
0-ft93 615 SGUID (SUPERCONDUCTING 6UANTUN INTERFERENCE DEVICE) 11
ARRYS FORESINMULTRNEG.. (U) MEN YORK UNIV N Y
L KRUFNNET Rl. 29 FEB 66 RFOSR-TR-SS-0364

UNCLaSSIFIED F4%;29-96 C-@131 F/O 26/3 NL

Eiiiiiihmihhu
Ulllllll



WoW

0

.,*, .O1

logp '

S

611 1__ --

114

MICROCOPY RESOLUTION TEST CHAR1

IR f h , 'NrSAR1, ]963 S

uN



- . - .did .- W"U

R7%a1 'ZpimrA.ION OF T~i.S PAWE
I omApprovedl-

OCUMENTATION PAGE NoMro. 0704-0,

AD-A 193 815 "1- 1b. RESTRICTIVE MARKINGS

3. DISTRIBUTION /AVAILABILITY OF REPORTCTE Approved for public release distribution
2b. DECLASSIFICATION I DOWN E 0SCDLE 4 unlimited

4, PERFORMING ORGANIZATIO T NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

cr) DAFOSR.TR. 88-0364
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

New York University (If applicable) Air Force Office of Scientific Research

6c ADDRESS (City, State, and ZIPCode) 7b. ADDRESS (City, State, arnd ZIP Code)

Departments of Psychology and Physics Building 410
4 Washington Place - New York, NY 10003 Bolling AFB, DC 20332-6448

S.. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

AFSOR I NL F49620-86-C-0131

ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

Building 410 PROGRAM PROJECT TASK WORK UNIT

Bolling AFB, DC 20332 ELEMENT NO. NO. NO CCESSION NO.

61103D 3484 A4

11. TITLE (Include Security Classification)

SQUID Arrays for Simultaneous Magnetic Measurements: Calibration & Source Localization

12. PERSONAL AUTHOR(S)
Lloyd Kaufman, Samuel J. Williamson, and P. Costa Ribeiro

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year,Month, Day) 1S. PAGE COUNT
Publication FROM_ 8TOZI 8 Feb. 29, 1988 26

16. SUPPLEMENTARY NOTATION . . -

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP 1

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

') Recently developed small arrays of SQUID-based magnetic sensors can, if appropriately
placed, locate the position of a confined biomagnetic source without moving the array.
We present a technique with a relative accuracy of about 2% for calibrating such sensors
having detection coils with the geometry of a second-order gradiometer. The effects of
calibration error and magnetic noise on the accuracy of locating an equivalent current
dipole source in the human brain are investigated for 5- and 7-sensor probes and for a pair
of 7-sensor probes. With a noise level of 5% of peak signal, uncertainties of about
20% in source strength and depth for a 5-sensor probe are reduced to 8% for a pair
of 7-sensor probes, and uncertainties of about 15 mm in lateral position are reduced to
I mm, for the configuration considered.

20.STR3UTiON /AVAILABILITY L, ABSTRACT 21. ABST "PCT SfjRY CLASSIFICATION
uN LASSIFIE 0UNLIMITE 0 V SAME AS RPT C DTIC USERS unc ass e p

22. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Inclte Area Code) 22c, OFFICE SYMBOL
Dr. Alfred R. Fregly 202-767-5024 NL

DO Form 1473. JUN N Previous 0,itions are Obsolete. SECURITY CLASSIFICATION OF THIS PA GE
0 7 MAR 1989



SQUED Arrays AFO6RTR 88-0364 Pag

To be published in:
IEEE Transactions in Biomedical Engineering

SQUID Arrays for Simultaneous Magnetic Measurements:

Calibration and Source Localization Performance

P. COSTA RIBEIRO, S.J. WILLIAMSON, MEMBER. IEEE. AND L. KAUFMAN

Abstract - Recently developed small arrays of SQUID-based magnetic sensors can, if

appropriately placed, locate the position of a confined biomagnetic source without mov-

ing the array. We present a technique with a relative accuracy of about 2% for calibrating

such sensors having detection coils with the geometry of a second-order gradiometer.

