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KEYWORDS Aims There is some dispute over the clinical significance of dispersion of ventricular repolarization

Magnetocardiography; measurements from the electrocardiogram. Recent studies have indicated that multichannel magneto-

Electrocardiography; cardiograms (MCGs), which non-invasively measure cardiac magnetic field strength from many sites

Dispersion of ventricular above the body surface, may provide independent information from ECGs about ventricular repolariza-
repolarization; tion dispersion. For this study, magnetocardiography and electrocardiography were compared from

Electrocardiology; automatic measurements of dispersion of ventricular repolarization.

Automatic measurements Methods and results Dispersion of ventricular repolarization time was determined in MCGs and standard

ECGs recorded simultaneously from 27 healthy volunteers and 22 cardiac patients. Two automatic
techniques were used to determine the interval of ventricular repolarization. There were significant
differences in ventricular dispersion between ECG and MCG measurements, with multichannel
MCG greater than ECG by 52 (47) ms [mean (SD)] (P < 0.00001) and 12-channel MCG greater by 17
(40) ms (P < 0.004) across techniques and all subjects. Magnetocardiograms had the greater discrimi-
nating power between normal and cardiac patients with differences of 46 (18) ms (P < 0.017) for
multichannel MCG and 44 (16)ms (P < 0.005) for 12-channel MCG, compared with 16 (7) ms
(P < 0.04) for ECG.

Conclusion Magnetocardiography has the power to discriminate regional cardiac conduction
differences.

Introduction Many studies have demonstrated the potential benefit of
magnetocardiography over electrocardiography for some
clinical applications.>® Magnetocardiograms have been
found to be more accurate than ECGs for the diagnosis of
right atrial hypertrophy and right ventricular hypertrophy
and have been used to determine the location of conduction
pathways in the heart non-invasively, making MCGs potentially
beneficial for the localization of arrhythmia sources for cathe-
ter ablation.?"® Magnetocardiography has been shown to be
useful for the identification of spatial current dispersion pat-
terns, characterizing and separating Brugada syndrome and
complete right bundle branch block.” Magnetocardiography
can also detect circular vortex currents which give no
ECG signal. As a result, MCG may show ischaemia-induced
*Corresponding author. Tel: +44 191 233 6161 ext. 26667; fax: +44 191 dev1at19ns Trom the normal d'1rect1<.)n of depolarization ang
213 0290. repolarization better than or in a different way from ECGs.
E-mail address: f.e.smith@ncl.ac.uk The technique also offers a simple non-invasive method for

Magnetocardiography is a non-invasive measure of the
variation in magnetic field strength above the thorax and
can be used to detect electromagnetic phenomena in the
heart. The magnetic field sensors used to record magneto-
cardiograms (MCGs) are superconducting quantum inter-
ference devices (SQUIDs) that require liquid helium
cooling."? The detectors are extremely sensitive and can
measure the weak magnetic fields generated by the electri-
cal activity of the heart. Because of their expense and the
need for magnetic shielding, the diagnostic usefulness of
MCG systems needs to be carefully assessed.
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examination of the foetal electrophysiological signal, which
is difficult to obtain from the surface ECG, and may be
useful in antenatal assessment, identifying and classifying
clinically relevant arrhythmias.® '3

From a clinical perspective, MCG has the major advantage
over ECG of allowing the collection of electrophysiological
waveforms without any physical contact between the
device and the patient, and so problems arising from skin-
electrode contact encountered in the ECG are avoided.
Modern multichannel MCG measurement devices have typi-
cally more than 50 SQUID detectors and are able to detect
the precordial magnetic fields originating from many sites
over the heart with good signal-to-noise ratio and spatio-
temporal signal resolution. The SQUID sensors are fixed
inside the system, so that their relative positions are
exactly reproducible in each patient measurement. Patient
preparation is reduced to the removal of jewellery or mag-
netic items from clothes, so that typical multichannel MCG
measurements take only 5-10 min in total.

