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Detection of Reentry Currents in Atrial Flutter by
Magnetocardiography

Paulo Costa Ribeiro, Antonio C. Bruno, Pedro L. Saboia e Silva, Carlos R. Hall Barbosa,
Eduardo Parente Ribeiro, Elisabeth Costa Monteiro, and Ayres Fonseca Costa

Abstract—We discuss the use of magnetocardiography to de- -

tect reentry currents in cardiac flutter and fibrillation. The
magnetic field produced by induced atrial flutter was measured
in isolated rabbit hearts. A moving dipole model is proposed to
treat the experimental data and to locate the reentry path.

INTRODUCTION

N interesting challenge in the study of biomagnetism

is the identification of the electric source pattern by
measuring the associated magnetic field. This is the so-
called inverse problem. A solution to the inverse problem
has been pursued but found only in a few cases, such as
the localization of brain activity related to evoked fields
[1] and epileptic foci [2], and His bundle activity in car-
diomagnetism [3].

In these studies, a simple model for the electric source
was assumed, namely the current dipole. For extended
sources, like those present in cardiomagnetism, this model
is not adequate and has been replaced by the equivalent
current dipole concept. Although this approximate solu-
tion fails to describe adequately the normal sinus rhythm
[4], [5] it could be a good description for the abnormal
depolarization associated with sustained arrhythmias like
cardiac flutter and fibrillation.

These arrhythmias have been known for a long time.
However, some doubt persists about the exact electrical
behavior associated with them. Different hypotheses have
been proposed. Atrial flutter, for instance, is usually ex-
plained by the existence of a circus movement (reentry
current) involving a large part of the atria (macroreentry),
the existence of an ectopic focus of abnormal impulse for-
mation is still considered as a possible mechanism for this
arrhythmia [6]. Some forms of flutter induced in animals
have even been explained by the existence of a small scale
variant denoted microreentry [7]. Electrical potential
mappings, using invasive electrodes in animals have
proven the existence of a reentry mechanism [8]. Never-
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theless, the differences among animal species preclude the
extrapolation of these results to man [91.

The mechanism of atrial fibrillation is even more un-
certain. Many of its characteristics are compatible with
the reentry of multiple activation fronts. Another possible
mechanism is that of disordered automaticity [10]. Al-
though fibrillation is a more basic and general problem
than flutter, the constant periodicity of flutter should make
its observation easier. In fact, the ECG F waves associ-
ated with flutter show a consistent pattern over a wide
spectrum of patients [9].

The development of a noninvasive technique for study-
ing these arrhythmias could be important for the investi-
gation of human patients. In this paper, we propose to
explore the capabilities of the MCG in detecting reentry
or circus movement current patterns associated with these
kinds of arrhythmias. Preliminary results on the detection
of magnetic F waves were reported previously [11].

IsoFIELD MAPS

Assuming the existence of a reentry current, at a given
instant of time, the source of magnetic field can be de-
scribed by an equivalent current dipole, producing the well
known dipolar isofield map. These maps are constructed
from recordings of the magnetic field as a function of time
at different positions over the source. Usually only the z
(or vertical) component of the field is measured over a
planar and rectangular grid. From this one obtains the
function B(x;, y;, t) or B;(), which contains the vertical
components of the magnetic field at time 7, and the rect-
angular coordinates x; and y; of the point i of a grid of n
points. The n functions B;(f) are measured, while the
electric potential V,(f) is recorded at a fixed position. The
recording of V,(¢) is used as a time base to correlate all
the measured B;(f), thus enabling the construction of a
n-dimension vector that partially describes the *‘state’” of
the magnetic field

[B(t])] = [Bl(tj)3 Bz(t!), ) Bn(t])] (1)

for different discrete instants of time #;. Each of these vec-
tors is usually represented by a map where the associated
B;(t;) values are interpolated by spline functions to obtain
isofield contour lines at one instant of time. If the succes-
sive isofield maps obtained are dipolar, the position of the
equivalent current dipole can be located and its motion
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monitored, enabling one to follow the depolarization
wavefront around the reentry path. This kind of measure-
ment has already been shown to be feasible with rabbit
atrial tissue experiments where the normal sinus depolar-
ization has been monitored by following the evolution of
the dipolar isofield maps [12].

