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a b s t r a c t

Background: Lead V1 on electrocardiography (ECG) can detect the dominant frequency (DF) of atrial
fibrillation (AF) in the right atrium (RA). Paroxysmal AF is characterized by a frequency gradient from the
left atrium (LA) to the right atrium (RA). We examined the ability of magnetocardiography (MCG) to
detect regional DFs in both the atria.
Methods: Study subjects comprised 18 consecutive patients referred for catheter ablation of persistent
AF. An MCG system with 64 magnetic sensors was used to perform MCG in the frontal, lateral, and back
planes prior to the ablation procedure in each patient. DFMCG and organization index (OIMCG) were
calculated using fast Fourier transformation. Intracardiac electrograms (ICEs) in both the atria and the
coronary sinus (CS) were mapped at 17 sites. Regional DFsICE were also determined.
Results: Mean LA DFICE was higher than mean RA DFICE (6.4070.66 versus 6.1670.80 Hz, P¼0.03).
DFMCG in the channel having the highest OIMCG was 6.6170.88 Hz in the frontal plane, 6.5270.64 Hz in
the lateral plane, and 6.4270.62 Hz in the back plane (P¼0.3). In each plane, DFMCG correlated with
DFICE at the RA appendage (R¼0.95, Po0.0001), the LA appendage (R¼0.91, Po0.0001), and the CS
(R¼0.93, Po0.0001). DFECG in V5 modestly correlated with DFICE at the LA appendage (R¼0.82,
Po0.0001).
Conclusions: MCG could more precisely detect the DFs in the LA and the CS than ECG. However, the
usefulness of pre-procedural detection of the AF frequency gradient for ablation therapy needs to be
evaluated in future prospective studies.

& 2015 Japanese Heart Rhythm Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

Catheter ablation of atrial fibrillation (AF) has rapidly evolved
in this decade, and pulmonary vein isolation (PVI) is currently
a well-standardized technique for treating paroxysmal AF. How-
ever, in patients with persistent AF, ablation therapy is still
challenging because the arrhythmogenic substrate beyond the
pulmonary veins (PVs) plays a role in the perpetuation of AF
[1–3]. A tailored treatment approach for each AF patient seems
reasonable owing to the multifactorial and progressive nature of
AF. One factor that characterizes AF is the dominant frequency
(DF). The DF is closely related to atrial refractoriness and degree of
electrical remodeling [4]. A frequency gradient from the left

atrium (LA) to the right atrium (RA) characterizes paroxysmal AF
[5]. Patients with a rare type of AF with a right-to-left frequency
gradient may suffer from a right atrial substrate and may be
maintained on a right atrial driver. Therefore, measurement of
regional DFs can be used as a guide to tailor an ablation strategy
[6–8].

Magnetocardiography (MCG) is a body surface mapping method
that noninvasively detects the magnetic field of the heart. Notably,
the electrocardiography (ECG) signal is affected by interpatient
differences in body characteristics and other physiological para-
meters, whereas the magnetic field is not distorted by its flow
through the tissues such as lungs, muscles, and bones. This unique
characteristic of magnetic fields results in better spatial resolution in
MCG than in ECG [9]. Although it is well known that lead V1 on the
ECG reflects RA DF [10,11], little is known about the ability of MCG to
detect regional DFs in the atria. As the standard ECG leads are not
specifically designed to record atrial activity, the multichannel and
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multiplane recording method of MCG (64 channels�3 planes)
might offer an advantage over the standard ECGmethod in detecting
atrial DFs. This study evaluated the relationship between DFs in the
atria measured by MCG mapping and those measured by multisite
intracardiac mapping.

2. Material and methods

2.1. Study subjects

Study subjects comprised 18 consecutive patients referred for
catheter ablation of persistent AF. Patients who had undergone a
prior ablation procedure, those with structural heart disease,
or those with a history of heart failure were excluded from the
study. The clinical characteristics of the study subjects are listed
in Table 1.