The effects of calibration error and magnetic noise on the accuracy of locating an

equivalent current dipole source in the human brain are investigated for 5- and 7-sensor
probes and for a pair of 7-sensor probes. With a noise level of 5% of peak signal, uncer-

tainties of about 20% in source strength and depth for a 5-sensor probe are reduced to 8%

for a pair of 7-sensor probes. and uncertainties of about 15 mm in lateral position are

reduced to I mm, for the configuration considered.
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I. INTRODUCTION

Magnetic fields produced by biological activity provide important information con-
cerning the location of electrical excitation in various organs, especially in the human
brain for normal and abnormal functions.[l]-[5] The early success of neuromagnetism
motivated the development of magnetic sensing systems to measure the magnetic field
near the scalp at several positions simultaneously. Probes with 4, 5, and 7 sensors are
presently in use.J6]-[9] In addition to greatly reducing the time required to record a field
pattern, these multi-sensor systems make it possible to determine the position, strength,
and orientation of a localized neural current source with a single-position measurement,
that is, without having to move the probe from one place to another. A particular advan-
tage of this is the possibility of following subtle shifts of activity between adjacent
neural populations in studies such as those recording responses evoked by visual patterns
of differing content. P

A single-position measurement has major advantages as compared to serial meas-
urements, since it avoids the complications that may be introduced by changes in the
state of the brain, e.g., because of alterations in the subject's attention from one measure-
ment to the next. Furthermore, a single-position measurement avoids inaccuracies in
determining the relative sensor positions when a probe is moved from one position to
another.

In this report we describe the requirements for successful single-position measure-
ments with a small array of sensors. Among these requirements, the accuracy of the sen-

sors' calibration is the most stringent. An erroneous calibration with a single-sensor sys-

tem introduces only a systematic error in the strength of the source but not an erroneous E _

source localization. However, when performing a single-position measurement with a
multi-sensor system a discrepancy in calibration among the sensors will affect the
deduced source location itself. A method is thus introduced for calibrating the individual
sensors with the required high relative accuracy and rapidity. The effects of calibration
errors and of magnetic and instrumental noise on the accuracy of localizing a current-
dipole source are evaluated. f lar 1%

I. SENSOR CALIBRATION

Most biomagnetic sensors rely on the superconducting quantum interference device
(SQUID) to achieve the high sensitivity required for measurements of the brain's mag-
netic field outside the body.( 101 This provides an output voltage that varies linearly with
the magnetic flux in a detection coil, which is magnetically coupled to the SQUID by
means of a superconducting flux transformer. The detection coil generally has the
geometry of a first-, second-, or third-order gradiometer with the baseline, or distance
between adjacent coils, typically 4 to 8 cm. A gradiometer discriminates against
ambient field noise sources that are relatively distant compared with the baseline because
it suppresses the relatively uniform fields from distant noise sources while retaining sen-
sitivity to the closer biomagnetic sources of interest, whose fields are much stronger at
the closest coil.[ 101-[ 12] This coil is often called the pickup coil.

Cos Ribelro et a. 4 Jmu7ry [NS
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SQUID Arrays Page 3

