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Abstract—The aim of the study was to detect patterns of spatial-current distribution
in the late QRS and early ST-segments that distinguish Brugada-syndrome cases
from complete right-bundle branch block (CRBBB). Magnetocardiograms (MCGs)
were recorded from Brugada-syndrome patients (n=6), CRBBB patients (n=4) and
the members of a control group (n=33). The current distributions at six time points
from Q-onset were estimated by producing current-arrow maps (CAMs). The angle of
the current arrow of maximum amplitude at each time point was calculated. In the
Brugada cases, the characteristic ST elevation was seen above the upper right chest,
and abnormal currents appeared to be present in the right-ventricular outflow tract
(RVOT). The angles of the abnormal arrows were —78°+51° at 100ms and
—50°+61° at 110ms. In the cases of CRBBB, wide S- and R-waves were recorded
above the upper right and lower right chest, respectively. The angles of the abnormal
arrows for CRBBB were 152° + 19° at 100 ms, 159°+20° at 110ms, and 157° + 19°
at 120ms. The findings suggest that an abnormal current from the RVOT to the
upper left chest may be a feature of the Brugada syndrome, and that the direction of
this current is completely different from that seen in CRBBB.
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1 Introduction

THE BRUGADA syndrome is an electrical disorder of the heart
that is associated with a high risk of sudden death (BRUGADA
and BRUGADA, 1992; BRUGADA et al., 2000a; IKEDA 2002). In
particular, the pattern that characterises the syndrome consists
of a right-bundle branch block (RBBB) with ST-segment
elevation in the V1-V3 electrocardiograph (ECG) leads and a
normal QT interval in the absence of structural heart discase
(BRUGADA and BRUGADA, 1992).

Since the syndrome was identified, heterogencous repolarisa-
tion across the ventricular wall of the right-ventricular outflow
tract (RVOT) has been assessed as being responsible for the
ST-elevation and genesis of ventricular fibrillation (VF) in several
clinical and cellular studies (YAN and ANTZELEVITCH, 1990;
MIYAZAKI et al., 1996, MATSUO ef al., 1998, ANTZELEVITCH
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et al., 1999; BRUGADA ef al., 2000b; SHIMIZU et al., 2000a; b;
KANDA ef al., 2002; KURITA ef al., 2002; MASAKI ef al., 2002,
WILDE et al, 2002; ANTZELEVITCH ef al, 2002). The high
take-off angles of the ST segments seen in cases of the Brugada
syndrome may simply be mimicking the RBBB pattern and
have the same origin; this possibility was discussed in some of
the cited works. However, this RBBB-like pattern may be due,
at least in part, to carly repolarisation of the RV epicardium
rather than to blocking of conduction in the right bundle.

Furthermore, Shimizu et al. applied body-surface potential
mapping (BSPM) to find that the ST-segment elevation 20 ms
after the end of the QRS complex was localised below the
parasternal second and third intercostal spaces (SHIMIZU ef al.,
20006). Bruns also used BSPM and found that changes to the
ECG in the left precordial leads were reversed relative to the
changes seen in the right precordial leads (BRUNS ef al., 2002).
Although these findings have provided us with important, char-
acteristic ECG signs of the Brugada syndrome, the mechanism
responsible for the ST elevation has not yet been identified.

We have developed a magnetocardiogram (MCG) system that
provides us with maps that reflect the current distribution in the
heart. The Brugada syndrome is an electrical abnormality of
the heart, and spatial current dispersion is a factor in many other
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Table 1 Magnetocardiographic and other characteristics of control-group members, patients with Brugada

syndrome and CRBBB patients

Patient Sex Age, years QRS, ms RR, ms QT, ms QTc
Brugada syndrome

1 F 23 87 840 379 414

2 M 27 103 1100 383 365

3 M 56 88 940 365 376

4 M 36 91 630 349 440

5 M 57 137 780 420 476

6 M 48 102 1060 412 400
Mean £ SD F/M=1/5 41+15 101£19 892+178 385+27 412 +41
CRBBB

7 M 75 130 750 425 491

8 F 59 127 810 419 466

9 M 59 147 1400 493 417
10 F 70 133 815 435 432
Mean £ SD F/M=2/2 6618 13449 944 + 306 443 £ 34 464 £33
Control group
Mean + SD F/M=17/16 32+7 86+ 8 959 £ 156 400+ 30 411+24

such abnormalities. We thus felt that it would be worthwhile to
apply the MCG to find out whether or not current dispersion is
involved in this case.

