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THE APL BIOELECTROMAGNETICS LABORATORY 

A laboratory has been established at APL to carry out noninvasive bioelectromagnetic measurements. 
Ongoing work includes localizing and characterizing epileptic sources and the development of a brain 
edema monitor and a bone healing monitor. The purpose of the investigations is to provide enhanced 
clinical diagnostic capabilities for collaborators at the Johns Hopkins Medical Institutions. 

INTRODUCTION 
The Bioelectromagnetics Laboratory was established 

at APL in 1984 as a facility dedicated to performing elec
tromagnetic measurements of various biological systems. 
The technological base for investigations in the facility 
stems from broad theoretical, analytical, and experimen
tal experience in electromagnetic sensors, signal process
ing, data acquisition and processing, and background
noise characterization. 

The Bioelectromagnetics Laboratory contains a large 
inventory of electric and magnetic sensors, phase-lock 
amplifiers, spectrum analyzers, gain-phase amplifiers, 
and various signal-analysis and data-processing instru
mentation, all linked to two PDP-11/34 computers. Ap
proximately 450 square feet of space (Fig. 1) is used for 
staging various experiments and for data collection and 
analysis. 

The principal measurements made in the laboratory 
are of the magnetic fields of the human body. Figure 
2 is a scale of magnetic induction that places the ampli
tudes of human magnetic fields in context with magnetic 
fields that are ordinarily sensed. The magnetic field of 
the earth, which is the primary force in compass navi
gation, is on the order of 10-4 tesla. Urban magnetic 
noise, such as that produced by the motion of vehicles 
and stray electrical signals, is on the order of 10-{i tes
lao Magnetic fields from the human heart, eye, and brain 
range between 10-10 and 10-13 tesla. Therefore, very 
sensitive magnetic field sensors that can sense one
billionth of the earth's steady magnetic field are required 
in order to analyze the magnetic fields of the human 
body. 

A superconducting magnetometer that can achieve 
that degree of sensitivity is based on a device called a 
SQUID (superconducting quantum interference device), 
which is a loop of indium wire immersed in liquid heli
um at 4 K. At that supercooled temperature, the elec
trical impedance of the wire loop is practically zero. 
Therefore, a magnetic field sensed by the loop induces 
a current in the wire that has a very large value. In es
sence, the SQUID is an extremely sensitive ammeter. 
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Figure 1-A wide-angle view of APL's Bioelectromagnetics Lab
oratory. 

The sensing loop of a superconducting magnetome
ter is comprised of three superconducting coils (Fig. 3). 
The primary coil (loop A) measures the signal under in
vestigation and the ambient background noise. The other 
two coils (loops B and C) are placed far enough away 
from the primary signal that they can measure the am
bient background noise. Under the assumption that the 
ambient noise sources are very far away, the magnetic 
field gradients from those distant sources are uniform. 
Therefore, the secondary magnetic sensor coils-loops 
Band C-can subtract the background noise from the 
primary signal plus the noise measured by loop A, leav
ing only the signal under investigation. As much as 20 
to 30 decibels of background noise reduction can be 
achieved with this simple difference method. 

THE BIOELECTROMAGNETICS 
MEASUREMENT 

The magnetic measurement is comprised of environ
mental noise, biologic noise, and sensor noise in addi
tion to the signal under investigation (Fig. 4). Environ
mental noise can be broken down into (a) geomagnetic 
noise, created by sunspot-induced magnetic fields travel
ing through the ionosphere, and propagating magnetic 
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Figure 2-Magnetic fields of the human body and the earth mea
sured in centimeter-gram-second units (gauss) and in meter
kilogram-second units (teslas). 

fields, caused by lightning strokes occurring somewhere 
in the earth-ionosphere waveguide; (b) geologic noise, 
the magnetic field that is measured when a magnetome
ter is moved in the presence of the stationary magneti
zation in geologic strata; (c) urban noise, the magnetic 
field arising from the motion of vehicles and stray elec
trical signals; and (d) seismic noise, resulting either from 
the vibration of metallic objects near the magnetometer 
or from the motion of the magnetometer itself in the 
presence of the stationary magnetic field of the earth. 
Biologic noise is defined as the magnetic field that arises 
from biologic responses that are not part of the prima
ry signal (e.g., a somatosensory response). Sensor noise 
is the thermal noise of the sensor element itself. 

