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Abstract: Objective: To evaluate the diagnostic outcomes of magnetocardiography (MCG) on the patients with
coronary artery disease and compared the outcomes between MCG, ECG and Echocardiography. Methods: MCG
measurements were performed on 101 patients with coronary artery disease and 116 healthy volunteers with a
seven-channel magnetocardiographic system (MCG7, SQUID AG, Germany) installed in an unshielded room. CAD
was diagnosed when stenosis > 70% in > 1 vessel. Three quantitative indicators were analyzed, R-max/T-max ratio,
R value and a average angle. Results: R-max/T-max ratio of CAD group (6.30 + 4.07) was much higher than that of
healthy group (3.73 + 1.41) (P < 0.001), R value of CAD group (69.16 + 27.87)% was significantly higher than that
of healthy group (34.96 + 19.09)% (P < 0.001), & average angle of CAD group (221.46° + 64.53°) was higher than
that of healthy group (24.32° + 20.70°) (P < 0.01). In 75 of 101 CAD patients (74.26%), MCG had abnormal map-
ping patterns. The resting ECG examination showed ischemic changes, such as abnormal Q waves and ST-T change
in 49 patients (48.51%). Echocardiography revealed abnormal left ventricular wall motion and asynergy in 46 pa-
tients (45.54%). Thus, the diagnostic outcomes of MCG for the patients with CAD were much significant than those
of ECG and echocardiography (P < 0.001). Conclusions: Our result showed that resting MCG under condition of an
advanced data analysis has higher diagnostic outcomes and is superior to ECG or echocardiography for patients
with CAD. MCG can detect ST-segment displacement caused by ischemic myocardium, thus helpful in diagnosing
coronary artery disease early.

Keywords: Magnetocardiography (MCG), coronary artery disease (CAD), electrocardiogram (ECG), echocardiogra-
phy, current density distribution map (CDDM), magnetic field map (MFM)

Introduction detect ST-segment displacement caused by
ischemic myocardium and is helpful to diag-

Coronary artery disease is one of the most criti- nose coronary artery disease at early stages.

cal diseases as it has very high rate of mortali-

ty. Especially in recent years, population aging
and changes in life styles are expected to result
in more frequent occurrence of atherosclerotic
lesions in coronary arteries, leading to an
increased rate of morbidity in coronary artery
disease.

MCG is a non-invasive technique allowing body
surface recording of the magnetic fields gener-
ated by the electrical activity of the heart dur-
ing the cardiocycle. MCG recording allows mea-
surements of the very weak magnetic fields
produced by currents flowing within myocardial
fibers during cardiac activity. Thus, MCG can

In the present study, we intended to evaluate
the diagnostic outcomes of magnetocardiogra-
phy for the patients with coronary artery dis-
ease by measuring MCG with a seven-channel
SQUID system. Also we compared the effective-
ness of this approach to that of 12-lead ECG or
echocardiography.

Methods
Patients

MCGs were obtained from 101 patients with
coronary artery disease (CAD group) and 116
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Figure 1. Current density distribution maps of healthy person (left) and transient vectorcardiogram (middle), the
direction of the maximal vector is 35 (At the moment of T-wave apex). Note: Green area: normal; Yellow area: critical;
Red area abnormal (transient Vectorcardiogram).
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Figure 2. Current density distribution maps of healthy person (left) and CAD patient with triple-vessel disease
(Right). Class 0: dopole structure, two vortexes, orientation: 0°~8° (left); Class 4: non-dipole structure, more than
two vortexes, non-clear orientation: -20°~110° (Right).

Table 1. Clinical characteristics of the two groups (X + s) We selected the patients
. who were hospitalized in

Statistics . -
Group Chd group (101) Control group (116) e 7 P Value Dept. of Cardiology at Rui Jin
Hospital from  October,
Age (Years) 59.48 + 9.26 56.84 + 10.80 1.938 0.054 2003 to June, 2007. The
Sex (Num, %) 2.902 0.088 CAD group consisted 101
Male 68 (67.3) 65 (56.0) patients (mean age: 59.48 +
Female 33(32.7) 51 (44.0) 9.26 years old, 68 males
HEIGHT (Cm) 164.96 + 7.35  165.38 + 8.07 0.397 0691  and 33 females) with angio-
WEIGHT (Kg) 66.85+10.12  66.33 + 11.23 0359 0720  graphically ~ documented
BMI (Kg/M?)  24.51+2.99  24.16 + 3.06 0.868 0387  CAD and coronary artery

stenosis, defined as a visu-
ally estimated lumen nar-
normal subjects (control group). Consent forms rowing more than 70%, in one or more vessels
were obtained from all patients. (42 with one-vessel disease,35 with double-
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Table 2. Comparison of R-max/T-max ratio, R value and a average angle during the repo-
larization phase between the patients and controls (X +s)

Index Chd group (101) Control group (116) Statistics Pvalue
Group t U2
R-max/T-max ratio 6.30 + 4.07 3.73+1.41™ 6.048 0.000
R Value (%) 69.16 + 27.87 34.96 + 19.09™ 10.391 0.000
a average angle 221.46° +64.53° 24.32° +20.70°™" 1.4779 <0.01
**P < 0.01.