An important fact to consider is the precision with
which the inverse problem can be solved from knowledge
of the n-dimension vector [B(#)]. The usual procedure
consists of solving the direct problem (Biot-Savart law)
by an iterative method. This is the so called moving di-
pole solution or dipole location method [13]. With such
an approach, depending on the noise level and other pa-
rameters, there remains an uncertainty of the order of sev-
eral millimeters in the localization of the dipole position
[13]-[15]. This could be a limitation when trying to de-
termine the size of a small reentry circuit.

A SIMPLE MODEL AND THE ISOAMPLITUDE MAP

There are reports presenting evidence for a two-dimen-
sional circular surface as the actual reentrant structure in
atrial flutter [16]. Nevertheless let us assume, for sim-
plicity, the classic one-dimensional model of circus mo-
tion, with only one path length and a uniform conduction
velocity. Let us also assume a homogeneous depolariza-
tion process (as opposed to an axial one) [12] and neglect
contributions from volume conductor currents.

The reentry current can be represented by a current di-
pole p moving around a circle (see Fig. 1). The electrical
potential at point r, at a given instant of time, with the
dipole at point r’ is given by
1 p-(@r—-1)

Vi) = —
® 4xg |r—r}

@
where ¢ is the electric conductivity of the medium. Sim-
ilarly, the magnetic field is given by

mpX@E—Tr)

By = 4 jr—r

©))

where pq is the magnetic permeability (a constant quantity
in the body).

Let x measure the distance along a line from the circle
center to the dipole when o = 0 where « is the angle
describing the dipole positions moving along a circular
path (Fig. 1). Let the z direction be perpendicular to the
plane of the circle, and the y direction be perpendicular
to x and z. If the potential is measured along the line y =
0 when z = d, (2) can be rewritten as

1 ro sin o
4x6” R + r3 + d* — 2Rry cos &)’/

V) = @

where R is the radius of the circle and ry is the distance
between the center of the circle, taken as the origin, and
the projection of the observation point r into the plane of
the circle. Similarly, the z component of the magnetic field
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Fig. 1. A simple one dimensional model for the reentry current. A current
dipole of constant intensity p is moving around a circle of radius R. The
dipole is at r’ making an angle o with the x axis. The plane of measurement
is parallel to the circuit plane, at a distance d from it. The measuring po-
sition is at 7; ro is its projection on the circuit plane.

can be written in terms of the same variables as

B() = o (R — rycos o)
N=tx? (R + r3 + d*> — 2Rrg cos />’

3

Fig. 2(a) and (b) show a succession of curves repre-
senting the instantaneous electrical potential and the mag-
netic field as a function of time (or «), taken respectively
from (4) and (5) for a measurement at a given height and
for different distances from the circle’s center. It is inter-
esting to note that while the mean or dc value (resulting
from integration during a period) of the electric potential
is zero [Fig. 2(a)], this is not so for the magnetic field
[Fig. 2(b)]. This result is to be expected since (5) is an
odd function of a.

However, the possibility of observing experimentally
this dc component can be masked by the repolarization
current. Indeed, in spite of its smaller value, as compared
with the depolarization current, the time integral of the
two should be equal (due to the conservation of charge).
The repolarization current has been detected magnetically
in nerves [17] and shown to be in opposite direction to
the depolarization current. The same opposition has been
observed between depolarization and repolarization of the
cardiac P wave by magnetocardiographic measurements
[18], [19].

Nevertheless, the amplitude of the ac magnetic field
generated by this model also depends on the position of
the measurements. This enables the localization of the
center and also the determination of the size of the reentry
circuit. Indeed, it is easily seen that the amplitude of the
oscillatory field (magnetic F waves) changes from zero to
a maximum and returns again to zero when ry is in-
creased.

