologic factors responsible for LVZ formation remain unclear.

OBJECTIVE

To elucidate the anatomical relation between the LA and ascending aorta responsible for remodeling of the
anterior LA wall.

METHODS

We assessed the relation between existence of LVZs on the anterior LA wall and measurements taken on
3-dimensional computed tomography images obtained from 102 patients who underwent AF ablation.

RESULTS

Twenty-nine patients (28%) had LVZs >1.0 cm2 on the LA wall at the LA-ascending aorta contact area
(LVZ Group); no LVZs were seen in the other 73 patients (No LVZ Group). In the LVZ Group (vs. No LVZ
Group), the aorta-LA angle was smaller (21.0±7.7° vs. 24.9±7.1°, P = 0.015), the aorta-left ventricle (LV)
angle was greater (131.3±8.8° vs. 126.0±7.9°; P = 0.005), non-coronary cusp (NCC) diameter was greater
(20.4±2.2 mm vs. 19.3±2.5 mm; P = 0.036), and the NCC was closer to the anterior LA wall (2.29±0.68
mm vs. 2.76±0.79 mm; P = 0.006). The aorta-LA angle correlated positively with patients’ body mass index
(BMI) and negatively with body weight and BMI.

CONCLUSION

Deviation of the ascending aorta course and distention of the NCC appear to be related to the development of
LA anterior wall LVZs at the LA-ascending aorta contact area. Mechanical pressure exerted by extracardiac
structures on the LA along with limited thoracic space may contribute to the development of LVZs associated
with AF.

KEYWORDS

Ascending aorta, Atrial fibrillation, Extracardiac structures, Left atrial remodeling, Low voltage zones, Vol-
tage mapping

Abbreviations

AF, Atrial fibrillation; BMI, Body mass index; BW, Body weight; CT, Computed tomography; LA, Left
atrium; LCC, Left coronary cusp; LIPV, Left inferior pulmonary vein; LSPV, Left superior pulmonary vein;
LV, Left ventricle; LVDd, Left ventricular diastolic diameter; LVDs, Left ventricular systolic diameter; LVEF,
Left ventricle ejection fraction; LVZs, Low voltage zones; NCC, Non-coronary cusp; PVI, Pulmonary vein
isolation; RCC, Right coronary cusp; RF, Radiofrequency; RIPV, Right inferior pulmonary vein; RSPV,
Right superior pulmonary vein; 3D, 3D-dimensional.

1 Introduction
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. Evidence suggests that “atrial fibrillation (AF) begets AF,” meaning that AF promotes left atrial (LA)
remodeling electrophysiologically and structurally, and vice versa.1 Use of a mapping system that allows
electrophysiological and anatomical information to be combined has shown that LA remodeling can ulti-
mately manifest as low-voltage zones (LVZs).2 Previously reported studies have shown existence of LVZs in
the LA to be a strong predictor of AF recurrence after pulmonary vein isolation (PVI),3 and LVZ ablation
added to PVI has been shown to improve ablation outcomes.4 LVZs are commonly seen on the anterior LA
wall in patients with AF,5-7 but pathophysiologic factors responsible for development of such LVZs have not
been fully elucidated. Mechanical compression of the LA by extracardiac structures such as the vertebrae
and descending aorta has been associated with development of LVZs on the posterior LA wall.5 On the basis
of this reported association, we hypothesized that mechanical compression by an anatomically deviated or
expanded ascending aorta is, at least in part, responsible for development of LVZs on the anterior wall of the
LA. We conducted a retrospective study in which we evaluated the relation between anatomical features of
the ascending aorta and sinus of Valsalva and distribution of LVZs on the anterior LA wall in patients with
AF.