In addition, MCGs have the potential to give extra infor-
mation over and above ECGs as they are able to detect the
magnetic field that is produced by intracellular and extra-
cellular currents in heart tissue. In comparison, only the
effects of currents flowing through body tissue are
detected by ECG." "7 Although the clinical significance of
electrical QT dispersion from the electrocardiogram is
uncertain, multichannel MCGs may allow a more sensitive
calculation of the cellular dispersion of ventricular
repolarization, because of the intrinsic differences
between electric and magnetic cardiac fields, permitting
regional as well as global differences in repolarization to
be identified.'® Dispersion information from electrocardio-
graphy is limited because current flow from any single
localized region produces an ECG effect at almost any
body surface location. In addition, discontinuities of the
electric conductivity in body tissues like fat layers or
bones act as spatial low-pass filters, and the information
available on ventricular recovery times is influenced
primarily by the maximum repolarization time and less
by local inhomogeneities.’® This is not the case for the
magnetic signals.2%%!

Many of the published studies suggesting the potential
value of MCG contain no comparative ECG data.?2"24
Those that have comparative data generally use manual
measurement,?>2¢ which has been shown to be primarily
influenced by T-wave amplitudes for both MCG and
ECG.?” Nevertheless, in some studies, MCGs have shown
small, but significant, differences over ECGs, sometimes
only when sophisticated indices have been used.?¢:?8
Automated measurements with ECGs have been shown to
confer a significant advantage over manual measurement
because automation can model the final stage of repolari-
zation rather than attempt to determine the actual end
of repolarization interval.?’ Automatic MCG and ECG dis-
persion measurements during cardiovascular autonomic
function tests showed no correlation in one study, but
because these measurements were in only 10 normal sub-
jects, there is a need for a detailed and direct quantitative
comparison of automatic measurements of dispersion of
ventricular repolarization in MCGs and simultaneously
recorded ECGs.>® The aim of the study described here
was to investigate and compare automatic measurements
of dispersion from multichannel MCGs and 12-lead ECGs.

Comparisons between MCG and ECG dispersion measure-
ments were also made after making the number of ECG
leads and MCG channels the same (12-channel MCG vs.
12-lead ECG).

Methods

Data collection

Simultaneous ECGs and MCGs were recorded from 27 healthy volun-
teers and a diverse range of 22 cardiac patients which could not be
subdivided. There were 10 patients with evidence of myocardial
infarction (Ml), one of whom had left bundle branch block, and
12 patients with evidence of coronary artery disease, including two
with possible Ml and one with cardiomyopathy. Magnetocardiograms
were obtained using a multichannel SQUID magnetometer system
(Magnes 1300C, 4D Neuroimaging, San Diego, USA) installed inside a
magnetically shielded room (AKb3, Vakuumschmelze, Hanau,
Germany) in Bochum, Germany. The magnetometer consisted of 61
sensing channels for components of magnetic field normal to the
frontal plane of the body surface (B,) arranged as four concentric
rings around a central sensor in a plane covering an overall approxi-
mate circular area of diameter 31 cm and area of coverage of
800 cm?.3":32 A diagram of the spatial arrangement of the 61 mag-
netic (B,) channels is given in Figure 1. Twelve evenly spread MCGs
were taken from the upper left area, as this region had previously
shown the greatest range of automatic repolarization interval
measurements in a separate group of subjects.** To avoid bias for
one 12-channel set, four positions of 12-channel MCG were deter-
mined by systematically rotating the channels (from the initial pos-
ition identified by a cross in Figure 1) by one channel in a clockwise
direction.

An arrangement of 11 reference coils was used to detect
ambient noise. Intrinsic system noise was less than 10 fT/,/Hz for
frequencies >5 Hz. The multichannel device was placed as close
to the thorax as possible, directly over the heart. In addition,
12-lead ECGs were recorded simultaneously with MCGs using
non-ferrous sintered silver/silver chloride electrodes and
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Figure 1 Schematic layout of the 61 MCG channels, as viewed on
the subject. The head is at the top of the figure. The right side of
the figure corresponds to the left side of the subject. The initial pos-
ition of the 12 evenly spread MCG channels used for the 12-channel
vs. 12-lead analysis are identified by a cross.
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non-magnetic connecting wires. Magnetocardiogram and ECG data
were recorded for 5min at a sampling rate of 1 kHz and with a
bandpass of 0.1-200 Hz.