Fig. 3(a) shows the amplitude of the ac component of
magnetic F waves as a function of the distance from the
center of the circuit, for a circuit of 0.5-cm radius and for
different values of the finite area of the gradiometer pickup
coil. The amplitude is zero above the center of the circuit
independent of the gradiometer pickup coil size, because
of the cylindrical symmetry.
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Fig. 2. (a) Electric potential produced by the moving current dipole and
calculated at a distance d = 0.2 cm over the circle’s center (ro = 0, dotted
line, ro = 1 cm, dashed line; r, = 1.5 cm, continuous line), assuming a
circle of radius R = 1 cm. (b) The component of the magnetic field per-
pendicular to the circle plane calculated at the same positions as above, but
with a distance of d = 1.5 cm.

Fig. 3(b) is an extension to two dimensions of the re-
sults in the preceding figure and shows the isoamplitude
map of the magnetic F waves. It has an axis of symmetry
of rotation due to the circular path and a central point of
zero magnetic field. Using this simple model, we can
identify and locate the existence of a reentry path by the
presence of zero amplitude of the ac magnetic component.

Such an isoamplitude plot is a single map for the whole
experiment. Once the B;(r) functions have been mea-
sured, at the n grid positions, it is possible to associate
each of the n points to the corresponding peak-to-peak
amplitude of the magnetic periodic signal AB;(f) and to
obtain the vector [AB] = [AB;, AB,, * - - AB,]. As in the
case of the isoficld maps, these discrete n values can be
interpolated by spline functions and the isoamplitude lines
can be plotted.

MATERIALS AND METHODS

The experiments were performed on isolated rabbit
hearts. The hearts were extracted from the thorax by a
simple surgical technique, following decerebration of the
animal. They were maintained in perfusion (Langerdorf’s
system) with a tyrode solution (NaCl, glucose, NaHCO3,
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Fig. 3. (a) Amplitude of the magnetic F waves asa function of the distance
ro, for R = 0.5 cm, assuming different radius for the pickup coil (0.10 cm,
continuous line; 0.75 cm, dotted line; 1.5 cm, dashed line). (b) Isoampli-
tude map of the ac component of the magnetic field perpendicular to the
circle plane, calculated over a grid of 4 X 4 cm.
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KCL, NaH,PO,, MgCl, and CaCl,), bubbled with car-
bogen (95% O, and 5% CO,). The isolated heart was im-
mersed in a 900 cm? surface beaker containing the solu-
tion to avoid volume currents contributions to the
magnetic field [20].

While perfusing the heart with a tyrode solution con-
taining acetylcholine (0.4 mg/l — 22 X 107 molar),
pacing was induced by an electric stimulator [6] deliver-
ing pulses at a frequency of 20 Hz, duration of 3 ms and
20 V/A in amplitude. Atrial flutter was easiest to induce
in the region covered by the right atrial appendage. The
rapid thythm could be easily interrupted by stopping the
supply of acetylcholine. This procedure leads to the return
of the normal electrical activity of the heart, and the
tachyarrythmia can be induced repeatedly. Such an ex-
perimental procedure does not require the presence of an-
atomical obstacles, such as caval openings or myocardial
lesions, for the flutter to take place. Our method usually
leads to a rapid and repetitive atrial activity that is less
regular than that obtained using other procedures [71, [16].

Electrical measurements were performed using glass
extracellular electrodes immersed in the solution. One of
the electrodes was positioned near the right atrial tissue;
hence that record is very similar to the electrogram.

The experimental study was carried out by using a one-
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channel MCG system, performing successive measure-
ments. A SQUID was coupled to a second order gradi-
ometer having the following specifications: 4, —8, 4 turns
with 1.5 cm diameter and a 4 cm base line, having a sen-
sitivity of 50 fT/ VHz. The attenuation of a uniform field
was better than 100 dB in the z direction and better than
80 dB in the x and y directions. No external magnetic
shielding was used.