2 Methods

2.1 Study patients

The study included 102 patients (77 men, 25 women; mean age 64 ± 10 years) who had undergone ra-
diofrequency (RF) ablation for AF at Nihon University Itabashi Hospital or Kawaguchi Municipal Medical
Center between September 2016 and April 2019. Before the ablation procedure, all had undergone cardiac
computed tomography (CT), and all had undergone voltage mapping during sinus rhythm. Transesophageal
and transthoracic echocardiography had also been performed before ablation, and the following echocar-
diographic measures had been obtained; LA diameter, left ventricular diastolic diameter (LVDd) and LV
systolic diameter (LVDs), LV ejection fraction (LVEF) (calculated by the Teichholz method), and diastolic
function (E/E’). The study was approved by Nihon University Itabashi Hospital Clinical Research Judging
Committee and Kawaguchi Municipal Medical Center Ethics Committee.

2.2 Cardiac imaging and image analysis

Multi-detector helical 3D-dimensional (3D) CT was performed with a 320-row detector, dynamic volume CT
scanner (Aquilion ONE; Toshiba Medical Systems, Tokyo, Japan). The scanning was performed at a slice
thickness of 0.5 mm, gantry rotation time of 350 ms, tube voltage of 120 kV, and tube current of 300–580 mA
for optimum detection of fine structures (resolution of approximately 0.3 mm). Electrophysiologic study was
performed 18 days after the CT study on average. Each patient’s heart rate was maintained at <65 bpm by
administration of landiolol, and nonionic iodinated contrast (Iomeron, Eisai Co, Tokyo, Japan) was injected
at 0.07 mL/kg/sec for 9 seconds. Timing of the image acquisition was determined by bolus tracking software;
imaging was initiated when contrast reached the LA. End-expiratory phase images were obtained by gating
the image acquisition to 65–75% of the R-R interval on the lead II electrocardiogram during sinus rhythm or
AF rhythm. The acquired CT images were transferred to a workstation (ZIO M900 3.0; QUADRA: Amin
Co., Ltd., Tokyo, Japan).

For the purpose of the study, we measured angles between the LA and extracardiac structures in all patients.
These were the angle between the midline of the ascending aorta and the midline of the LA (aorta-LA angle),
i.e., line connecting the right PV carina to the center of the mitral valve (Figure 1A), and the angle between
the midline of the ascending aorta and the left ventricle, i.e., line connecting the mitral valve and LV apex
(aorta-LV angle) (Figure 1B). The surface diameter of each aortic valve cusp (LCC, left coronary cusp; NCC,
non-coronary cusp; RCC, right coronary cusp), and the minimum distances from the LA to the NCC and
LCC were also measured (Figure 1C).

2.3 Electrophysiologic study with 3D voltage mapping

All antiarrhythmic drugs had been discontinued for at least 5 half-lives, and the electrophysiologic study
with voltage mapping was performed under conscious sedation achieved with dexmedetomidine, propofol,
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. and fentanyl.8,9 Two long sheaths (an Agilis steerable sheath and an SL0 sheath; St. Jude Medical Inc.,
St. Paul, MN, USA) were positioned in the LA, and LA pressure was measured. An activated clotting time
>300 seconds was maintained during the procedure by administration of heparin. The study was performed
with use of a 3D mapping system (CARTO 3, Biosense Webster, Diamond Bar, CA, USA) and a multispline
catheter with 2-mm interelectrode spacing (Pentaray NAV; Biosense Webster).

High-density electroanatomical maps were obtained during sinus rhythm. If the patient was in AF rhythm,
low energy (10–20 joules) intracardiac cardioversion was performed with use of a BeeAT catheter (Japan
Lifeline, Tokyo, Japan) placed in the coronary sinus. Bipolar signals were acquired, with a high-pass filter
set at 30 Hz and low-pass filter set at 500 Hz. LVZs were identified as areas with a bipolar peak-to-peak
voltage amplitude of <0.5 mV.4-7,10,11 In addition, the ascending aorta was reconstructed by means of the
3D mapping system and merged with the LA voltage map. The electroanatomical maps were merged with
the CT images that had been obtained.

