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SQUID-based measurement of biomagnetic
fields
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This article reports the establishment of the first facility in India for the superconducting quantum
interference device (SQUID) based measurement of extremely weak magnetic fields such as those
associated with the physiological activities of human heart (~50 pico-Tesla) and human brain
(100 femto-Tesla to 2 pico-Tesla). The facility comprises a magnetically shielded room capable of
attenuating ambient magnetic noise by 60 dB at 1 Hz, connected by waveguides to a RF shielded
room capable of attenuating RF noise by 100 dB. Magnetically shielded room houses a fibre glass
reinforced plastic cryostat with four SQUID channels and the RF shielded room houses the data
acquisition system. The overall system noise, measured in each channel, is under 12 fI/NHz. Sev-
eral biomagnetic fields (magnetocardiogram, o~rhythm of brain and auditory evoked response)

have been successfully measured in this facility with a high signal-to-noise ratio.
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CELLULAR transduction of signals as well as physiologi-
cal control of organs and organ systems is often associ-
ated with the flow of tiny electric currents in the system
of interest. These physiological processes produce a dis-
tribution of electric potential on the exterior surface of
the skin and an accompanying magnetic field. The electric
potential and the magnetic field constitute the quantita-
tively measurable attributes correlating with the underly-
ing physiological process and hence their measurement
helps in the analysis of normal functionality and also in
the recognition of certain types of physiological dysfunc-
tions. The electric potential distribution on the anterior
thoracic surface is measured in electrocardiography
(ECG) in order to probe the physiological activity of the
heart, while that on the surface of the scalp is measured
in electroencephalography (EEG) to probe the physio-
logical activities of the human brain. The measurement of
corresponding magnetic fields, which are typically about
100 femto-Tesla to 100 pico-Tesla, is a challenging task
as these magnetic fields are more than a million times
weaker than the earth’s magnetic field of 40 micro-Tesla,
whereas the ambient magnetic noise due to power-line
and other sources is orders of magnitude higher (often
10 nano-Tesla to 100 nano-Tesla). There are also no sen-
sors of magnetic field, except the superconducting quan-
tum interference devices (SQUID), which have adequate
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sensitivity to measure and characterize such extremely
weak magnetic fields. The measurement of biomagnetic
fields, therefore, became possible only after the develop-
ment of SQUID sensors'. Introduction of high quality
thin film DC SQUID sensors in more recent times has led
to a revolution in biomagnetic instrumentation; the last
two decades have seen the emergence of multichannel
systems housing a large number of SQUID sensors to
simultaneously measure the magnetic field intensity at a
set of discrete points in space and thus pave way for the
reconstruction of sources responsible for the measured
magnetic field distribution™. Such strategies are vital to
unravel the underlying electrophysiology of human heart
and human brain, and are expected to widen the horizons
of scientific investigations. Compared to the conventional
techniques such as ECG and EEG, which measure the
electric potential on the skin surface, SQUID-based mea-
surement of the accompanying magnetic fields offers a
number of distinct advantages: magnetic measurement
techniques are non-contact, much less sensitive to the
conductivity variation of the underlying tissues and offer
superior source localization accuracies. Indeed these are
among the few physical measurements, apart from func-
tional magnetic resonance imaging (fMRI)! and positron
emission tomography (PET)’, which provide quantita-
tively measureable macroscopic correlates of the underly-
ing activity at the cellular level. Whereas MRI provides
only anatomical structural images, fMRI is capable of
giving functional information by showing cortical regions
of increased activity as recognized by an increased blood
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flow to such regions. However, it must be noted that such
techniques exploiting either a blood oxygen level de-
pendent (BOLD) signal or an increase in glucose meta-
bolism at a selected cortical region are limited by the
relatively large time constants associated with haemody-
namics and, therefore, the temporal resolution of such
techniques is poor, often in the range of seconds® The
techniques involving measurement of electric potential in
EEG or the magnetic field intensity in magnetoencepha-
lography (MEG), on the other hand, are capable of a tem-
poral resolution in the range of milliseconds and this
opens up the possibility to investigate the generation of
cortical response as it builds up in real time. By its very
nature, EEG requires attachment of electrodes to the skin
using a conducting gel and the measured potential distri-
bution on the skin surface is nontrivially affected by the
conductivity distribution between the source and the
measurement location. Since the conductivity distribution
is inhomogeneous, anisotropic and often unknown (with
bones presenting very poor electrical conductivity), the
accuracy of source localization using the EEG data (and
hence the spatial resolution of the EEG technique) tends
to be rather poor’. Because the MEG signals are relati-
vely less sensitive to the conductivity distribution, analy-
sis of MEG data enables source localization accuracies in
the range of 2-3 mm to be attained in practice®. Thus,
during the last decade, the measurement of biomagnetic
fields using SQUID-based multichannel systems has
opened up new vistas of scientific research.