The magnetic signals were recorded as a function of
time over a square grid centered on the isolated heart. The
approximate distance from the lower gradiometer coil to
the tissue surface was 1.5 cm. The electric and magnetic
signals were recorded on a FM tape recorder (HP, model
3964A), and filtered by a commercial filter (Wavetek,
model 852) using 0.5-100 Hz bandwidth. The signals
were digitized and processed using a computer program
and the segments corresponding to the ventricular depo-
larization (QRS complex) were exclused after visual in-
spection. The signals were then digitally filtered using a
3-20 Hz bandwidth. This bandwidth was chosen accord-
ing to the frequency of the flutter when observed on a
spectrum analyzer (HP, model 3582A). The frequency of
the flutter was determined through the spectral analysis of
the signals identifying the peak frequency common to both
electric and magnetic signals.

The equivalent dipoles were calculated from the iso-
field maps by using a moving dipole solution [13]. The
reentry current circle was calculated from the isoampli-
tude map with a least-squares-fit program. The fitness was
evaluated by the factor §F defined by Eme et al. [18] as

N
$mgm—w

g =
Bmax - Bmin (6)

where D; are the magnetic fields produced by the simu-
lated dipole at the grid point i, B; are the measured ex-
perimental fields, and B,,,, and B, are the maximum and
minimum measured values.

RESULTS AND DiSCUSSION

Fig. 4 shows a typical magnetic and electric recording
of the F wave obtained by using the procedure described
above. In the twelve experiments performed the fre-
quency of atrial flutter waves was usually between 7 and
12 Hz with a pattern characterized by atrioventricular
block having 8 or more F waves between QRS complexes.

A. Isofield Maps

The frequency of flutter was usually not constant, vary-
ing about 20% between the beginning and the end of a
session. To overcome this problem the electrical signal,
which was recorded at a fixed position throughout the ex-
periment, was not used as a time reference but as a phase
reference. For each point of the grid the magnetic signal
recorded as a function of time provides a discrete number
of magnetic field values taken at given phases of the elec-
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Fig. 4. Typical electric and magnetic recording of the F waves with a se-
vere degree of AV block.

tric signal. The isofield maps were then calculated. Di-
polar configurations were obtained during a large part of
the total flutter period confirming the possibility of de-
scribing the depolarization process by an equivalent cur-
rent dipole.

In most of the experiments, the sustained flutter did not
last long enough to enable the recording of a complete
measurement grid. Three flutter episodes persisted for
about 1 h, and the magnetic field maps showed the same
pattern in each case. Fig. 5 shows typical isofield maps
calculated at two successive phases of the flutter cycle
separated by one half of a period (0.5 T). In spite of the
large number of measurements involved in each experi-
ment, the magnetic field was usually not mapped com-
pletely before the flutter terminated. Nevertheless, the re-
sults already obtained enable us to draw some general
conclusions. Polarity inversion of the dipolar patterns
corresponding to the inversion of the equivalent dipole
can be attributed to the circular motion of the reentry cur-
rent. However, the inversion of polarity is not by itself
proof of the existence of the reentry circuit since such
behavior is also present in the normal P wave and attrib-
uted to the current inversion between depolarization and
repolarization [18], [19].

The positions of the equivalent dipoles, calculated from
the isofield maps for different phases of the quasi-periodic
signal, are all localized inside a region of about 0.5 cm
diameter, but do not follow a closed path. As mentioned
earlier, the isofield maps with the moving dipole solution
are not capable of locating the position of the equivalent
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(b)

Fig. 5. Isofield maps calculated at four successive phases of the flutter
cycle (T): 0.27, 0.3T (a); 0.7T and 0.8T (b).

dipole with a precision better than a few millimeters. It is
difficult to obtain the exact path of the reentry circuit using
isofield maps.

B. Isoamplitude Maps

Fig. 6(a)-(c) show in a three-dimensional representa-
tion, the amplitude of the magnetic F waves of three flut-
ter episodes. Although there is no axis of symmetry of
rotation, such as in Fig. 3(b), there is a point of near zero
minimum amplitude. This minimum is located above the
atrium’s position which is compatible with the reentry
current mechanism.