For the purpose of the study, we measured the LVZs on the anterior LA wall in the areas of contact between
the LA and the ascending aorta and sinus of Valsalva.

2.4 Ablation procedure

Ablation was guided by the CARTO 3 mapping system, and RF energy was applied by means of a 3.5-mm
open-irrigated-tip catheter (Navistar ThermoCoolSmartTouch SF; Biosense Webster) at an irrigation flow
rate of 17–30 mL/min, power of 25–35 W, and temperature of 45, under sedation achieved by continuous
infusion of propofol and dexmedetomidine and intermittent administration of fentanyl. RF was delivered
point-by-point with a target contact force of >10 g, target ablation indices of 450 at the anterior wall and 400
at the posterior wall, and an inter-lesion distance of <6 mm. A real-time automated tagging module (VisiTag
Module, CARTO3; Biosense Webster) was used to assist in the creation of a contiguous PVI circle. The
ipsilateral PVs were ablated circumferentially, and successful PVI was affirmed by absence of LA conduction.
At least 30 minutes after PVI, 30 mg of adenosine triphosphate was injected to confirm PV conduction block.
Electrograms were recorded on a LabSystem PRO (Bard Electrophysiology, Lowell, MA, USA).

2.5 Follow-up

Antiarrhythmic drugs were resumed after ablation at the discretion of the attending physician. Twelve-lead
electrocardiography was performed for all patients at 1, 3, and 6 months, and 24-hour electrocardiographic
monitoring was performed every 3 to 6 months. AF occurring 3 months or more after the ablation procedure
and lasting at least 30 seconds was diagnosed as AF recurrence.

2.6 Data analysis

We divided patients between those with LVZs >1.0 cm2 on the anterior LA wall at LA-ascending aorta
contact areas (LVZ Group)6 and those without such LVZs (No LVZ Group). We then compared the following
variables between the 2 groups: patients’ clinical characteristics, including age, sex, body weight (BW), body
mass index (BMI), type of AF (paroxysmal vs. persistent), comorbidities, CHADS2 score, antiarrhythmic
drugs used, serum creatinine, NT-proBNP concentrations, post-ablation AF recurrence, echocardiographic
variables; LA pressure; and electrophysiologic variables, including the number of voltage mapping points,
size (area) of LVZs at LA-ascending aorta contact areas; and CT-based measurements:, including the aorta-
LA angle, aorta-LV angle, NCC diameter, LCC diameter, RCC diameter, NCC-LA distance, and LCC-LA
distance.

2.7 Statistical analysis

Continuous variables are expressed as mean +- SD values or median and interquartile range, and categorical
variables are expressed as the number and percentage of patients. Student’s t -test or Mann-Whitney U test
was used, as appropriate, to analyze between-group differences in continuous variables, and the chi-square
test was used to analyze between-group differences in dichotomous variables unless the expected values in
cells were <5, in which case Fisher’s exact test was used. Strength of the relation between continuous
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. variables (size of LVZs at LA-ascending aorta contact areas), BW, BMI, aorta-LA angle, aorta-LV angle,
and NCC diameter) was assessed on the basis of Pearson’s correlation coefficient. All statistical analyses
were performed with JMP 11 software (SAS Institute, Cary, NC), and P <.05 was considered statistically
significant.

3 Results

3.1 Patient characteristics, echocardiographic variables, and LA pressure

Of the 102 patients with AF, 29 (28%) had LVZs >1.0 cm2 on the anterior LA wall at LA-ascending
aorta contact areas (LVZ Group), and the other 73 patients had no such LVZs (No LVZ Group). Clinical
characteristics of the patients, their echocardiographic variables, and LA pressures are shown per study
group in Table 1. Male sex was significantly less prevalent and BW was significantly lower in the LVZ Group
than in the No LVZ Group. Maximum LA pressure was significantly greater in the LVZ Group than in the
No LVZ Group, and average LA pressure tended to be greater in the LVZ Group. There was no significant
between-group difference in comorbidities, prevalence of paroxysmal AF, CHADS2 scores, AF-associated
biomarkers, use of antiarrhythmic drugs before the procedure, or echocardiographic variables.