SQUID sensors based on Nb—AlO,—Nb Josephson junc-
tions are the most sensitive detectors of magnetic flux
available today with a routinely achieved field sensitivity
of under 10 fT/VHz. This extraordinary sensitivity, not
achievable using any other sensor technology, is adequate
for the measurement and characterization of the temporal
variation of biomagnetic fields such as those associated
with the physiological activities of human heart (typically
50 pT on the chest surface), human brain (typically 2 pT
on scalp) and the responses evoked from the human brain
on presentation of auditory/visual/tactile stimuli (typically
100 fT on the scalp)’. Because the ambient magnetic
noise in the frequency range of interest (0.1-1000 Hz) is
often as high as several nT, it is evident that a magneti-
cally shielded room (MSR) with a high shielding factor
of 60-100 dB is an essential prerequisite for the mea-
surement of biomagnetic fields. Such MSR has been set
up at the Indira Gandhi Centre for Atomic Research
(IGCAR) as part of facilities for the measurement of bio-
magnetic fields, building on two decades of experience in
the use of these sensors in areas such as SQUID magne-
tometer and non-destructive evaluation of materials'™'".
In the last four years, key facilities leading to the estab-
lishment of measurement systems for magnetocardiography
(MCG) and MEG, which share a common infrastructure,
have been established at IGCAR, and several biomagnetic
signals, including those from human heart and brain, have
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been measured successfully in these facilities with a high
signal-to-noise ratio. Although a system based on four
SQUID channels is currently operational and is being
extensively used for biomagnetic research, a multichannel
MEG system is expected to be operational soon and will
enable the power of the MEG technique to be fully
exploited for unravelling the mysteries of perception and
analysis of sensory inputs by the human brain.

Facilities for biomagnetic research

The site for the establishment of these facilities was chosen
to be at least 6 m away from all existing laboratories to
avoid a high level of ambient magnetic noise. A survey of
ambient magnetic noise at the chosen site was carried out
to assess the suitability of the site for the intended appli-
cation. The initial survey (S. G. Gokarn, private com-
mun.) was carried out using induction coils as the
sensors; the results of this initial survey were confirmed
in a second site-survey (Schlaepfer Urs, private commun.)
employing a flux gate sensor with a sensitivity of under
20 pT/AHz. In the latter measurement, a three-axis flux
gate sensor was used to simultaneously acquire the data
related to the temporal variation of the magnetic field
along each of the three mutually orthogonal directions
and hence infer the spectral density of ambient magnetic
noise at the selected site. Sampling rate was varied between
25 samples per second for a frequency bandwidth of
10 Hz to 2500 samples per second for a frequency band-
width of 1000 Hz. As shown in Figure 1, the measure-
ments at the selected site revealed the spectral density of
ambient magnetic noise to be generally white with an
amplitude of less than 100 pT/VHz, whereas the noise at
the power line frequency (50 Hz) was about 6 nT/Hz.
The site at IGCAR, situated away from urban popula-
tions, thus proved to be an ideal site for the location of
MSR; these measurements also helped in deciding the
necessary level of attenuation of these external magnetic
disturbances, which will be required for the measurement
of biomagnetic fields. In view of the high costs involved
in low-frequency magnetic shielding, it was decided to
plan for a modest shielding factor of 60dB at 1 Hz
improving to 100 dB at 100 Hz. Further reduction of the
effect of the residual noise inside MSR on the measured
data could be realized by the use of a superconducting
first-order gradiometer consisting of two superconducting
loops wound in opposition and separated along the verti-
cal direction by a small baseline of 50 mm for coupling
the signal to be measured to the SQUID sensor; the dis-
tant sources of magnetic noise produce equal and oppo-
site responses in the two loops and thereby get rejected
whereas signals from a nearby source produce a nonzero
response. Combination of the passive shielding and the
use of gradiometric technique to discriminate against
distant sources of magnetic noise was considered to be
adequate for the measurement of biomagnetic fields.
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