The MCG has the potential to obtain current distributions with
a high spatial resolution, because other organs, such as the lungs
and bones, produce much less interference than in the case of an
ECG (HoOSAKA and COHEN, 1976a), even though the contribution
of volume currents to the total magnetic field is still significant
at 0.28 (HoSAKA and COHEN, 1976b). Furthermore, a physical
thorax phantom has been used to confirm that the current dipole
estimated by one MCG system is accurate to within 9 + 8 mm
(PESOLA et al., 1999). The low distortion of cardiac magnetic
fields has also made it possible to measure fetal MCG signals
(KARINIEMI, 1974). Furthermore, plots of the tangential com-
ponents of the magnetic field (or the tangential vectors calculated
from the normal components of a magnetic field) reflect the spatial
distribution of cardiac current and show visible patterns of peaks
immediately above electrically activated regions (HOSAKA and
COHEN, 19764; b; TSUKADA et al., 1999; HORIGOME et al., 1999).

Although a volume conductor and tissue anisotropy have an
influence on the cardiac currents, this visualisation technique has
provided a high detection rate in the diagnosis of ischaemic and
arrthythmic heart diseases in adults (TSUKADA ef al., 2000q; b;
YAMADA, et al., 2001; 2002; KANDORI et al., 2001a; b; 2002;
SATO et al., 2001; 2002; SHIONO et al., 2002; KANZAKI et al.,
2003). In particular, spatial current distributions estimated from
MCGs taken from adults with long-QT syndrome (LQTS) have led
to a more accurate characterisation of this syndrome and revealed
that it actually consists of two sub-types (KANDORI et al., 2002).

We have now tried recording MCG signals from Brugada and
complete-RBBB (CRBBB) patients as a way of clarifying the
spatial mechanisms involved in the ST-elevation abnormality of
the Brugada syndrome. We used our method of creating two-
dimensional current-arrow maps (CAMs) to visualise the spatial
current distributions.

2 Materials and methods
2.1 Subjects

The diagnosis of Brugada syndrome was based on typical
ECG patterns (persistent or transient right-precordial
ST-segment elevation, with or without an atypical right-bundle
branch block) and clinical arthythmic events (syncope, ventri-
cular fibrillation, cardiac arrest). A 12-lead ECG from one
patient (number 2; see Table 1), showing the typical ‘coved’
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pattern of Brugada syndrome, is shown in Fig. 1. The pattern is
obvious in the signals on the V1-V3 leads.
Magnetocardiographic and other data on the Brugada and
CRBBB patients and normal control volunteers are listed in
Table 1. There were six Brugada patients (41 &= 15 years old),
four CRBBB patients (66 + 8 years old) and 33 normal (control)
subjects (32 + 7 years old); none of the latter had a history of
cardiac disease. All of the CRBBB patients and three of the
Brugada-syndrome patients showed longer QRS intervals than
the controls. On the other hand, the RR intervals, QT intervals
and corrected QT intervals (QTc values) were not significantly
different from the data on the control subjects. The QTc values
were calculated from Bazett’s formula (QTc = QT/,/ RR). Note
that all of the data in Table 1 were obtained from MCG signals.

2.2 Measurement of magnetocardiograms

Magnetocardiogram signals for each patient were recorded
above the chest, in the positions shown in Fig. 24, over a period
of 30 min. These signals were measured using a superconducting
quantum interference device (SQUID) system* (KANDORI et al.,
2001a; b; 2002). This system has 64 coaxial gradiometers and
was installed in a room magnetically shielded by a double layer
of y-metal. The gradiometer array is an 8 x 8 matrix on a flat
plane with a pitch of 25 mm. Each sensor incorporates a first-
order gradiometer, composed of coils on an 18 mm diameter
bobbin with a 50 mm long baseline. The MCG signals were
passed through an analogue bandpass filter (0.1-100 Hz) and an
analogue notch filter (50 Hz) and then digitised at a sampling rate
of 1 kHz by an AD converter mounted in a computer.

