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Newly Developed Magnetocardiographic System for
Diagnosing Heart Disease

Keiji Tsukada, D.Eng. OVERVIEW: An innovative system based on SQUIDs (superconducting
Kdichi Yokosawa, D.Eng. guantum interference devices) for multi-point measurement of ultra-weak
Akihiko Kandori, D.Eng. magnetic f|eld_s emltteq from the heart (magnetopardlograph)_ has been

) i i developed, which permits the measurement of cardio magnetic fields across
Hitoshi Sasabuchi a wide age spectrum from fetus to mature adult. A range of different
techniques for mapping the cardio magnetic fields permits noninvasive
visualization of electrophysiological activity in the heart and direct read-
outs with little or no experience. In conjunction with clinical research, these
new analytical methods also lay the groundwork for an array of analytical
tools that can be used to support the diagnosis of arrhythmia, ischemic
heart disease, and other heart disease. It is widely anticipated that these
technologies developed by Hitachi, Ltd. will open the way to a range of
powerful diagnostic techniques that can be applied easily, quickly and
accurately to anyone for the early detection and assessment of a wide range
of abnormal heart conditions and diseases.

INTRODUCTION that can be picked up by an electrocardiography
HEART disease ranks alongside cancer and stroKECG), but also as variation and change in magnetic
(cerebrovascular disease) as primary cause of deafields. The weak magnetic signals associated with
and the early diagnosis and treatment of coronamiectrical activity in the heart are less thartQtsla,
conditions is a high-priority concern of the worldwidesome six orders of magnitude weaker than the earth’s
medical community. magnetic field of 16 tesla. For this reason,
Intra- and extra-cellular ionic activity associatedmeasurement systems based on SQUIDs are typically
with muscular activity of the heart is manifested asmplemented as multi-channel arrays.
electrical current. The current generates not only as The characteristics and reliability of SQUID
change in electric potential on the surface of the bodyevices have been considerably improved over the last

Bxy: tangential components of magnetic field
Bz normal components of magnetic field

Fig. 1— Abnormalities of the Heart
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few years, to the point that they are now beingiiobium, a device exhibiting a tunneling effect. In
implemented as multi-channel arrays. This enables fullesigning a SQUID device, the fundamental
coverage of the heart with a single measurement scgrarameters are size of the washer ring hole, number
analysis of each and every heartbeat, and preciséwindings of the input colil, the shunt resistance, and
mapping with a high degree of spatial accuracyhe critical current of the Josephson junction. A SQUID
Hitachi, Ltd. is in the forefront of this field as device that is ideally suited for magnetocardiography
demonstrated by its recent development of a state-afan be fabricated by optimizing these various
the-art 64-channel magnetocardiograph. Thearameters. The detection sensitivity of the SQUID
increasing sensitivity of SQUIDs has expanded thesed in Hitachi’s magnetocardiograph is such that it
potential range of applications to include the detectionan measure cardio-magnetic fields across a frequency
of ultra-weak signals emitted from fetal cardio-range of 1-100 Hz and having a very high SN ratio of
magnetic fields and the development of new analyticdéss than 10 fMHz (where f is 18%). Applications
tools for diagnosing abnormal heart conditions sucfor SQUID devices are by no means confined to
as arrhythmia and ischemic heart disease. magnetocardiography, for there are many potential
Based on leading-edge developments in a numbapplications for these highly sensitive magnetic
of SQUID-related technologies, Hitachi, Ltd. hassensors.
developed an innovative new system for measuring
cardio-magnetic fields. This paper provides atMAGNETOCARDIOGRAPH
overview of the system that employs magnetocardio- Hitachi, Ltd. has now developed MC-6400, a 64-
grams (MCGs) as a powerful new tool for diagnosinghannel magnetocardiograph designed specifically to

a range of heart diseases. measure cardio-magnetic fieldsPhotograph (b) in
Fig. 1 shows what the MC-6400 system looks like.
SQUIDS The system bed can be moved in three directions —

Fig. 2 shows a schematic representation of g andz — to ensure that the magnetic sensors and
SQUID (superconducting quantum interferencechest region or heart are in ideal alignment. The
device)» SQUID chips can be mass-produced in mucimeasurements are performed in a conventional
the same way as integrated circuits by depositing thimagnetically-shielded room, and the patient remains
films onto silicon wafers using photo-fabricationfully clothed during the examination. The magnetic
technology. sensors are capable of measuring the DC component