2.2. Measurement and analysis of MCG signals

The study protocol was approved by the local Institutional
Review Board, and all patients provided their informed written
consent. Antiarrhythmic drug therapy was discontinued 4–5 half-
lives before the procedure. All patients underwent MCG during AF
1 day before the procedure. MCG methodology has been described
in detail in a previous study [12]. We used an MCG system (MC-
6400, Hitachi High-Technologies Corporation, Tokyo, Japan) with
64 magnetic sensors to measure the magnetic field. The magnetic
field sensors were in an 8 � 8 matrix with a pitch of 25 mm, and

the measurement area was 175�175 mm2 (Fig. 1). The MCG
signals for each subject in the resting state were recorded in
3 planes (frontal, lateral, and back) in a magnetically shielded
room. For the frontal MCG measurement, the subject lay supine on
the bed, and the (7, 4) sensor was placed above the xiphoid
process (Fig. 1A). For the lateral MCG measurement, the subject lay
on the right side, and the (7, 5) sensor was placed at the point of
intersection of the line perpendicular to the xiphoid process with
the midaxillary line (Fig. 1B). For the back MCG measurement, the
subject was turned to the prone position, and the (7, 5) sensor was
placed on the back side of the xiphoid process (Fig. 1C). A total of
3456 channels (64 channels�3 planes�18 patients) were ana-
lyzed. The sampling rate was 1 kHz, and the measurement period
was 2 min. ECG leads II, V1, and V5 were simultaneously recorded
throughout the procedure. The MCG signals were passed through a
bandpass filter (0.1 to 50 Hz) and a power line noise filter (50 Hz).
To analyze the MCG signals generated from an atrial electrical
activation, we subtracted QRS-complex and T-wave signals from
the measured MCG signals using the template QRS-T waveform
(Fig. 2A) [13]. Furthermore, we calculated the power spectrum of
the QRS-subtracted MCG signals using fast Fourier transform (FFT)
techniques. The highest peak of the power spectrum in the range
of 0.5 to 20 Hz was defined as the DF (Fig. 2B). Sites with DFs
beyond the biological range (3–12 Hz) were excluded from further
analysis [14]. To quantify the regularity of AF, the organization
index (OI) was calculated as the ratio of the total area of the
spectrum under the first five harmonic peaks to the total area of
the spectrum [15].

2.3. Measurements and analysis of intracardiac electrograms (ICEs)

All patients presented to the laboratory in AF. After the
transseptal puncture, electroanatomical mapping (CARTO, Bio-
sense-Webster, Diamond Bar, CA) was performed during AF before
ablation. An open-irrigation, 3.5-mm-tip deflectable catheter
(ThermoCool, Biosense-Webster) was used for mapping. Electro-
grams of Z6-s duration were recorded in 17 bi-atrial regions
(Table 2).

The details of the spectral analysis have been described in a
previous study [7]. In brief, bipolar electrograms recorded for 6 s
were processed off-line in the MatLab environment (MathWorks,
Inc., Natick, MA). The electrogram voltage was defined as the mean
of a maximum of 10 electrogram amplitudes in a sampling window
of 6 s [16]. The preprocessing steps in the spectral analysis included
bandpass filtering with cutoffs at 40 and 250 Hz, rectification, and

Table 1
Characteristics of patients.

Characteristic Study subjects (N¼18)

Sex (Female) 6 (33%)
Age 6079
Body mass index (kg/m2) 2573
Hypertension 10 (56%)
Diabetes mellitus 3 (17%)
Duration of AF history (months) Median¼7, IQR¼8
LVEF (%) 62 78
LAVi (mL/m2) 38712

AF¼atrial fibrillation, IQR¼ interquartile range, LAVi¼ left atrial volume indexed to
body surface area, LVEF¼ left ventricular ejection fraction.

Fig. 1. Relative position of the marker sensor to the body in the frontal (A), lateral (B), and back (C) planes.
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Fig. 2. (A) (Upper panel) Subtraction of QRS complex from the measured MCG signals in the lateral plane. The blue line shows the original MCG signals recorded for 6 s
during AF. The red line shows the residual F waves after subtracting the QRS complex. (Lower panel) Periodograms corresponding to all 64 channels. The black rectangles are
the excluded periodograms having DFs out of the biological range. The red rectangle indicates the periodogram having the highest OI among the 64 channels (DF¼5.76 Hz,
OI¼0.51). (B) (Left panel) Intracardiac electrograms recorded at the LAA for 6 s. (Right panel) The DF and OI are 5.50 Hz and 0.45, respectively. The periodogram
corresponding to the electrograms recorded at the LAA is in good agreement with that corresponding to the MCG signal in the lateral plane. AF¼atrial fibrillation;
DF¼dominant frequency; LAA¼ left atrial appendage; MCG¼magnetocardiography; OI¼organization index.