2.3 Signal analysis

To improve their signal-to-noise ratios (SNRs), the MCG
waveforms of each patient and volunteer were averaged 20-30
times, with the R-wave peak as a trigger. Superpositions of the
averaged waveforms from the 64 sensors (as shown in Figs. 35,
4b and 5b) were used so that the Q onset, QRS end and T end
could be visually determined by the identification of discon-
tinuities in the overlapping waveforms. The QT intervals listed
in Table 1 were calculated from these results. Although the
ST elevation makes determining the QRS end somewhat
imprecise, the most important time point in the analysis of
spatial current distribution is the Q onset, which is clearly

*MC-6400, Hitachi, Ltd
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Fig. 1 Tipical 12-lead ECG waveform from patient with Brugada
syndrome

delineated. A base-line correction of the MCG signals was made
by using the average magnetic field over the 20 ms before the
onset of the Q-wave, because amplitude offsets in BSPM are,
in general, correctable by subtracting the value in the PQ
(BRUNS ef al., 2002). As such correction of the MCG can
create problems when we take the spatial derivative (expressed
in the following paragraph), we confirmed that the correction
did not create problems with any of the data.

The main point of our arrayed MCG system is the production
of CAMs from the derivatives of the normal components Bz of
the individual MCG signals (KANDORI ef al., 2001a; b; 2002)

by applying

dBz
Ix=— 1
= M
and
—dBz
Iy = 2
y=— 2)

The magnitude of the current arrows (I=(Ix*+L*)"?) is
plotted as a contour map. We used spline interpolation to

©ND DA WN =

64 measurement points
a b

Fig. 2 (@) MCG measurement area (8x8 matrix) above heart.
Position of array is set by placing one sensor (column 7,
row 3) above xiphoid sternum. (b) Angle 8 of current arrow
with maximum amplitude is defined in same way as electrical
axis of an electrocardiogram
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Fig. 3 MCG results for typical, normal (control) subject: (a) 64
MCG waveforms, enlarged for identification of ST elevation,
(b) superposition of 64 waveforms; (c) CAMs at six lines in
ST-segment and peak position in T-wave of (b)

obtain the data from which we obtained the current arrows in
the measurement plane. Note that the current arrows produced
using (1) and (2) do not exactly correspond to the physical
current. However, the results of both simulation and measure-
ment have shown a strong similarity between a current arrow
thus derived and the actual tangential magnetic field in the
corresponding region. The field corresponds to a local distribu-
tion of electrical current in which the components close to the
surface make the strongest contribution, and so a current-arrow
map is a very informative depiction of the spatial distribution of
electrical activity near the relevant body surface.

The angle of the current arrow with maximum amplitude
expresses an electrical axis (Fig. 2b) much the same as is
commonly used in ECG study. In the case of ECG study, the
axis reflects the main current orientation in the coronal plane,
because the axis is obtained by integrating and obtaining a
vector from two of the potentials (I and II), which run parallel
to the x- and y-axis current components. This angle has been
used to identify an abnormal current in the T-waves of LQTS
patients (KANDORI ef al., 2002).

In this study, these angles were calculated for six positions
(100, 110, 120, 130, 140 and 150 ms after the Q onset) in
the late QRS or early ST-segment, because the clevation of the
ST-segment 20 ms after the end of the QRS complex is the most
characteristic ECG sign of the Brugada syndrome (SHIMIZU,
20000). Furthermore, we set the start time at the Q onset because
of the difficulty of determining the QRS end when the MCG
data includes ST elevation.
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Fig. 4 MCG results for typical patient with Brugada syndrome (patient 4 in Table 1): (a) on right, 64 MCG waveforms, with enlarged views on

left to show typical ST elevation (coved and/or saddle-back type); (b) superposition of 64 waveforms, (c) CAMs at six lines in ST-segment
and peak position in T-wave of (b)
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Fig.5 MCG results for typical patient with CRBBB (patient 7 in Table 1): (a) on right, 64 MCG waveforms, with enlarged views on left to show
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ST elevation (upper four graphs show typical, negative S-wave, lower four graphs show positive S-waves, with features of interest

indicated by wide arrows), (b) superposition of 64 waveforms; (¢c) CAMs at six lines in late QRS complex and ST-segment and at peak
position in Twave of (b)
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3 Results