3.2 Association between anatomical and electrophysiologic features and LVZs

Electrophysiologic features of the LVZs and CT-based measurements are shown per study group in Table 2.
On voltage mapping, 1263 +- 623 points were obtained per patient. In all patients, the NCC and LCC were
in contact with the anterior LA wall, and they overlapped the LVZs. A 3D mapping image and anatomical
contact between the LA and ascending aorta in a patient with such LVZs is shown in Figure 3. Median size
(area) of the LVZs at LA-ascending aorta contact areas was 2.3 (1.1–4.0) cm2.

The aorta-LA angle was smaller (21.0+-7.7deg vs. 24.9+-7.1deg;P = 0.015), the aorta-LV angle was larger
(131.3+-8.8deg vs. 126.0+-7.9deg; P = 0.005), and the NCC surface diameter was greater (20.4+-2.2 mm
vs. 19.3+-2.5 mm; P = 0.036) in the LVZ Group than in the No LVZ Group (Figure 2A-C).

Results of correlation analysis are shown in Figures 4 and 5. Significant inverse correlation was found
between size of the LVZs at LA-ascending aorta contact areas and size of the aorta-LA angle, and significant
positive correlation was found between size of these LVZs and size of the aorta-LV angle and of the NCC
diameter (Figure 4). Furthermore, NCCs were closer to the anterior LA wall in the LVZ Group than
in the No LVZ Group (2.29+-0.68 mm vs. 2.76+-0.79 mm, respectively; P = 0.006), but there was no
between-group difference in the diameters of the RCC and LCC or in the distance between the LCC and
LA (Figure2C). Significant inverse correlation was found between the aorta-LV angle and patients’ BW and
BMI, and significant positive correlation was found between the aorta-LA angle and patients’ BMI (Figure
5).

3.3 Post-ablation AF recurrence

AF recurred in 20 patients (20 %) during a median follow-up period of 16.3 months. The incidence of
recurrence was similar between the LVZ Group and No LVZ Group (Table 1).

4 Discussion

4.1 Main findings

Our main findings were as follows: (1) female sex was more prevalent, BW was lower, and the distance
between the NCC and anterior LA wall was less in the LVZ Group than in the No LVZ Group; (2) the size
(area) of LVZs on the anterior LA wall at LA-ascending aorta contact areas correlated negatively with the
aorta-LA angle and positively with the aorta-LV angle and the NCC diameter; and (3) the aorta-LV angle
correlated negatively with BW and BMI, whereas the aorta-LA angle correlated positively with BMI.

In general, LVZs are commonly seen in patients with AF. The incidence among patients with persistent AF is
35%, and among patients with paroxysmal AF, the incidence is 10%. LVZs have been shown to independently
predict AF recurrence after PVI,3,12 and LVZs reflecting LA remodeling are frequently detected in the
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. anterior LA wall.6,10,11 With the ascending aorta being the structure closest to the LA, we hypothesized
that mechanical compression caused by an anatomically deviated or expanded ascending aorta leads to the
development of LVZs on the anterior LA wall.6 The aorta-LA angle was narrow and the aorta-LV angle
was wide in our study patients with anterior LA wall LVZs, suggesting that the ascending aorta had sunk
into the anterior LA wall due a deviation in its course and distention of the NCC. These deformities might
have been the result of aortic root dilation due to aging and hypertension.13,14 The NCC is adjacent to the
anterior LA wall, and, because of the relatively low LA pressure, it might easily collapse against the LA. Our
anatomical findings support our hypothesis. The increased LA pressure in the LVZ Group also supports our
hypothesis.