Table 2
Correlation between DFICE and DFMCG, and between DFICE and DFECG at the 17 mapped sites.

Frontal plane Lateral plane Back plane V1 V5 II

R P R P R P R P R P R P

Right atrium Appendage 0.95 o0.0001 0.63 0.005 0.76 0.0002 0.95 o0.0001 0.64 0.004 0.85 o0.0001
Septum 0.78 0.0002 0.69 0.002 0.8 0.0001 0.78 0.0002 0.76 0.0004 0.85 o0.0001
CTI 0.77 0.0005 0.71 0.002 0.75 0.0007 0.83 o0.0001 0.77 0.0004 0.67 0.004
Lateral wall 0.88 o0.0001 0.7 0.001 0.73 0.0005 0.89 o0.0001 0.79 o0.0001 0.82 o0.0001
Posterior wall 0.75 0.0004 0.66 0.003 0.76 0.0004 0.84 o0.0001 0.59 0.01 0.61 0.009

Left atrium RSPV antrum 0.28 0.3 0.6 0.009 0.53 0.02 0.4 0.1 0.55 0.02 0.48 0.04
RIPV antrum 0.43 0.08 0.73 0.0005 0.57 0.01 0.52 0.03 0.59 0.009 0.53 0.02
LSPV antrum 0.65 0.006 0.8 0.0002 0.79 0.0002 0.66 0.006 0.68 0.004 0.78 0.0004
LIPV antrum 0.41 0.1 0.68 0.002 0.62 0.007 0.42 0.09 0.49 0.04 0.64 0.005
Posterior wall 0.27 0.27 0.49 0.03 0.39 0.1 0.35 0.16 0.52 0.03 0.29 0.2
Base of LAA 0.62 0.008 0.89 o0.0001 0.83 o0.0001 0.68 0.002 0.78 0.002 0.72 0.0006
Roof 0.6 0.008 0.77 0.0001 0.68 0.002 0.66 0.003 0.7 0.001 0.75 0.0003
Septum 0.73 0.0006 0.75 0.0003 0.79 o0.0001 0.78 0.0001 0.73 0.0006 0.77 0.0002
Mitral isthmus 0.81 o0.0001 0.83 o0.0001 0.89 o0.0001 0.8 o0.0001 0.81 o0.0001 0.92 o0.0001
Inferior wall 0.59 0.01 0.8 o0.0001 0.71 0.002 0.68 0.002 0.73 0.0008 0.66 0.003
Appendage 0.69 0.002 0.91 o0.0001 0.79 o0.0001 0.73 0.0005 0.82 o0.0001 0.74 0.0003
Coronary sinus 0.73 0.0006 0.79 o0.0001 0.93 o0.0001 0.74 0.0004 0.67 0.002 0.85 o0.0001

CTI¼cavotricuspid isthmus; DF¼dominant frequency; ECG¼electrocardiography; ICE¼ intracardiac electrogram; LAA¼ left atrial appendage; LS¼ left superior; LI¼ left
inferior; MCG¼magnetocardiography; PV¼pulmonary vein; RI¼right inferior; RS¼right superior.
Maximal R value in each plane or lead is highlighted in bold.
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low-pass filtering with a cutoff at 20 Hz [17]. The definitions of DF
and OI were the same as used in MCG analyses (Fig. 2A and B).

2.4. Statistical analysis

Continuous variables with normal distribution are expressed as
mean71 standard deviation and were compared using the
Student t-test or paired t-test. Categorical variables were com-
pared using χ2 analysis. One-way analysis of variance (ANOVA)
was used to compare the continuous variables among multiple
groups. Post-hoc analyses were performed using the Scheffé test.
To determine the relationship between DF measured by MCG
(DFMCG) and DF measured by ICE (DFICE), an independent Pearson's
correlation coefficient was calculated for each of the 17 sites
sampled. To account for these multiple comparisons, P values
were corrected using the Bonferroni correction. Thus, the relation-
ship was deemed significant at the 0.05 level if the P value was
o0.0029 (i.e., 0.05/17).