Figure 3. Magnetic field maps of healthy person (left) and CAD patient with triple-vessel disease (right) (At the mo-
ment of T-wave apex).

vessel disease, 24 with triple-vessel disease).
All patients were in sinus rhythm. Patients with
impaired left ventricular function, left ventricle
hypertrophy, electrolyte disturbance, distur-
bance of acid-base balance and arrhythmia,
such as bundle branch block or atrial fibrillation
were not included in this study.

The control group consisted of 116 healthy
subjects (mean age: 56.84 + 10.80 years old,
65 males and 51 females) with no history of
cardiovascular disease. They had normal
results on ECG at rest and stress as well as a
normal echocardiography at rest.

Data acquisition

MCG examinations were performed by a seven-
channel SQUID-magnetometer (MCG7, SQUID
AG, Germany) in an unshielded room (Dept. of
cardiology of Ruijin Hospital affiliated to
Shanghai Second Medical University). Mea-
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surements were performed in supine position.
Magnetic field registration were carried out in
total 36 positions on the basis of a 6 x 6 rect-
angle grid with a 4 cm pitch over the precordial
area and total area of observation was 20 x 20
cm. The sensor was located as close to the tho-
rax as possible, directly over the heart. Data
were recorded every 30 seconds. Simultan-
eously, we recorded the ECG lead Il. The signals
were then filtered, averaged and the data were
stored, analyzed by a personal computer.

For data analysis, an inverse problem solution,
such as electrical source calculation based on
magnetic field mapping was applied.

Current density distribution maps (CDDM) with-
in ventricular repolartion phase (ST-T interval)
were plotted every 12 ms. We analyzed the
quantity and direction of vectors areas with an
estimated magnitude. Three quantitative indi-
cators were analyzed: R-max/T-max ratio, value
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and a average angle. We then studied the mag-
nitude, quantity and direction of the vectors
within the CDDM.

R-max/T-max ratio: Through the magnetic field
maps (MFM) and CDDM reconstructed by
Magwin2.5 software package (SQUID AG,
Essen, Germany), we analyzed the R-max/T-
max ratio, the ratio between the maximal mag-
netic value of R wave and T wave.

R value: By means of 2.5 software package,
each CDDM was classified to 0~4 classes in
accordance to the dipole structure and a ratio
between vectors directed to sector from 0°~90°
and to different direction. Class O~1 is normal,
Class 2 is mildly abnormal and class 3~4 is
severe abnormal among these maps. We calcu-
lated R value, the ratio of numbers of severe
abnormal maps over total maps during the
interval of the ST-segment with one map per 12
ms (Figure 2).

Average angle: We analyzed average direction
of maximal vectors during the interval of the
ST-segment which includes the second quarter
from the J-point to the T wave maximum accord-
ing to the current density map (Figure 1).

Statistical analysis

The independent-samples t test was used for
evaluating the difference between CAD patients
and controls performed with SPSS statistical
software for Windows (Version 10.0). As o aver-
age angle belongs to angle data, we used sta-
tistical methods of circular distribution. There-
fore the o average angle was analyzed by U?
test of average angle between these two
groups. P < 0.05 was considered statistically
significant.

Results
Clinical characteristics of the two groups

There were no significant differences in age,
weight, height or body mass index (BMI)
between the CAD patients and control patients
(P> 0.05, Table 1).

Comparison of R-max/T-max ratio, R value
and a average angle during the repolarization
phase between the patients and control group

The R-max/T-max ratio of CAD group (6.30 *
4.07) was much higher than that of healthy

2444

group (3.73 + 1.41) (P < 0.001). R value of CAD
group (69.16 + 27.87)% was much higher than
that of healthy group (34.96 + 19.09)% 1 (P <
0.001). a average angle of CAD group (221.46°
+ 64.53°) was much higher than that of healthy
group (24.32° + 20.70°, P < 0.01, Table 2).

Comparison of using MCG, ECG and echocar-
diography in diagnosing CAD

In 75 of 101 CAD patients (74.26%), MCG had
abnormal mapping patterns. The resting ECG
examination showed ischemic changes, such
as an abnormal Q wave and ST-T change, in 49
patients (48.51%). Echocardiography revealed
abnormal left ventricular wall motion and asyn-
ergy in 46 patients (45.54%). The diagnostic
outcomes of MCG for the patients with CAD
were much higher than those of ECG and echo-
cardiography (P < 0.001).

In 37 of 52 CAD patients, abnormal MCG map-
ping patterns were present (71.15%). However,
in 40 of 55 CAD patients with normal findings of
echocardiography, MCG showed abnormal
mapping patterns (72.72%).