In order to segregate the components of the bioelec
tromagnetic measurement, various auxiliary sensors are 
used: less sensitive magnetometers to measure urban and 
seismic noise, electric field electrodes to measure stray 
electrical noise, and motion sensors to measure the vibra
tion of the sensor or the motion of the subject under 
test. Signal processing is used to combine the outputs 
of the primary bioelectromagnetic sensor and the aux
iliary sensors to categorize the nature of the environmen
tal noise and to differentiate it from the signal under 
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Figure 3-The SQUID coil configuration for the superconduct
ing second differencing gradiometer used in bioelectromagnetic 
investigations. 

Measurement = environmental noise 
(geomagnetic + geologic + urban + seismic) 

+ biologic noise + sensor noise + signal 
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Figure 4-The contributors to the bioelectromagnetics measure
ment and the auxiliary sensors and signal processing tools re
quired to separate the signal under investigation from various 
noise sources. 

investigation. Signal processing tools used include sig
nal averaging, Widrow adaptive ftltering, and Wiener 
filtering. 

Figure 5 illustrates an experimental configuration that 
uses auxiliary sensors to remove the background noise. 
A human subject undergoing a test of visually evoked 
response or auditory evoked response is surrounded by 
the primary SQUID bioelectromagnetic sensor and var
ious auxiliary sensors. On the subject's head are placed 
electroencephalogram (BEG) electrodes for a ground
truth measurement of the responses. The SQUID mea
sures the magnetoencephalogram (MEG) signal. Mount
ed on the SQUID are fluxgate magnetometers to measure 
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Figure 5-0ne particular test config
uration in the bioelectromagnetic 
test facility used for the detection of 
magnetic signals from the brain dur
ing experiments on visually evoked 
response (YER) and auditory evoked 
response (AER). 
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Figure 6-The use of Wid row adap
tive filtering during measurements of 
cardiac function in the human. (a) Un
filtered accelerometer; (b) O.S-hertz 
low-pass accelerometer; (c) unfiltered 
gradiometer; (d) 10-hertz low-pass 
gradiometer; and (e) gradiometer 
adaptively canceled by accelero
meter. 

ambient magnetic field changes and sensor orientation 
and accelerometers to measure the motion of the SQUID 
sensor. A total-field magnetometer to measure stray bi
ologic signals, accelerometers to measure the motion of 
the subject, and fluxgate magnetometers to measure 
changes in the ambient magnetic field are located near 
the subject. 
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Figure 6 illustrates the benefits of noise reduction. Fig
ure 6a shows the time series from an accelerometer 
placed on the stomach of a reclining subject; Fig. 6b is 
the same accelerometer signal after being low-pass 
fIltered at 0.5 hertz. The SQUID magnetometer is placed 
over the subject's heart to measure his magnetocardio
gram (MKG). Figure 6c is the output signal of the un-
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Figure 7-A comparison of an MKG and an EKG. 

filtered gradiometer, and Fig. 6d is the result of passing 
the unfiltered signal through a IO-hertz low-pass filter. 
The gradiometer registers a signal proportional to the 
subject's breathing, as corroborated by the accelerome
ter fluctuation in Fig. 6b. When the low-pass-filtered ac
celerometer signal is used as a reference channel in a 
Widrow adaptive filter and combined with the signal 
shown in Fig. 6d, the output of the Widrow filter shown 
in Fig. 6e is the MKG signal measured by the gradiom
eter with the breathing motion canceled. 