3. Results

3.1. DF, OI, and voltage measured by ICE mapping (DFICE and OIICE)

Mean LA DFICE was significantly higher than the mean RA DFICE
(6.4070.66 versus 6.1670.80 Hz, P¼0.03). However, regional
differences in DFICE were significant only between DFICE at the
cavotricuspid isthmus (CTI) and at the left superior PV antrum
(5.8870.89 versus 6.6670.71 Hz, Po0.05) (Fig. 3A).

There was no significant difference in OIICE between the right
and the left atrium (0.3070.04 versus 0.3170.05, P¼0.3). How-
ever, there were significant regional differences in OIICE among the
17 mapped sites (P¼0.0001). The OIICE values at the RA appendage
(RAA) and the LA appendage (LAA) were significantly higher than
those at the RA septum, the LA roof, the left superior PV antrum,
and the LA inferior wall (Fig. 3B).

The mean LA voltage was significantly lower than the mean RA
voltage (0.4470.18 versus 0.9470.36 mV, Po0.0001). There
were significant regional differences in voltage among the 17
mapped sites (Po0.0001). In particular, the values at the LAA,

Fig. 3. (A) DFs at the 17 mapped sites (nPo0.05). (B) OI at the 17 mapped sites. (nPo0.05 versus OI at the RAA, †Po0.05 versus OI at the LAA). (C) Voltage at the 17 mapped
sites (nPo0.05 versus voltage at the RAA, †Po0.05 versus voltage at the LAA, ‡Po0.05 versus voltage at the RA lateral wall, §Po0.05 versus voltage at the mitral isthmus
and Po0.05 versus voltage at the CS,

H
Po0.05 versus voltage at the CTI). CS¼coronary sinus; CTI¼cavotricuspid isthmus; DF¼dominant frequency; LA¼ left atrium;

LAA¼ left atrial appendage; LIPV¼ left inferior pulmonary vein antrum; LSPV¼ left superior pulmonary vein antrum; MI¼mitral isthmus; RA¼right atrium; RAA¼right
atrial appendage; RIPV¼right inferior pulmonary vein antrum; RSPV¼right superior pulmonary vein antrum.
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the RAA, and the lower lateral RA were higher than those at the
other mapped sites (Fig. 3C).

3.2. DF and OI measured by MCG mapping (DFMCG and OIMCG)

The mean DFMCG in the 64 channels in the study group was
6.5670.75 Hz in the frontal plane, 6.4970.52 Hz in the lateral
plane, and 6.5270.60 Hz in the back plane (P¼0.9). The DFMCG in
the channel having the highest OI in each plane was
6.6170.88 Hz, 6.5270.64 Hz, and 6.4270.62 Hz, respectively
(P¼0.3).

Mean OIMCG in the frontal plane (0.3670.09) was significantly
higher than that in the lateral (0.2470.05) and the back planes
(0.2770.05) (Po0.0001). Maximum OIMCG among the 64 chan-
nels in each plane was 0.4770.11, 0.3370.09, and 0.3770.08,
respectively (Po0.0001). The sites having the highest OI were
distributed in a cluster (Fig. 4). The sites having the highest OI in
the frontal plane were located predominantly in the center of the
detection area, those in the lateral plane were located in the upper
anterior area, and those in the back plane were located in the right
side (Fig. 4).

3.3. Relationship between DFMCG and DFICE

Mean RA DFICE and mean LA DFICE correlated modestly with
mean DFMCG in the frontal plane (R¼0.89, Po0.0001) and in the
back plane (R¼0.87, Po0.0001), respectively. The DF having the
highest OI in the frontal plane correlated most strongly with the
DFICE at the RAA (R¼0.95, Po0.0001) (Fig. 5A and Table 2), that in
the lateral plane correlated most strongly with the DFICE at the LAA
(R¼0.91, Po0.0001) (Fig. 5B and Table 2), and that in the back
plane correlated most strongly with the DF in the CS (R¼0.93,
Po0.0001) (Fig. 5C and Table 2).