Discussion

Multichannel MCG is a novel, non-invasive and
non-contact mapping technique for studying
the electromagnetic function of the heart [2].
The principle of magnetocardiography is based
on the measurement of minimal magnetic field,
generated by the electrical activity of the heart
during the cardiocycle. With extremely sensitive
sensors, Superconductive Quantum Interfe-
rence Device (SQUID), cooled in a cryostat with
liquid helium (-269°C), can detect and quantify
weak magnetic signals with 2 dimensional res-
olution. Through the CDDM (Figure 2) and MFM
(Figure 3) and reconstructed by Magwin 2.5
software package, weak magnetic fields gener-
ated by the electrical activity of the heart could
be directly analyzed.

As a promising non-invasive detecting method,
MCG might detect abnormal current caused by
ischemic myocardium. Therefore, it could avoid
the delay of the diagnosis and treatment to
ischemic heart disease [3, 4]. Myocardial isch-
emia induces changes in the electrophysiologi-
cal properties of the myocardium, resulting in a
decrease in resting membrane potential and
conduction velocity. Also, transmembrane ac-
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tion potential duration is longed in ischemic
area. In the normal myocardium, the current
flow is almost uniform during ventricular repo-
larization. When ischemia is present, the cur-
rent flow becomes less uniformly oriented and
seems to become random. This change of cur-
rent density suggests an inhomogeneity of
repolarisation of the myocardial region with
insufficient perfusion. Subsequently, the str-
ength of the magnetic field becomes weaker.
Therefore local currents appear on border
zones of ischemic and normal myocardium. The
characteristic feature of MCG is that it's highly
sensitive to tangentially propagated local cur-
rents. Thus, these local currents are displayed
as additional current areas on CDDMs during
ventricular repolarization phase.

As reported by Chaikovsky et al. [5] in a study
on ischemic patients, MCG was performed in
49 healthy subjects and in 51 patients with
CAD (18 with triple-vessel disease, 17 with dou-
ble-vessel disease, 6 with one-vessel disease).
The study analyzed the MCG data in current
density vector maps and current line maps. The
result was that maps from control group
showed a more homogeneous distribution of
currents compared with maps from CAD group.
It revealed additional current areas with a devi-
ated direction. The position of additional cur-
rents might reflect the anatomy of ischemic
areas and associated with the relevant dis-
eased coronary artery. The sensitivity of MCG
was 91%, specificity was 84%. Sato et al. [6]
reported MCG of 25 patients with CAD docu-
mented by coronary arteriography (CAG) (lumen
narrowing more than 75%). MCG signals were
recorded using 64-channel SQUID system in a
shielded room. They found MCG abnormalities
were in vector arrow maps and iso-integral
maps during the repolarization phase in 88% of
patients with severe coronary lesions. The sen-
sitivity of MCG for detecting myocardial isch-
emia was much higher than that of resting
12-lead ECG and echocardiography.

Other studies [7-9] also reached the same con-
clusion that MCG could detect ST-segment dis-
placement caused by ischemic myocardium
and helpful to diagnose coronary artery dis-
ease early.

Our study showed that significant differences in
R-max/T-max ratio, R value and a average
angle were found between patients and control
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group for analysis of CODM. Resting MCG under
condition of an advanced data analysis has
higher diagnostic value and is superior to
Resting 12-lead ECG or Echocardiography in
patients with CAD. Our work also suggested
that the CDDM of healthy subjects were charac-
terized by only one area of substantial current
flow vector and the estimated vectors were
directed to the left-downwards (sector from
0°~90°) at the majority of time moments dur-
ing ventricular repolarization (ST-T interval).
Thus, the main parameters of current maps of
healthy persons are homogeneity with normal
direction of maximal vectors. In contrast, maps
from CAD patients showed 1~3 additional cur-
rent areas with a deviated direction. So the
classification was mostly class O, 1 and 2 in
control group, whereas class 3 and 4 mostly in
CAD group (Figure 2). These findings are in line
with the results of other studies [5, 6].

Although the detection of myocardial ischemia
is commonly achieved at standard surface ECG
either at rest or under stress, the limitation is
that the sensitivities are not high enough. In
the present study, we showed that MCG was
much sensitive than ECG or echocardiography
in detecting myocardial ischemia. The MCG
contains information complementary to ECG. It
is mostly sensitive to currents tangential to the
chest and circular currents which can not be
detected by ECG [10]. The MCG may display
better differentiating power between normal
and abnormal myocardial activation than ECG.
Therefore, MCG might be a complementary tool
to ECG for the detection of ST-segment shift
caused by ischemic myocardium. Nevertheless,
the MCG signals could be filtered, averaged
andthe data were stored, analyzed by advanced
software, which allows us to analyze all main
features of heart electrical activity, such as
electrical homogeneity, direction of excitation
fronts spreading, intensity of electrical process
in the myocardium. Thus, this study shows that
resting MCG is superior to ECG and echocar-
diography in patients with CAD.

In conclusion, MCG under condition of an
advanced data analysis has higher diagnostic
value and is superior to ECG and echocardiog-
raphy for patients with CAD. It could be a very
useful tool for non-invasive CAD diagnosis in
routine craniological practice.
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