Figure 7 compares an MKG measured by the SQUID 
with a standard EKG. The finestructure of the signal, 
identified as the P, QRS, and T components of the cardi
ogram, is clearly seen in both signals. The figure under
scores the virtue of having a noninvasive (noncontact) 
method to measure cardiac function. The MKG ap
proach might be valuable in studying the fetal heartbeat. 

Figure 8 shows the ambient background magnetic field 
spectrum measured by the gradiometer in femtoteslas 
(10-15 tesla) per square root of the frequency in hertz. 
The black curve is the raw spectrum measured by the 
gradiometer in the frequency range from 0 to 100 hertz. 
Large spikes seen in the spectrum are from the SQUID's 
vibration in the ambient earth's field and stray electri
cal noise at 60 hertz. Six auxiliary sensors measure in-
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Figure 8-The magnetic field spectrum from the bioelectromag
netics gradiometer without environmental noise cancellation 
(black curve) and after environmental noise cancellation with 
six auxiliary sensors (colored curve). 

dependently the sensor vibration and stray electrical 
noise. Their outputs are used with the Wiener filter (a 
coherence-type process) to obtain a corrected magnetic 
spectrum, as shown by the colored curve in Fig. 8. In 
some instances, over 40 decibels of environmental noise 
cancellation is obtained,1 enabling the very small mag
netic fields from the human body to be measured. 

NONINVASIVE MEASUREMENT 
OF IN-DEPTH EPILEPTIC FOCI 

Epilepsy is a condition of recurrent seizures caused 
by nervous system problems that affect over two mil
lion Americans. The goal of this investigation is to de
velop a scientifically justifiable method of noninvasively 
monitoring in-depth epileptic discharges in order to as
sess possible surgical benefits. 

Figure 9 illustrates the magnetic gradiometer's ability 
to measure noninvasively manifestations of epilepsy in 
a laboratory rat. Figure 9a is the signal from the EEG 
voltage measured between an electrode placed deep in 
the right hippocampus and one placed on the left cor
tex. Figure 9b is the EEG voltage between an electrode 

Figure 9-An MEG measured in 
close proximity to the rat head dur
ing the onset of epileptic seizures. (a) 
EEG, right hippocampus, left cortex; 
(b) EEG, right hippocampus, right cor
tex; (c) accelerometer; and (d) MEG 
gradiometer. 
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placed deep in the right hippocampus and one on the 
right cortex. Seizure spikes are clearly visible in both 
figures. Figure 9c shows the output from an accelerom
eter mounted on a rat holder (to ensure that rat muscle 
movement is not the source of any of these signals). Fig
ure 9d shows the magnetic field from the rat brain (the 
MEG) as measured by the gradiometer, which is in close 
proximity to the rat head. The MEG magnetic activity 
can be clearly seen at the time of occurrence of the EEG 
epileptic spikes. 

The specific objectives of the investigation are to de
termine the degree of localization attainable using state
of-the-art magnetometers in an ideal in-vitro experiment 
and to measure in-depth epileptic sources in vivo, par
ticularly those not seen by the surface EEG. The inves
tigation is done in three phases. In the first, the degree 
of localization in vitro is determined by means of the 
SQUID MEG sensor (i.e., the gradiometer) for known 
geometric cavities mimicking the head, with solutions of 
known conductivity and with calibrated sources of 
known size and location. The shape of the geometric 
cavity, the signal-to-noise ratio, and the number of mea
surement stations in the experiment are varied to deter
mine the localization error as a function of those 
parameters. 

The second phase involves introducing a calibrated 
electric source inside a living animal brain to determine 
the degree of MEG localization obtained for the known 
source at a known location within the real asymmetri
cal brain with its inhomogeneous conductivity. The third 
phase involves the study of natural epileptiform dis
charges in the living animal brain. 

Figure 10 shows the in-vitro apparatus placed under
neath the superconducting gradiometer sensor. The elec
tric dipole can be seen at the center of the glass sphere, 
which is filled with a conducting saline solution. A laser 
is used to align both the dipole and the sphere relative 
to the position of the gradiometer. 