Traditionally, to calibrate a single-coil detection coil (or magnetometer) a known,
uniform field is imposed on the coil and the corresponding change in the sensor's output
voltage is measured. However, this simple procedure cannot be used with gradiometers,
since a well-constructed gradiometer will not respond to a uniform field. A common
resolution to this problem is to apply the field by coaxially positioning a small field coil
directly under the detection coil, pressing it firmly against the bottom of the cryogenic
dewar containing the SQUID system and moving it until a maximum output from the
SQUID is observed. From the dimensions of the field coil and detection coil, together
with their relative positions, the mutual inductance of the coils can be computed. The
product of the mutual inductance and the current in the field coil gives the magnetic flux
imposed on the detection coil. It is conventional to express the field calibration factor K
in terms of the field that must be applied to the pickup coil alone to produce the same
output voltage from the SQUID sensor. This procedure, however, is inherently inaccu-
rate because the various dimensions must be known to within a fraction of a millimeter.
In practice the result has an accuracy of perhaps only 10%. A variation of this procedure
relies on placing the coil in succession at a number of precisely determined locations
sufficiently far from the probe that the field of the coil at the sensors is accurately dipolar.
From the recorded outputs of all sensors for each coil location, high accuracy may be
obtained when the calibration factors are determined by a least-squares fit.[13]

Sensitivity of the mutual inductance to the distance between field coil and detection
coil is an intrinsic limitation of the calibration method due to the gradiometer itself.
Indeed, another way to characterize a gradiometer as a spatial discriminator between the
source of interest and distant sources of ambient field noise is through the reciprocity
theorem.[14] According to that approach a system of coils (gradiometer) that is insensi-
tive to far sources is also a system that if energized by a current will produce a field that
decreases rapidly with increasing distance from the coils.[15] It is precisely this rapid
variation of the field with distance that imposes the difficulty in calibrating a gradiome-
ter. As an illustration, Leoni et al. show (Fig. 14 of [12]) that the flux imposed on a
repesentative, symmetric, second-order gradiometer by a magnetic dipole varies
inversely as the cube of the distance from the pickup coil until the dipole is approxi-
mately one baseline away, and beyond that varies more rapidly with distance. The
decrease is less rapid for a first-order gradiometer, and Wikswo [161 has shown it is pos-
sible to calibrate such a detection coil with a field coil placed at various precisely deter-
mined distances from it along its axis. One feature of his technique is to use a solenoid
for the field coil whose ratio of length to diameter is (3/4 )1 , which has a dipole moment
but no quadrupole moment.

A. Large-Coil Calibration Technique

We have successfully applied another method for calibrating second-order gradiom-
eters that relies precisely on the fact that such coils are relatively insensitive to a uniform
field. The procedure is to use a large, square field coil whose sides are roughly two orders
of magnitude greater than the baseline of the detection coil. This calibration coil is
placed so that the detection coil is coaxial and at its center. Letting the axial distance
from the common center be denoted by z, the component of the field along this axis for a
calibration coil of side 2Sc can be expanded in a power series of (z/S):

Co a Ribelro et aL 4 January ON
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Bc(z) = (1 - (514)(z/Sd)2 + (75132)(z/Sd 4 + ... I Bc  (1)

where the field at the center of the coil is

Bc = F2 go Nc Ic/wSc (2)

where Nc is the number of turns and Ic is the current in the coil.

It is conceptually helpful to think of the terms in Eq. 1 as the sum of separate com-
ponents of the field that are superimposed on the detection coil. For purposes of illustra-
tion (Fig. 1) we consider a second-order gradiometer that has the center coil wound in the
opposite sense with twice as many turns as the end coils. We suppose that all three coils
have the same area A. Thus the uniform-field component of strength Bc produces no net
magnetic flux in the detection coil if the sum of the area-turns products of these three
coils is zero (perfect field balance). The term in Eq. 2 proportional to z imposes a flux
-(514)(blScj) 2BcA in the pickup coil and other end coil but no flux in the center coil. The
field calibration factor is determined by the field in the pickup coil alone that would pro-
duce the same total flux:

Bq = -(5/2)(b/Sc) 2 Bc  (3)

We call this the quadratic field component. If the gradiometer's baseline b is small in
comparison with the side 2Sc of the calibration coil, the fourth-order term in Eq. 1 is
negligible compared with the quadratic term. Specifically, if b = 0.04 m and Sc = 1.32 m
as in our apparatus, the fourth-order term is only 0.2% of the quadratic field.