The superconducting layer in a typical SQUIDas a frequency response characteristic, and employ a
device consists of niobium (Nb). Josephson junctiongradiometer that is connected to a 1st order differential
consist of a thin layer of insulating aluminum oxidecoil made of superconducting wire and the SQUID.
(AlOx) sandwiched between layers of superconductinghe combination of the differential coil and

magnetically-shielded room creates a biomagnetic

measurement environment with low ambient magnetic

SQUID ring noise. The gradiometers and other superconducting

components are maintained at superconducting
temperatures by immersion in a bath of liquid helium
in a cryogenic dewar. As shown in Fig. 3, the array of

To pickup
cail
Measurement area

Fig. 2— SQUID Configuration. ' Fig. 3— Measurement Area of Magnetocardiograph.
Very weak magnetic fields emitted by the heart are easily The system is capable of measuring a heart (ranging in age
detected with a SQUID using superconducting magnetic from fetus to mature adult) in a single scan and with a

Sensors. resolution of a single heartbeat.
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magnetic sensors was arranged on a flat 8-by-8 gridagnetic fields in the iso-magnetic field map are
with 25-mm spacing between the sensors to createrepresented as contour lines, and the darker the color
large 175 mm by 175 mm measurement area capalitee stronger the field.
of obtaining an MCG reading for an adult heartina From the conventional display of normal
single scan. The time waveform for each channel casomponents used in MCGs, one could only guess at
be measured at a minimum time resolution of 0.5 ms$he source of the current, and therefore could not obtain
and the data from each of the 64 channels can be stoeedlirect reading of activity inside the heart. The
on a PC for later analysis. Note that ECGs and othadvantage of displaying tangential components is that
kinds of signals can be captured by the system as wdlhere is a one-to-one relationship between the strength
of current in the heart and the strength of magnetic
MAGNETOCADIOGRAM fields on the measurement area. This means that
Time Waveforms and Their Mapping anyone—even someone with little or no experience—
The 64-channel cardio-magnetic time waveformsan easily obtain a read-out of the region of the heart
can be displayed either as separate waveforms for eaghere the activity is occurring and the direction that
point or as superimposed waveforms, and signdlhe current is flowing. The iso-magnetic field map
strength, time and time width can be read out for anghows the ventricular depolarization proce@RE
phenomenon. The magnetic field distribution, or isoeomplex), and reveals that excitation begins with the
magnetic field maps, can also be displayed for anyentricular septum, then moves from the right ventricle
interval of time. The magnetic fields are divided upo the left ventricle. The MCG thus provides a graphic
into x, y, andz vector components. Note that the systenpicture of the direction current flows in the heart
does not measure these three components. Rathemascle and the region in which the activity is
normal component iso-magnetic field map is producedccurring.
from the normal magnetic field componeB® and
tangential components and equivalent iso-magnetigstimating Arrhythmia
field components combining theandy components Arrhythmia is a primary contributing factor in many
that are perpendicular to the normal magnetic fieldiseases. ldentifying regions of abnormal pre-
components are displayed for the chest area thateécitation of premature ventricular contractions, or
directly measured by the system’s magnetic sensoM/PW syndrome is extremely important for making
Fig. 4 shows the time waveform of the cardio-an accurate diagnosis, and techniques to visualize
magnetism, and the iso-magnetic field map of theirculatory processes and furnish 3D images of
tangential components derived from the normaaffected regions have long been sought.
components of each phenomenon. Arrows are Fig. 5 shows an example of premature ventricular
superimposed on the iso-magnetic field map to convegontraction, in which a 3D projection of the early
an intuitive understanding of the direction andexcitation region is derived, then superimposed on an
magnitude of current in the heart. The strengths of thdRI (magnetic resonance imaging) slice. From the
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Fig. 4— Magnetocardiogram. Fig. 5— Arrhythmia Examination Example.

64-point cardio-magnetic time waveform and magnetic field  The anatomical location can be read directly by estimating the
distribution changes measured by Hitachi’'s model MC-6400  region of early arrhythmia (premature ventricular contraction)
magnetocardiograph. excitation and superimposing the data on an MRI image.
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results, one can estimate that arrhythmia originated

the vicinity of the free wall of the right ventricle of R

the heart. By thus solving the reverse problem c P qf\s !
estimating the sources of electrical current from th [P PE—
magnetic field distribution, one can identify the JQRSdt  [ST-Tdt
location and magnitude of the current source localizin 4 \

the arrhythmia. This new capability should enable
doctors to examine the area to be treated beforeha
(such as for catheter ablation) and judge the likel
recovery.