3.4. Relationship between OIMCG and OIICE

Mean OIMCG in the frontal plane correlated with OIICE at the RAA
(R¼0.49, Po0.05), and that in the lateral and the back planes
correlated with OIICE at the LAA (R¼0.73, P¼0.001 and R¼0.65,
P¼0.004, respectively) and the CS (R¼0.66, P¼0.007 and R¼0.56,
P¼0.01, respectively). The maximum OIMCG in the frontal and the
lateral planes correlated with the OIICE at the RAA (R¼0.50, P¼0.03)
and the LAA (R¼0.73, P¼0.001), respectively, and that in the back
plane did not correlate with the OIICE in the CS (R¼0.38, P¼0.12).

3.5. DF and OI measured by ECG (DFECG and OIECG)

The DFECG was 6.5270.89 Hz in V1, 6.3370.73 Hz in V5, and
6.5770.77 Hz in lead II (P¼0.2). The DFECG in V1 correlated with
DFICE in the RA, especially with the DFICE at the RAA (R¼0.95,
Po0.0001) (Table 2). The DFECG in V5 modestly correlated with
the DFICE at the LAA (R¼0.82, Po0.0001). This correlation was
weaker than the correlation between the DFMCG in the lateral
plane and the DFICE at the LAA (R¼0.91, Po0.0001) (Table 2). The
DFECG in II correlated most strongly with the DFICE at the mitral
isthmus (R¼0.92, Po0.0001) (Table 1).

The OIECG in V1 was significantly higher than that in V5 and II
(0.4370.09 in V1, 0.3170.02 in V5, 0.3670.07 in II, Po0.0001
for both). The OIECG in leads V1, V5, and II did not correlate with
OIICE at any of the 17 mapped sites.

4. Discussion

4.1. Main findings

The DFMCG having the highest OI in the frontal, lateral, and back
planes correlated strongly with the DFICE at the RAA, the LAA, and

Fig. 4. Distribution of the detection sites having the highest OI in the frontal (A), lateral (B), and back planes (C). Note that these sites are localized within a particularly small
area in the three planes. OI¼organization index.

Fig. 5. The correlation between the DFMCG in the frontal plane and the DFICE at the RAA (A), between the DFMCG in the lateral plane and the DFICE at the LAA (B), and between
the DFMCG in the back plane and the DFICE in the CS (C). CS¼coronary sinus; DF¼dominant frequency; ICE¼ intracardiac electrogram; LA¼ left atrium; LAA¼ left atrial
appendage; MCG¼magnetocardiography; RA¼right atrium; RAA¼right atrial appendage.
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the CS, respectively. As expected, these sites were localized within
a particularly small area in the MCG sensor. To the best of our
knowledge, this is the first study to show that MCG can more
precisely detect the DFs in the LA and the CS than ECG. This may
allow us to noninvasively detect the frequency gradient between
the LA and the RA that characterizes the dynamics and
mechanisms of AF.

4.2. Accuracy of measurements of DFs

Many previous studies agree that ECG lead V1 can accurately
detect the electrical activity in the RA due to the lead's proximity
to the RA [10,11]. In our study too, the DF in lead V1 correlated
strongly with the RA DF.

However, earlier studies do not agree on whether the lateral
ECG leads (I, aVL, and V4–6) can detect LA DF or cycle length. Only
2 studies have reported that the lateral ECG leads can detect LA DF
(or cycle length) [18,19]. To overcome the limitation of detecting
LA DF using the standard ECG lead positions, Petrutiu et al. [11]
had put an ECG lead on the patient's back and had showed that
this posterior lead is better at detecting LA DF than the standard
leads. However, in our study, the accuracy of lead V5 in detecting
LA DF was only modest and was lower than that of MCG. Possible
explanations of this discrepancy are the differences in the meth-
odology (frequency domain analysis using FFT versus time domain
analysis using autocorrelation method, 3.5-mm-tip catheter versus
basket catheter) [19] and in the degree of structural remodeling in
the study subjects. In our study, all patients had persistent AF and
the LA was moderately enlarged. Posterior displacement of an
enlarged LA makes the LA move away from the precordial leads.
Moreover, low voltage in the LA due to advanced structural
remodeling may make measurements of DFs less accurate because
of increased noise-to-signal ratio. MCG measurements may be less
affected by an enlarged LA and decreased voltage because the
magnetic field does not attenuate through the tissues existing
between the LA and the MCG sensor.