1. Calibration Field Measurements
Iq

To calibrate our SQUID system, our dewar containing the detection coils was

1. This commercial system (Biomagnetic Technologies, Inc., 4174 Sorrento Valley
Blvd., San Diego, CA, 92121) has a set of five detection coils arranged in the pattern of a
cross, with the outer coils tipped outward by 100 so their axes point to a common position
10.3 cm below their pickup coils. There are also four SQUID sensors positioned on the
dewar's axis 8 cm above the center of the detection coils for the purpose of monitoring
three orthogonal components of the ambient field and the axial field gradient (see Ref. 7).
The attenuated output of these 4 reference sensors is electronically subtracted from each
of the outputs of the 5 signal channels to reduce the effect of ambient field noise.
However, during the procedures of gradiometer characterization and calibration
described here these reference sensors are turned off, to minimize unwanted
complications when interpreting the calibration results.

Costa Ribeiro et al. 4 January I988
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positioned so as to have the detection coil of interest centered coaxially within a square
calibration coil of side 2S = 2.64 m and N = 57 turns. An ac current of amplitude I at
20 Hz was provided by a function generator, and the corresponding output of the SQUID
electronics was amplified, bandpass filtered, and monitored by a igital voltmeter. With
the amplitude of the uniform component set for B, = 8.00xlO T, the quadratic field
given by Eq. 3 is only B = -1.84x10 9 T. Each of the SQUID sensors in our 5-channel
instrument yields a corrgponding voltage output after amplification that is typically Vc
= -1.30x 102 V. Dividing B by this observed output voltage gives the desired calibra-
tion factor K in tesla/volt for %he SQUID system. Of particular importance is the fact that
this value is insensitive to the exact position of the calibration coil with respect to the
detection coil: moving it upward or downward by 4 cm produces only a 1% change in the
value of K. This is the desired feature of the large-coil technique.

The calibration factor determined in this way is accurate only to the extent that the
field balance of the gradiometer is sufficienVsy good. Because B is only -2x10"3Bc , the
field imbalance il must be smaller than 210 to be negligible inthe presence of the uni-
form field B when 1% accuracy in the calibration factor is desired. In fact the imbalance
in our detecton coils is about ii = 2x104 , so it is essential to take field imbalance into
account.

2. Uniform Field Measurements

The field imbalance for a gradiometer can be determined by applying a uniform
field B. and measuring the resulting output voltage of the sensor. For this purpose, a rea-
sonably uniform field can be produced with a set of four coaxial, square coils [17] of side
2c = 2.64 m. Each of the inner coils was positioned at a distance 0. 128.2S from the
center of the detection coil and each of the outer coils a distance 0.506.2S . The number
of turns of wire in the four coils was originally 59, 25, 25, 59. These feld coils were
positioned with an accuracy of better than 2 mm in an attempt to achieve sufficient field
uniformity. Theoretically the field at the center is given by:

Bu = 1.795x 10-6 (NUIU/2 c)  (4)

where N = 59 is the number of turns in each outer coil and Iu is the current passing
through e coils in series combination.

Precise measurements of the resulting axial field profile (in the vertical direction)
were made to verify the quality of uniformity. This was done with a fluxgate magnetom-
eter having two sensors so that it can be operated in a differential mode for increased
sensitivity. One sensor was placed near the center of the field coils and the other, oriented
in the opposite direction, was moved from one position to another along the axis. Unfor-
tunately, these measurements revealed that the center of the field pattern was shifted
upward by 5 cm from the geometrical center of the set of coils. We attributed this error to
the effect of the magnetic susceptibility of steel reinforcing rods in the concrete floor of
the laboratory (the lowest coil was only 5 cm above the floor) and corrected for the effect

Coma Ribeiro ot aL 4 January I988



by decreasing to 57 the number of turns of wire comprising the lowest coil. The center ofthe resulting field pattern then approximately coincided with the center of the coils,
~where the gradiomete- was positioned. We denote this set of coils by the term uniform-

.field coil.