3.1 MCG waveforms and CAM patterns of ST-segments
in the control group

The 64 averaged waveforms obtained in the plane above a
typical subject from the normal control group are shown in Fig. 3a.
In this Figure, we see neither ST elevation nor abnormal S-waves.
The superposition of the 64 waveforms in Fig. 3b gives a precise
view of the Q onset and T-wave peak (indicated by the wide
arrows). We selected 100 ms after the Q onset as the starting point
for arrow-map analysis. The QRS complex in this case is actually
narrower than 100 ms; in fact, the average QRS width for the
normal subjects was 86 &= 8 ms, as stated in Table 1.

Spatial current distributions, as evaluated using CAM, are
shown in Fig. 3¢; the corresponding positions are indicated in
Fig. 35 by lines and the label ‘T peak’. In the carly phase of the
ST-segment, the strongest current arrows appear near the upper
right ventricle, and the position of the maximum moves lower
during the ST-T activation.

3.2 MCG waveforms and CAM patterns of the
Brugada-syndrome patients

Fig. 4a shows the 64 waveforms for a typical patient with the
Brugada syndrome. ST elevation (coved and/or saddle-back
type) is visible in many of the panels. This is particularly so of
the upper-left sensor positions, four of which have been enlarged
to provide a better view of their shapes. In Fig. 4a, however, it is
difficult to discern the elevation, because its magnitude is very
small (<3 pT), and the distinction between the saddle-back and
coved types is not always clear, because the actual waveform is
often a mix of the two types. Furthermore, it is difficult to
provide quantitative data on the ST elevation, because the
pattern of elevation differs from channel to channel, and it is
difficult to define an appropriate time position for measurement.
As well as the ST elevation, three of the Brugada-syndrome
patients show QRS-complex durations that are significantly
longer (103, 137 and 102 ms) than the average (86 = 8 ms) for
the normal control subjects, as is shown in Table 1. However, the
Brugada-syndrome patients have disparate QRS intervals.

We obtained CAMs for these subjects, too, and the result is
given in Fig. 4c. During the time interval from 100 to 120 ms, the
strongest current arrows appear at an upper-central position that
corresponds to the RVOT in all patients. At the first few time
points, the larger arrows point upwards. A further set of strong-
current arrows that point downwards and to the right, in a similar
pattern to that seen in the normal control cases, start to appear
and remain through the T-wave peak.
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Fig. 6 Relationship, for control subjects, Brugada-syndrome patients
and CRBBB patients, of mean angle of maximum-current
arrow at six positions (100, 110, 120, 130, 140 and 150 ms) in
ST segment after Q onset. Values for () normal subjects, (O)

Brugada-syndrome patients and (/\) CRBBB patients. Differ-
ences between all three groups are large at 100 and 110 m

3.3 MCG waveforms and CAM patterns of
CRBBB patients

Fig. 5a shows the 64 waveforms for a typical patient with
CRBBB. Large S- and R-waves are visible in the waveforms
from the upper and lower sensors, respectively. The large
amplitudes and long durations of these waves are seen in
the eight enlargements on the left. The latter quality lengthens
the QRS complex (Fig. 5b and the average value, 134 £ 9 ms, as
given in Table 1). Therefore the position 100 ms after the QQ onset
is well within the QRS complex.

This characteristic of the waveforms means that the spatial
distribution of current over the period from 100 to 120 ms
reflects depolarisation activity. During this period, strong-
current arrows pointing leftward appear above the upper-right
ventricle (Fig. 5¢). After this period, new strong-current arrows
that point rightward appear and remain dominant through the
T-wave peak.