Fig. 7(a) shows the isoamplitude map of the ac com-
ponent of the magnetic F waves obtained in one of the
long sustained episodes corresponding to Fig. 6(b). The
lack of cylindrical symmetry of the experimental data can
be interpreted by assuming a nonuniform amount of ex-
cited tissue around the reentry path, as usually found by
invasive electrodes measurements [6]. Such a lack of
symmetry can also be partially explained by tilting the
plane of the reentry circuit with respect to the measure-
ment plane. Figs. 6(d) and 7(b) show, as an example, the
best fit to the experimental results of Figs. 6(b) and 7(a)
obtained with a current dipole of p = 50 nA - m moving
around a circle of R = 0.46 cm, centered at a point having
coordinates X = —0.6 cm, Y = 0.27 cmand Z = 1.75
cm of the grid and tilted by an angle of § = 23° with
respect to the measurement plane. The factor & of (6) has
been minimized to about 10%. Results presented in Fig.
6(a) and (c) can also be fitted with a value for F of 25%
and 15%, respectively. All the three fitting results are pre-
sented in Table I. This seems to indicate that the circular
motion of a current dipole is a good zero order approxi-
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Fig. 6. Three-dimensional representation for the amplitude of the mag-
netic F waves for three different episodes of flutter are shown in (a), ®),
and (c). A best fit to the experimental result of (b), with the circular path
tilted by an angle of 23° can be seen in (d)

Fig. 7. (a) Iscamplitude map of the vertical component of the magnetic
field obtained in one of the persistent flutter episodes. (b) The best fit was
obtained assuming that the reentry circuit has a radius of 0.46 cm and is
tilted by an angle of 23°. The continuous circular line represents the circuit
and the stars stand for the position of the equivalent current dipoles rep-
resenting the best fit to the isofield maps corresponding to six different
instants of time (two of them are superposed).
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TABLE 1
BEST FIT PARAMETERS FOR THE THREE FLUTTER EPISODES CORRESPONDING
to Fig. 6(a), (b) and (c)

Fluter R 0 X Y z P 5

Episode (cm) (deg) (cm) (cm) (cm) (nA - m) (%)
a 0.50 29 -0.23 0.52 1.80 30 25.5
b 0.46 23 -0.61 0.27 1.75 50 10.8
c 0.30 43 -0.52 0.75 1.30 145 15.2

mation for the reentry current obtained with the described
experimental procedure used to produce the flutter.

The advantage of the isoamplitude map of the ac com-
ponent is that it is independent of the flutter frequency.
Even if the frequency changes during the experiment, as
was observed due to changes in either propagation speed
or path length, the plot displays a near zero value above
the heart. Another advantage of such a plot is that the
signal obtained at a given grid position is already propor-
tional to the difference of the signals produced by the
equivalent dipole at two different dipole positions, giving
information about the size of the circuit.

V. CONCLUSION

The magnetic signal produced by atrial flutter induced
in isolated rabbit hearts was detected. A simple model
describing a circus reentry path has been discussed and
fitted to the experimental data. Agreement between the
simulated magnetic field obtained using the model and an-
imal experimental results suggests that, at least in the
preparation used, the presence of a reentry current can be
checked and described in a zero-order approximation by
the circular motion of a constant intensity current dipole.
It appears that magnetocardiography can be used as a non-
invasive technique to locate and to provide information
about the radius of the circuit of such reentry currents.

Our primary objective was the detection of the presence
of a circus movement in atrial flutter. It is instructive to
point out the possibility of localizing the reentry circuit
with its physiological and clinical implications. The pos-
sibility of carrying out studies in humans, or in isolated
animal hearts, presents some difficulties since the atrial
contribution should be discriminated from the contribu-
tion of ventricular activity. The existence of volume cur-
rents, while not considered in our study, will also con-
tribute to some extent and could deteriorate the results.

Using the same model, reentry currents during atrial
fibrilation could possibly be detected by using multichan-
nel systems, measuring the instantaneous magnetic field
at different positions in space without having to displace
the detecting array [14].
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