Measurements with the fluxgate mgnetometer showed that the 5nonuniformity of
the field pattern in the uniform-field coil produces a net flux of lxl0" B A in the detec-
tion coil, corresponding to an equivalent field of B. -- lx0Bu whe related to thepickup coil. If the estimated field calibration factor f6i' the SQUID wexrt K = lx10 "7 T/V
we would expen the corresponding output voltage from field nonuniforty to be V,

B IK = lxl0 B /K = 7x10 5 V for the current that we applied. This is much striaer
than the field imba'ance signal of the detection coil, as will now be described.

To measure the effect of field imbalance, a 20-Hz current was passed through the
uniform-field coil, producing a field amplitude B = 7.00x0 7 T at its center. This is a
convenient frequency for the calibration procedure, and its use is justified by the fact that
we observed no frequency dependence in results obtained for lower frequencies. The
corresponding ac output voltage V of each SQUID system was noted with a digital

U .3voltmeter. For our gradiometers, the typical output was V = 2xl " V, corresponding to
Ti = 3x10 . Of this only the amount V = 7x10 " V can-be attributed to nonuniformity
of the field, as was described in the preceding paragraph. The effect of nonuniformity is
only 3.5% of the observed output voltage, thus justifying the use of an approximate field
calibration factor in computing its contribution. To obtain the voltage VF expected for a
truly uniform field, we must subtract from the observed voltage what -1 contributed by
the nonuniformity: Vuf= Vu - Vnu = 1.93x10 "3 V.

3. Computation of the Field Calibration Factor

Using the calibration coil we had observed that a typical SQUID system produced
an output of Ve = -1.3x10"2 V. The desired part of this Vat is due to the quadratic field
component B = -1.84x10" T, fnd part is due to the fieldimbalance of the gradiometer
in the uniforng field B = 8x10* T. To deduce the latter voltage we need only scale V
by the ratio of the uniform fields B cB and subtract from the observed voltage:

Vca V c -( c- 1BU)V U (5)

In our example the field imbalance correction is only about 15% of the observed voltage

Vc, yielding V = -1.52x10 2 V. The desired field calibration factor is then K =c -7 "
B =V 1.2 1xf T/V.

In applying this procedure to a 5-sensor probe, we found that the value of the cali-
bration factor K for each coil could be determined reproducibly with an accuracy of 2%.
In comparing calibration factors K across coils we found a 10% spread in their values.
This variability may be attributed to differences in the construction of the SQUID sys-

-tems.

Costa Ribelro et d. 4 January 1968
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4. A Method of Verification

Another way to measure the field imbalance correction ti, which at the same time
verifies the value for the field calibration factor K, is to measure the change in the output
when the calibration coil is moved axially up or down by a known distance. If the dis-
placement is small it is enough to consider Eq. 1 only up to the fourth-order term. The
change in the output voltage VC for a displacement d from the detection coil's center will
be:

AV (d) = (BclK) [ Tj - (5/2)(d/Sc)2 + (225/8)(bdSc2) 2 (6)

The two unknowns in this equation (11 and K) can be determined with two measurements.
When displacing the calibration coil in our system by 4 cm the output voltage changes by
1%, leading to the value 7 = 2 xlO4 .

For simplicity in the calibration procedure described here, one of the four large coils
that produced the uniform field was used as the calibration coil. However, a smaller coil
would make the calibration easier because the signal for a given displacement d is larger.
One source of error in the calibration procedure is enhanced with a smaller calibration
coil, but another source is diminished. First, with the calibration coil centered on the
detection coil, the fourth-order term introduces an enhancement over that of the second-
order term (Eq. 1) by the ratio

(75/32)(b/S )4/(5/4)(b/S )2 = 1.88 (b/S)2  (7)

Thus the output voltage must be corrected for this additional signal to obtain V .Second,
the field imbalance il of the coil, in the presence of the uniform component of the field
produces an error compared with the quadratic field of

ri/(5/2)(b/S c)2 = OI(S lb)2  (8)

This decreases for smaller calibration coils. A good compromise would be to have both
corrections (Eqs. 7 and 8) be equal in magnitude. For an imbalance of 11 = 2x10"4, this
equality is attained with S = 49.5 cm, giving a total calibration error of +1.2% for the _
quadratic term and -1.2% for the field imbalance.