Ischemic Heart Disease |
Ischemic heart disease is classified as a lifestyle :

related heart condition, and its rate of morbidity

increases with age. An ischemic condition resultin

from temporary insufficient flow of blood reaching
the heart muscle can easily progress to an infarctic
due to necrosis of the heart muscle (death of a portig#ly. 6— schemic Heart Disease Example.
of tissue due to loss of blood supply), thus escalatinghe total current distribution flowing through the heart muscle
to a serious condition. At the beginning of an ischemican be visualized as an image by using an iso-integral map. The
state, the condition is reversible; that is, the ischemifgure reveals the occurrence of an abnormal repolarization
appears when a heavy load is put on the heart_seﬂrf’)cess (ST-T) current distribution due to ischemia.
during exercise—then recedes when the person is at
rest. Unfortunately, this greatly reduces the probabilitpf the fetus. Cardio-magnetism of the fetus can be
of detecting ischemia early, and makes diagnosi®adily detected by magnetocardiography without
difficult. being the least affected by the electrically insulating
A new method of examining for ischemia usingvernix caseosa layer (covering dead cells that protect
magnetocardiography was recently propdsefl  the skin of the fetus) that forms around the fetus after
magnetocardiogram captures the current distributiothe first 24 weeks in the womb. Considering that MCG
at a particular instant, but total current flow in the heattas no adverse effects on the fetus or on the mother,
muscle can be derived with an iso-integral map thaesearch on the cardio-magnetism of fetuses has been
integrates a number of MCG time shots. Particulasubstantially expanded in recent years as magnetic
attention is focused on changes in the total curresensors have become more sensitive.
distribution for the ventricular depolarization process Fig. 7 shows the cardio-magnetic waveform of a
(QRS and repolarization procesST-T). Iso-integral healthy fetus measured by a 64-channel
maps for each process are compared in Fig. 6. Onmeagnetocardiograph. Not only is t&Swave clearly
can see from the results that, for a normal healthgepicted, but thd wave can also be discerned. An
individual, there isn't much difference between the
current volume distributions of tligRSandST-T One
of the significant new findings of recent work with
these iso-integral maps is that, when an ischem
condition is involved, there is a fairly substantial —— -
difference in theQRSandST-Tdistribution patterns. - —— - .
This means that the distinctive tell-tale repolarizatior S ——— —
abnormality caused by ischemia can be identified wit L 3PT__ Enlargedfigure

a single scan of the distribution. EE -— ----,'~—-[~—|- | -

Fetal MCG_ . . Fig. 7— Fetal Magnetocardiogram Example.
Measuring the electrical attributes of the fetal heaq\;lagnetocardiography can readily pick up electrophysiological

while knowing the deV_eIOpmental state of the heart ishenomena that are hard to detect by using conventional
very useful for assessing the health and developmeskéctrocardiography.

Normal

Ischemic
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enlarged waveform for a single channel is shown in Device System to Analyze Vector Components of a Cardiac
the same figure for clarity. To maximize the detection Magnetic Field,” Proceedings of 20th Int. Conf. IEEE/EMBS
efficiency of the fetal cardio-magnetism, a special (Hong Kong), pp. 524-527 (1998). _ _
apparatus is being developed that is titled to the shaf K- Tsukada etal., "An Iso-integral Mapping Technique Using
of the mother’s abdomen. This brings the fetus and Magnetocardiogram, and Its Possible Use for Diagnosis of

. . T . Ischemic Heart Diseaselhe International Journal of Cardiac
the magnetic sensors into the closest proximity, which | ,.4ing16, pp. 55-66 (2000).

aids in measuring the strongest magnetic fielgy) A. Kandori et al., “A Vector Fetal Magnetocardiogram System

component@. with High Sensitivity,"Rev. Sci. InstrumZ0, pp. 4702-4705
Fetal magnetocardiography has already brought (1999).

the first success in detecting loqyT syndrome, a (5) H. Hamada et al., “Prenatal Diagnosis of Long QT Syndrome

condition that has been implicated as a primary factor Using Fetal Magnetocardiographifenatal Diagnosid.9, pp.

in causing sudden infant death syndrém#/e are 677-680 (1999).

optimistic that this research will open the way to
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