3.4 Quantitative evaluation of directions in the
abnormal cases

Mean values of the main current-arrow angle provide a way
quantitatively to investigate the variation within the ST-segment
and are plotted in Fig. 6 (mean values are drawn to avoid a

Table 2 Numerical results for angles of current arrows with maximum amplitude at six points in time:

mean values (Fig. 5) and standard deviations

Control group (rn =33) Brugada syndrome (n = 6) CRBBB (n =4)
100 ms 40|:|i:61 p<0.05 778:|i:51 p<0.05 152:%19
110 ms 25|:|i: 62 p<0.05 750:|i:61 p<0.05 159:%20
120 ms 32|:|i:44 p=027 710:|i:82 p<0.05 157:%19
130 ms 39|:|i:39 p=0.19 710:|i:71 p<0.52 76:%104
140 ms 41|:|i:43 p=028 1:|i:79 p<0.65 18:%90
150 ms 35+34 p=078 31:|i:34 p<031 2454
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complicated Figure; although the variance is a little large, and
the populations are small, separation of the data is clear).
In normal subjects, there is little variation over the whole
period. On the other hand, the plots for CRBBB and Brugada
syndrome vary greatly within the same range. Furthermore, the
difference between the directions for the two groups of patients
is huge at 100 and 110 ms. Table 2 gives the relevant statistics.
The angles at the beginning (100 and 110 ms) of the ST elevation
(or late in the QRS) are significantly different for each of the
three sets of subjects.

4 Discussion

4.1 Mechanism behind ST elevation in the
Brugada syndrome

We have demonstrated the time-domain analysis and visual
depiction of abnormal currents obtained from MCG signals as a
step towards clarifying the mechanism behind ST elevation in
cases of Brugada syndrome.

In time-domain analysis of the MCG, we saw that the three
Brugada-syndrome subjects had longer QRS widths (103, 137
and 102 ms) than those (86 +8ms) for the normal (control)
subjects, whereas the QT and QTc intervals were not signifi-
cantly different. The long mean QRS duration (101 &= 19 ms) at
rest in the present study is similar to that (96 &= 10 ms) seen in the
non-fibrillating Brugada-syndrome patients in one comparative
ECG study (KANDA et al., 2002). The lack of a difference in the
QT interval reinforces similar characterisations from ECG
findings (BRUGADA and BRUGADA, 1992). Furthermore, the
ST-segments of the MCG waveforms were elevated, although
at a low amplitude (<3 pT), and had shapes of the coved and/or
saddle-back type above the upper right chest. Therefore the signs
of the Brugada syndrome in MCG waveforms are a slightly
broadened QRS complex and a small but significant ST eleva-
tion in the signals obtained from the sensors above the upper
right chest.

To investigate the spatial current distribution that causes the
ST elevation seen in the Brugada syndrome, the CAMs in Fig. 4
were produced from the signals during the period (100, 110, 120,
130, 140 and 150ms) that is mainly characterised as the
ST-segment. Although the period can also include a late QRS
complex because of the difficulty of selecting a point as the QRS
end (so that we may not have completely separated depolarisa-
tion and repolarisation), we are interested in the variation of
current over time and the ST elevation in the Brugada syndrome,
and so a reasonable approximation will suffice. During the
period of ST elevation, abnormal current arrows are obtained
above the positions in the upper central chest that correspond to
the RVOT in all patients.

The main direction of the abnormal current 100 ms after the Q
onset was —78° (Table 2). The angle indicates current flow in
almost the opposite direction to that seen in the normal case
(40°). Experimental studies have suggested that the low ST
elevation in the Brugada syndrome is caused by a loss of the
action potential dome in the epicardial (Epi) cells but not in the
endocardial (Endo) cells of the RVOT (Y AN and ANTZELEVITCH,
1999). The opposite direction for the maximum-current arrow
could indicate a current flow between Epi and Endo in the
direction opposite to that which is normally seen. However, the
maximum-current-arrow positions of the Brugada and control
subjects are slightly different. Therefore the opposite current
flow between Epi and Endo may not be the sole reason for the
opposite direction of the maximum-current vector. However,
these findings imply that the appearance of a negative angle (of
about —80°) at around 100 ms is an indicator of the Brugada
syndrome.
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4.2 Characteristics of CRBBB patients