The MCG measurement in the back plane could accurately
detect CS DF. Besides, ECG lead II correlated strongly with the DF at
the mitral isthmus/CS region. Although the inferior ECG leads are
considered to be useful in detecting the DF at the inferior LA
including the CS, [19] it was an unexpected and interesting result
that the MCG measurement in the back plane has the potential to
detect the CS DF using the standard FFT method even in patients
with advanced structural remodeling.

4.3. Mechanism of detecting regional DFs using an MCG

So far, it is unclear how activities from different parts of the
atria contribute to the MCG recordings. In this study, the DFMCG

having the highest OIMCG correlated strongly with the DFICE at the
LAA, the RAA, and the CS. In the frontal plane, the RAA is
anatomically adjacent to the MCG sensor. Its voltage was signifi-
cantly higher than that of the RA septum and the posterior wall.
More importantly, the OI of the RAAwas the highest among the RA
sites. Similarly, in the lateral plane, the LAA is anatomically
adjacent to the MCG sensor. Both the voltage and the OI at the
LAA were the highest among the LA sites. These anatomical and
electrical characteristics of the appendages may contribute to
strong correlations between the DFs at the appendages and the
DFs in the channels having the highest OI. Finally, in the back
plane, the posterior wall, the PV antra, and the CS are anatomically
close to the MCG sensor. Although there was no difference in the
OI among the 3 regions, the voltages in the CS were significantly
higher than those at the other sites. Markedly, the CS is the only
structure located in the epicardium. Moreover, a recent animal
study has shown that there is dissociation of electrical activation

and direction of conduction vectors of AF electrograms between
the epicardium and the endocardium [20]. These facts may explain
why the site having the highest OI in the back plane correlated
strongly with the CS DF.

Notably, the sites of interest having the highest OI were
distributed within a particularly small region of the MCG sensor.
This result corroborates the significance of the anatomical rela-
tionship between the appendages and the MCG sensor. Moreover,
adjusting the location of the sensor according to the location of the
cluster region may be a simple way in clinical practice to make
measurements of DFs more accurate.

4.4. Clinical implication

DF can be a surrogate for the degree of atrial electrical
remodeling [4,21]. Further, it identifies patients who may require
additional ablation beyond PVI [8,22]. In an animal study by
Mansour et al., acute AF in an isolated sheep heart had a left-to-
right frequency gradient [23]. Based on this finding, the authors
hypothesized that high-frequency periodic sources located in the
LA drive AF. A human study confirmed that there is a left-to-right
frequency gradient during paroxysmal AF, but not during persis-
tent AF. We recently found a rare type of AF that had its trigger and
substrate in the right atrium (right AF). Such uncommon AF was
characterized by a right-to-left frequency gradient and was cured
by right atrial ablation (unpublished data). These previous studies
and observations suggest that comparing the DFs in the RA and
the LA before ablation may be helpful in predicting the mechanism
of AF (e.g., whether it is PV-dependent), in designing an ablation
strategy, and in informing patients about the possible procedural
risks, benefits, and success rate.

4.5. Limitations

First, the MCG was performed separately from the intracardiac
mapping because it requires a magnetically shielded room. How-
ever, the temporal stability of AF electrograms is reported to be
high in persistent AF [10,19,24,25].

Secondly, only patients with persistent AF were included in this
study due to the practical difficulty of recording paroxysmal AF
both during the MCG measurement and during the intracardiac
mapping. Because a left-to-right DF gradient is not commonly
observed in persistent AF, it was difficult to compare the DF
gradient between the MCG recording and the intracardiac map-
ping in this study. A further study including the patients with
paroxysmal AF and with a DF gradient is needed to clarify the
clinical advantage of MCG over ECG.

5. Conclusion

MCG could more precisely detect the DFs in the LA and the CS
than ECG. However, the usefulness of pre-procedural detection of
the AF frequency gradient for ablation therapy needs to be
evaluated in future prospective studies.
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