In Fig. 11, predictions of the theoretical magnetic field 
gradients for the gradiometer signal are plotted as a func
tion of gradiometer location measured in degrees from 
the vertical. Each curve (normalized in amplitude) is a 
plot of the magnetic field variation as a function of the 
angular position of the gradiometer for different spac
ings between the center of the sphere and the dipole. The 
gradient magnetometer is located 10 centimeters from 
the sphere's center. The figure shows that the location 
of the peak of the magnetic field in degrees from the 
vertical can be used to deduce the position of the dipole. 

Results of this in-vitro measurement with the spheri
cal container are given in Fig. 12. Here, an analysis al
gorithm used with the data has deduced the dipole to 
be located at 0.0109 meter; the true dipole location is 
0.0100 meter. This illustrates that the dipole can be lo
cated to an accuracy of within 1 millimeter. The experi
ments have shown that at least a IO-decibel 
signal-to-noise ratio is required to obtain this degree of 
localization. More than eight data points are required 
with a IO-decibel signal-to-noise ratio, but only about 
four data points are needed if the signal-to-noise ratio 
is raised to 40 decibels. 2 
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Figure 10-The spherical in vitro apparatus used to quantify 
the degree of localization of a dipole source located at the center 
of the sphere. 
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Figure 11-Theoretical gradient magnetic field predictions given 
as the normalized amplitude of magnetic field as a function of 
the angular rotation from the vertical. The magnetometer is lo
cated 10 centimeters from the sphere center. The curves are 
parameterized to the location of the dipole from the sphere's 
center. 

NONINVASIVE MONITORING 
OF BRAIN EDEMA 

Brain edema is the life-threatening increase of brain 
volume due to an increase in water, protein, and sodi
um content. It can be caused by a variety of circum
stances, ranging from physical injury to drug abuse. The 
clinical problem presented to APL investigators is that 
at present there is no easy way to continuously monitor 
brain edema. State-of-the-art continuous monitoring 
techniques rely on a measurement of intracranial pres
sure. Furthermore, computer tomography, nuclear mag
netic resonance, and position emission tomography scans 
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Figure 12-Experimental results for the localization of an elec· 
tric dipole located 1 centimeter from the center of the in vitro 
sphere apparatus. 
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Figure 13-The physical principles of the noninvasive measure· 
ment of brain impedance, showing the detection of secondary 
magnetic fields produced by induced eddy currents within the 
brain. 

are not suitable for frequent repetition. The goal of the 
investigation is to develop a safe, noninvasive procedure 
to monitor the onset and progression of brain edema 
at the bedside. 

Figure 13 illustrates the basic idea behind the nonin
vasive measurement of brain edema. The technique re
lies on the assumption that the electrical conductivity of 
edematous fluid is different from that of normal brain 
tissue; therefore, the plan is to monitor electrical im
pedance changes within the brain. A coil is placed about 
the brain, producing an alternating magnetic field, H, 
which, in turn, produces an alternating electric field, E. 
The electric field produces small eddy currents, I, that 
flow through the brain. They, in turn, reradiate a smaller 
magnetic field, tJI, that is proportional to the conduc
tivity of the brain medium. The sensor coil measures the 
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Table 1-Approximate conductivities. 
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Temperature (OC) 

12 18 20 

Normal 0.15 ±0.03 0.15 ±0.01 0.14 ±0.02 
White 

Edematous 0.16 ±0.01 0.18 ±0.01 0.18 ±0.01 

Normal 0.20 ±0.02 0.21 ±0.02 0.22 ±0.02 
Gray 

Edematous 0.38 ±0.04 0.30 ±0.07 0.36 ±0.07 

Fig,ure 14-Experimental results for the electrical impedance 
of (a) white and gray normal rabbit brain at 2 megahertz and 
(b) white and gray normal and edematous rabbit brain at 2 and 
4 megahertz. 

primary magnetic field, H, plus the eddy-current
produced magnetic field, tJI. 