Ventricular repolarization measurement

Computer software was developed in Matlab (Mathworks Inc., Matrix
House, Cowley Park, Cambridge) to determine ventricular repolari-
zation interval measurement. T-wave end was modelled using two
automatic techniques.

PQRST features

Algorithms were developed to identify the following features in the
MCG and ECG waveforms: P, R, and T-wave peaks, QRS onset, and
baseline and T-wave amplitude. Peaks were identified using approxi-
mate initial locations detected manually and simultaneously for all
channels/leads using interactive software. The actual peak values
were found automatically by searching for local maxima or
minima depending on the polarity of the channel/lead under analy-
sis. For biphasic T-waves, both peaks were identified and the
maxima or minima of the second peak was used if it was greater
than the pre-determined noise threshold value. Baselines were
selected interactively from a stable section of the T to P interval.
Automatic measurements of T-wave amplitude were obtained
from the peak of the T-wave to the TP baseline.

T-wave end detection

Automatic detection of T-wave end was by two techniques that used
different methods based on terminal T-wave shape to model the end
of the T-wave.3* These algorithms do not attempt to replicate the
manual end of QT measurements: previous studies have shown
that the automatic algorithms are better able to discriminate
between subject groups than manual measurement.>® The slope
technique used a linear model, and T-wave end was determined
from the intersection of the line of best fit of the T-wave section
lying between 70 and 30% of the peak of the T-wave with the TP
baseline. The polynomial technique used a curve fitting method
and T-wave end was determined from the peak of a second-order
polynomial that was fitted to the 0.1 s interval of the T-wave follow-
ing the point at which the amplitude fell to half-maximum. Figure 2
illustrates the T-wave end detection techniques. Automatic repolar-
ization interval, defined as the time between median QRS start in
each subject and T-wave end, was determined in all channels/
leads for all subjects.

Exclusion criteria

Small amplitude T-waves are known to increase ventricular repolar-
ization measurement error in MCGs and ECGs; therefore, MCG chan-
nels with T-wave amplitudes less than 1 pT (1 x 10~ "% T) and ECG
leads with amplitudes less than 100 .V were automatically excluded
from QT measurement.3>~37 All automatically measured MCGs were
validated by manual inspection and, where erroneous measure-
ments were made, these waveforms were excluded from the
study. Subjects with fewer than five remaining ECG leads, after
exclusions, were removed from the analysis.

Ventricular repolarization dispersion

Magnetocardiogram and ECG dispersion was determined automati-
cally by calculating the range of repolarization intervals for each
subject and for both techniques after applying exclusion criteria.
The mean dispersion over the four orientations of 12-channel MCG
was used for the 12-channel MCG data. A two-tailed Mann-Whitney
U test was used to determine the significance of differences
between automatic MCG and ECG dispersion and between the
normal and cardiac groups. A significance level of <5% was con-
sidered statistically significant.
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Figure 2 Illustration of the automatic techniques used to deter-
mine T-wave end in MCGs and simultaneously recorded ECGs.
Intersection of the line of best fit between 70 and 30% of peak
T-wave amplitude with the TP baseline (Slope) and the peak of
the second-order polynomial best fit over the 0.1s time interval
starting at 50% peak amplitude (Poly).

Results
Exclusions

Three subjects were removed from the cardiac group, as their
ECG leads fell to less than five after lead exclusions. The
mean (SD) number of measured MCG channels was 49 (6) for
the normal group and 46 (7) for the cardiac patients, out of a
maximum of 61 recorded. For 12-channel MCG, an average of
9 (1) channels remained for the normal group and 9 (1) for the
cardiac group. The mean number of remaining leads for ECG
was 10 (1) for the normal group and 9 (2) for the cardiac group.

T-wave amplitude

The range of MCG and ECG T-wave amplitudes was similar
for both normal subjects and cardiac patients, with the
range of maximum T-wave amplitudes (and ratio of
minimum to maximum) of 6-28 pT (0.2) for MCG and
143-917 pV (0.15) for ECG, over the study population.