MCG waveforms of CRBBB patients feature long QRS
complexes and large S- and R-waves. The large S- and R-
waves appeared above the right-upper and -lower chest wall,
respectively. Therefore the superposed CRBBB waveforms
(Fig. 5b) show three clear phases (i.e. clear Q-, R- and S-
waves) in the QRS complex, whereas the superposed waveforms
(not presented here) of a patient with a complete left-bundle
branch block (CLBBB) only show one phase. Thus the opposite
polarity of the current angles in the late parts of the QRS
complex in the CRBBB patients indicates the presence of a
difference in flow angle, which depends on the direction of
current flow between the R- and S-waves. In short, we can use
the pattern of estimates of polarity to determine whether a patient
has CRBBB or CLBBB. The flow from LV to RV is visible
in the CAMs of Fig. Sc. The direction is reasonable if we con-
sider the underlying electrophysiological phenomenon, because
electrical activation in the ventricles propagates from left to right
(i.e. blocking of the right bundle branch in cases of CRBBB
cases means that the origin is the LV).

A model for the two-dimensional propagation of electrical
activity in heart muscle has been investigated (ROBERGE ef al.,
1986; DELGADO ef al., 1990). The model takes the muscle tissue
as a network of cables, each representing a cell. Flows of
intracellular current set up transmembrane currents. These
results showed that the threshold requirement for active propa-
gation is lower for transverse than for longitudinal propagation.
The longitudinal direction of propagation coincides with current
flowing in the direction of the gap-junction sequences.

Consequently, we can conclude that the pattern of MCG
waveforms and the abnormal current direction seen in the CAM
of six Brugada syndrome and four CRBBB patients may provide
critical signs that allow us to identify Brugada-syndrome and
CRBBB patients and to distinguish between the two.

4.3 Comparison: results of MCG and BSPM for the
Brugada syndrome

We showed that the main direction of the abnormal current
100 ms after the Q onset was —78°. Current in this direction
would induce a potential difference between the right and left
precordial leads. Elevated potential between the right and left
precordial leads has also been seen in BSPM results (BRUNS
et al., 2002; ECKARDT ef al., 2002). However, volume conduc-
tion and tissue anisotropy have non-negligible effects on the
results of both MCG and BSPM. Therefore, although data
gained through MCG and BSPM are not perfectly comparable,
a combination of the knowledge gained through both techniques
could provide new electrophysiological information on the
Brugada syndome.

4.4 Advantages of MCG in detection of the
Brugada syndrome

The MCG detected the abnormal current above the RVOT in the
patients with Brugada syndrome because its spatial resolution is
better than that of an ECG. In particular, cardiac mapping with
sensors accurately positioned above the heart is very important in
the diagnosis of the Brugada syndrome, as the weak ST elevation
is only seen in a fairly small area near or in the RVOT.
Furthermore, as patients with the syndrome face a relatively
high risk of sudden death or ventricular tachycardia (VT),
detection of the Brugada syndrome is very important, and this
means we need high sensitivity and accuracy. We can expect the
MCG to provide these qualitics. Once we have performed a mass
study of the Brugada syndrome, we may be able to detect cases
with a heightened potential for fatal arrthythmia in the form of VT.
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4.5 Study limitation

This study was limited in several ways. First, only small
numbers of Brugada-syndrome (»=6) and CRBBB (n=4)
patients were studied. We used the data from this small patient
population as the basis for speculation on the current dispersion
in Brugada-syndrome patients. Establishing the underlying
mechanism and ensuring that our diagnostic method is appro-
priate for the syndrome will require the statistical analysis of
results from large numbers of patients. Secondly, the CAM has
a limitation in that it does not express the real distribution of
current over the ventricular muscle; our findings may thus differ
from findings based on direct measurement of the transmem-
brane potential. A combination of a large number of statistical
CAMs, direct measurement of the transmembrane potentials in
patients, and animal examination may be needed to overcome
these problems. Thirdly, a consistent interpretation of the time
after Q onset at which the ST-segment commences might not be
possible because of the mixture of late QRS and ST-segment
signals.

Although the present study is somewhat methodologically
simplistic, and our results are preliminary because of the above
limitations, our findings should be helpful in terms of better
understanding of the mechanism and clinical implications of the
Brugada syndrome.
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