Table 1 lists electrical conductivities measured in bio
logical systems by various investigators. Biological con
ductivities range from less than 0.05 to approximately 
1.5 siemens per meter. Other investigators have cataloged 
normal brain white matter as having a conductivity on 
the order of 0.1 siemen per meter and normal brain gray 
matter approximately 0.2 siemen per meter. The hypo-
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Figure 15-Experimental results for the electrical impedance 
of the human tibia as a function of frequency and parameter
ized to the extent of a ring cut around the bone. 

thesis that edematous fluid would have a greater con
ductivity than normal gray and normal white brain 
matter has been substantiated by our measurements. 

In collaboration with the Departments of Neurosur
gery and Oncology at the Johns Hopkins Medical Insti
tutions, APL measured the conductivities of both normal 
and edematous rabbit brain tissues. The results are giv
en in Fig. 14. Figure 14a indicates the variations in the 
conductivity at 2 megahertz of normal white and nor
mal gray matter of rabbit brain as a function of tem
perature. Figure 14b presents the results of the 
conductivity measurement of white and gray matter of 
a rabbit brain with regions of normal and edematous 
tissue. The brain edema is a result of a radioisotope
induced brain tumor. Results are given for three differ
ent temperatures, and the conductivity values are for fre
quencies of 2 and 4 megahertz. They indicate that the 
edematous tissue has a conductivity ranging between the 
values for normal brain tissue and for cerebrospinal flu
id. 3 Therefore, it is hoped that further investigations of 
this noninvasive measure of brain conductivity will lead 
to successful monitoring of brain edema. 

QUANTIFICATION OF BONE HEALING 
The goal of the investigation is to monitor and gauge 

noninvasively the mechanical integrity of a healing bone 
fracture. At present, no such method exists. 

Figure 15 gives results from the measurement of the 
electrical impedance of a human cadaver bone. Elec
trodes are placed on the cadaver bone to measure im
pedance changes in the bone as a function of frequency, 
parameterized to the extent of the induced fracture 
caused by sawing around the circumference of the bone. 
At any given frequency, the impedance increases as the 
extent of the fracture increases (or, equivalently, the elec
trical conductivity of the bone decreases as the extent 
of the fracture increases). The changes in electrical im
pedance or electrical conductivity in these experiments 
suggest that the same method of measuring biological 
impedance previously described for brain edema might 
be applied to measure the extent of bone healing. 

A measurement of a simulated bone is illustrated in 
Fig. 16; a nonconducting plastic rod with a variable gap 
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Figure 16-The apparatus used for simulated-bone mea
surements. 
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Figure 17-Experimental results from the measurement of 
changes in sensor coil impedance during the measurement of 
the simulated bone for a break size of 0.7 centimeter (black 
curve) and for a break size of 0.3 centimeter (colored curve). 

is placed inside a tall beaker filled with saline solution. 
The variable gap simulates the bone fracture site. A coil 
wrapped around the apparatus provides a way to mea
sure the change in resistance in the sensor loop system, 
which is proportional to the change in conductivity mea
sured at the fracture site. Figure 17 gives the resistance 
change in milliohms as a function of position relative 
to the break for a break size of 0.7 centimeter (the black 
curve) and 0.3 centimeter (the colored curve). 

SUMMARY 
The APL Bioelectromagnetics Laboratory is a re

source for several biomedical investigations. Of equal 
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value is the wealth of experience offered by the investi
gators in the areas of medical science and electromag
netics technology. The theories, experimental procedures, 
signal and data processing techniques, and sensor tech
nology are unclassified by-products of other Department 
of Defense funded efforts at APL. The three investiga
tions discussed are funded as a result of past APL In
dependent Research and Development initiatives per
formed in collaboration with investigators from the Uni
versity of Colorado, the University of California at Los 
Angeles, and the Johns Hopkins Medical Institutions. 
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