Repolarization interval measurement

Figure 3 compares MCG and ECG repolarization interval
measurements for the slope and polynomial techniques
and the combined results from the average of both tech-
niques. The mean repolarization interval measurement
was 404 (40) ms for MCG and 389 (43) ms for ECG for the
slope technique, with a Pearson correlation coefficient of
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Figure 3 Repolarization interval measurements for MCG and ECG
for all subjects.

0.8. For the polynomial technique, the mean repolariza-
tion interval for MCGs and ECGs was similar, with repolari-
zation interval measurements of 447 (40) ms for MCG and
430 (44) ms for ECG and a Pearson correlation coefficient
of 0.8. Measurements between techniques were highly cor-
related for both MCGs and ECGs, with Pearson coefficients
of 1 for both comparisons. As there was no scientific
reason for choosing one technique over the other, the
automatic techniques were combined by averaging both
techniques. The mean repolarization interval for the com-
bined techniques was 425 (40) ms for MCG and 410 (44) ms
for ECG, with a Pearson correlation coefficient of 0.8. The
combined repolarization interval was used for all sub-
sequent analyses.

Multichannel MCG and ECG dispersion of
ventricular repolarization comparison

Figure 4 compares dispersion measurements for multi-
channel MCGs (MCG dispersion) and ECGs (ECG dispersion),
illustrating that MCG dispersion was different and greater
than ECG dispersion across all subjects. The paired differ-
ence between MCG and ECG dispersion is summarized in
Figure 5A. Magnetocardiogram dispersion was greater than
ECG dispersion in 44/46 (96%) subjects, with mean differ-
ences between MCGs and ECGs of 52 (47) ms (P < 0.00001)
across all subjects.
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Figure 4 Dispersion of ventricular repolarization measurements
for MCG (MCG dispersion) and ECG (ECG dispersion) for all subjects.
Two values are off-scale.

12-Channel MCG and ECG dispersion of
ventricular repolarization comparison

Figure 4 also compares dispersion measurements for
12-channel MCGs and 12-lead ECGs and shows that MCG dis-
persion was different and greater than ECG dispersion across
all subjects even when the number of MCG channels was
reduced. Paired differences in dispersion measurement for
12-channel MCGs and ECGs are summarized in Figure 5B.
Magnetocardiogram dispersion was greater than ECG dis-
persion in 35/46 (76%) subjects, with mean differences
between MCGs and ECGs of 17 (40) ms (P < 0.004) across
all subjects.

Comparison between MCG and ECG dispersion
measurements between normal and
cardiac patients

Magnetocardiograms had the greatest discriminating power
between the normal and cardiac groups with differences
of 46 (18) ms (P <0.017) for multichannel MCG and 44
(16) ms (P < 0.005) for 12-channel MCG. For ECG, differ-
ences of 16 (7) ms (P < 0.04) were obtained.

Relationship between MCG and ECG dispersion

Figure 6A shows the comparison between MCG and ECG
dispersion for all subjects. The line of identity confirms
that MCG dispersion was significantly greater than ECG dis-
persion (P < 0.00001). This result is explained by Figure 6B
and C, which shows the maximum repolarization interval
for MCG vs. that for ECG and minimum MCG repolarization
interval vs. that for ECG repolarization, respectively. From
the figure, the maximum repolarization interval in MCGs is
significantly greater than in ECGs (P < 0.0001) and correlates
highly with MCG dispersion, with a Pearson coefficient of 0.8.
In contrast, there are no significant differences between
minimum MCG and ECG repolarization interval measure-
ments. These results show that differences in maximum
repolarization interval between MCGs and ECGs significantly
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Figure 5 (A) Differences between MCG and ECG dispersion for all

subjects and both subject groups. One value is off-scale. (B) Differ-
ences between 12-channel MCG and ECG dispersion for all subjects
and both subject groups.

contribute to the observed differences in MCG and ECG
dispersion measurements.