The anterior LA wall LVZs were more prevalent among female patients than among male patients. Generally,
the thoracic cavity is smaller in females than in males. Deviation in the course of the ascending aorta and
a dilated sinus of Valsalva in patients with a relatively small thoracic cavity might increase intrathoracic
pressure. Mechanical compression of the LA by the aorta might promote local myocardial fibrosis and
electrophysiologic remodeling. In such cases, the intrathoracic space, which normally compensates for the
pressure gradient, would be limited.

We thus suggest that dilation of the aortic root leads to the development of LVZs on the anterior LA wall.
LA remodeling is generally thought to be related to the arrhythmic substrate. However, in our study, we
found no association between LVZs on the anterior LA wall and AF recurrence after ablation. Remodeling
of the anterior LA wall may contribute little to the arrhythmic substrate.

4.2 Limitations

Our study was limited by its execution as a retrospective study of a relatively small group of patients.
In addition, patient characteristics that might have influenced the study results were not controlled for.
Nonetheless, we meticulously evaluated the factors potentially supporting our hypothesis that LVZs on the
anterior LA wall develop as a result of a deviated aorta and increased LA pressure. Another limitation is
that intracardiac cardioversion was performed in patients who were in AF rhythm before voltage mapping,
and LA voltage measured immediately after defibrillation might not be accurate. Further, especially in the
patients with persistent AF, the voltage maps obtained during sinus rhythm might not have corresponded
precisely to the anatomy depicted by CT performed during AF because of the difference in rhythm and the
time between CT study and ablation.

5 Conclusion

In examining the relation between anatomical features of the ascending aorta and sinus of Valsalva and
distribution of LVZs on the anterior LA wall in patients with AF, we found that a relatively small intrathoracic
space along with the relatively low BW and BMI might affect the course of the ascending aorta and lead to
mechanical compression of the LA. In addition to this anatomical change, distention of the NCC, increased
LA pressure, and sinking of the ascending aorta into the anterior LA appear to promote development of
LVZs on the anterior LA wall. Progressive remodeling of the anterior LA wall may not be implicated in LA
arrhythmogenicity.

Figure legends

Figure 1

Representative 3-dimensional computed tomography images showing how the aorta-left atrium angle (A),
aorta-left ventricle angle (B), diameter of coronary cusp, distance from coronary cusp to atrium (C) are
measured. Ao = ascending aorta; LA = left atrium; LCC = left coronary cusp; LV = left ventricle; LVZ =
low-voltage zone; NCC = non-coronary cusp; RCC = right coronary cusp.

Figure 2

Representative 3-dimensional computed tomography images showing measurements of the aorta-left atrium
angle (A), aorta-left ventricle angle (B), and coronary cusp (C) in patients without LVZs (left panels) and
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. patients with LVZs (right panel). Ao = ascending aorta; LA = left atrium; LCC = left coronary cusp; LV
= left ventricle; LVZ = low-voltage zone; NCC = non-coronary cusp; RCC = right coronary cusp.

Figure 3

Representative bipolar voltage map of the left atrium in a patient with LVZs on the anterior LA wall at the
LA-ascending aorta contact area. The blue, green, yellow, orange, and red areas indicate LVZs (<0.5 mV),
and the purple areas are those of higher voltage ([?]0.5 mV).

LSPV = left atrial pulmonary vein; LVZs = low-voltage zones; RIPV = right inferior pulmonary vein, RSPV
= right superior pulmonary vein.

Figure 4

Scatterplots showing correlation between low-voltage zones (LVZs) (n=102, 0-8.4cm2) at the LA-ascending
aorta contact area and the aorta-LA angle (upper left panel), the aorta-LV angle (upper right panel), and
non-coronary cusp (NCC) diameter (lower panel).

LA = left atrium; LV = left ventricle.

Figure 5

Scatterplots showing correlation between patients’ body weight (BW) and body mass index (BMI) and the
aorta-LA angle (left panels) and the aorta-LV angle (right panels).

LA = left atrium, LV = left ventricle.
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