Discussion

This study compared the automatic dispersion measure-
ments from MCGs and ECGs and also assessed the effective-
ness of MCGs and ECGs in differentiating between normal
and cardiac patients. The most important results showed
significantly different and greater dispersion measurements
in MCGs compared with ECGs, with multichannel MCG
greater in 96% (44/46) of subjects and 12-channel
MCG greater in 76% (35/46) of subjects. Both MCG and
ECG were able to discriminate between normal and
cardiac groups. However, MCGs had the greatest discrimi-
nating power, with differences of 46 (18)ms and 44
(16) ms for multichannel and 12-channel MCG, respectively.
The significantly greater dispersion from MCGs compared
with ECGs indicates that MCG may contain regional infor-
mation about the dispersion of ventricular repolarization.
One possible explanation is that MCGs are more sensitive
to tangential and vortex currents than ECGs and contain
electrophysiological activity not contained in the ECG; this
may contribute to the greater repolarization intervals in
MCGs, particularly in patients with electrophysiological

(A)

250 -
7 o
£ 200 -
! o
o
‘w150 A o
% o 5°
2100 {0 &
8 50 -§ P <0.00001
=

0

0 50 100 150 200 250
ECG dispersion (ms)

(B)

700 - .

£

% 600 - o

& §

<

E

_— 4 .

g 40070570 P <0.0001
e O

S 300 S
> 300 400 500 600 700

ECG repolarizationy,,,  {ms)

(C)

E 600 -

g

g 500 -

=]

S

§ 400 o2 0 o
—

- 0 B0
23004 O °
&8 NS
o

g 200

200 300 400 500 600

ECG repolarization i, (ms)

Figure 6 (A) Magnetocardiogram dispersion vs. ECG dispersion for
all subjects. (B) Maximum MCG repolarization interval vs. maximum
ECG repolarization interval for all subjects. (C) Minimum MCG repo-
larization interval vs. minimum ECG repolarization interval for all
subjects.

inhomogeneities due to anatomical disorders such as
myocardial scar.'2!

The difference in repolarization dispersion of MCGs com-
pared with ECGs is accepted in spite of some limitations
that must be considered. The need for simultaneous
12-lead ECG and MCG measurements limited the number
of recordings available for this study. In addition, 3/22
cardiac patients were unable to be measured using the auto-
matic techniques, a limitation of our current algorithms
which we intend to improve in future studies. We neverthe-
less have shown significant and consistent differences in
the results of every comparison made. Differences between
the number of recorded MCG channels and ECG leads
should also be noted. Multichannel MCG measurements
included more registration sites, which are not covered by
the 12-lead ECG and which contain relevant information.
We accept that to verify fully that MCGs contain more infor-
mation will require comparisons with body surface ECG
mapping.®?? However, to minimize the effect of these differ-
ences, we also compared 12-channel MCG and 12-lead ECG
dispersion measurements. Although the standard 12-lead
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ECG contains only 8 independent sources, all 12 leads are
used clinically for patient diagnosis and no lead is indepen-
dent, but all 12 give a different vector component, which is
used in our analysis. The results from this analysis confirmed
that dispersion in MCGs is significantly greater than ECG
dispersion for all subjects even after significantly reducing
the number of MCG channels. In addition, 12-channel MCG
was better able than 12-lead ECG at separating the normal
and cardiac patients. It can be noted that the mean
differences between groups were very similar for multi-
channel MCG and 12-channel MCG. Finally, although there
is some evidence that T-wave amplitudes influence manual
QT measurement, with a doubling of T-wave amplitude
increasing repolarization interval duration by ~8ms, no
evidence exists for this effect in automatic measurements
of repolarization interval.3*3¢ In any case, the range
of T-wave amplitudes in this study was similar for normal
subjects and cardiac patients for both MCGs and ECGs.

Conclusion

In conclusion, there were differences in automatic ventricu-
lar dispersion measurements between multichannel MCGs
and ECGs, with MCG dispersion significantly greater than
ECG. These differences were also apparent after normali-
zing the number of MCG channels and ECG leads. Although
both MCG and ECG dispersion measurements were able to
distinguish between normal subjects and cardiac patients,
significantly greater differences were obtained with MCG.

These results suggest that automatic dispersion measure-
ments from multichannel MCGs contain different information
from conventional ECG leads and indicate that magnetocar-
diography has the potential to provide further insights
into the electromagnetic activity of the heart than standard
electrocardiography, particularly for abnormalities involving
ventricular repolarization.
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