B. Single-Position Calibration

Another advantage of using a single large external coil for calibration is the possi-
bility of doing it rapidly for all the sensors in an array. In fact it is not necessary to place
each detection coil at the center and coaxially aligned with the calibration coil. The field

Costs Ribeiro et al. 4 Janum 1988
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produced by a large square coil can be computed for the position of each turn of each
detection coil. Provided that the diameter of each coil is negligible compared with that
for the calibration coil, the flux within a gradiometer can be written as:

N

= ni Bi A (9)

i=1

where n is the number of turns of each coil, N the number of coils in the gradiometer (N
= 3 for a second-order gradiometer), B, is the axial field at the coil's position, and A is the
area of the coil. To compute the values of B. it is useful to compute the three orthogonal
components of the field Bx k, B ikl Bzk produced by a rectangular loop of wire lying at x
t and y = ±a and cair g 1crt I clockwise about the z-axis (Fig. 2). The dis-
tances of a field point at (x,y,z) in the positive octant from successive comers, starting
with the nearest, are r, r2 , r, r4 , and the components of r, and r3 are (x ,yjz) and
(x3 ,Y ,z). Then the components of the magnetic induction in coil j of graaiometer k
are:I8J

Bxjk = (golc/41c) Zik I [r ljkl(r jk'Yljk)]x + [r3jk(r3jk +Y3jk)' 1

" lr4jk(r4jk+y3jk)] " [r2jk(r2jk+x3jk)] .

Byjk ( lc/4) zjk {[r 3jk(r3jk+x3jk)] + [rljk(rljk.Xljk)i-t (10)

" [r4jk(r4jk+x3jk)] - [r2jk(r2jk+x3jk)]I}

Bzjk (golc/41) {XljkL r jk jk'y lJk)] - [r4jk(r4jk+Y3jk)]"1

" X3jk~r3jk(r2jk-Yljk)"- x3jk[r3jk(r3jk+ y3jk)]" V

" Yljk[rljk(rljk-Xljk)] -- Yljklr2jk(r 2jk+X3jk)]J1

" Y3jk[r4jk(r4jkxljk)] - Y3jk[r3jkfr3jk+X3jk)]' }

Costs Ribeiro et Wl. 4 January 1988
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In our case Eq. 9 can be written for each detection coil k as:

0 k = 2A4[ B._I k - 2Bok +B1k]k (11)

where the coils j = -1, 0, 1 correspond to the pickup coil, middle coil, and upper coil
respectively, and n k is a unit vector pointing ,ipward along the axis of detection coil k.
Then Eq. 10 can be Written more explicitly in matrix notation as:

.. k = 2AI(Bxlk-2BxOk+Bxl k ) (By ik-2ByOk+Byik) (Bz.ik.2B zOk+Bzik) nyk (12)

L zk3

For our 5-sensor system there are 5 of the n k lx3 matrices, one for each detection coil, as
determined by the geometrical configuration of the array (as an example, see the Appen-
dix for their values for the present system). There are also 15 values of the type B .kP
three for each detection coil to be evaluated using Eq. 9. In order to compute themX~e
need to know r1 ,r2,r,r 4 ,x1 ,y1 ,x,y 3 , and z for each coil j of each detection coil k. The
total flux will then vary among detection coils, as given by the expression:

"D k = 2A (gto c / 4rn)fk (13)

The factors describe the sensor array and depend on its particular geometric
configuration. In our system, as described earlier, there is one central detection coil, with
4 others equally-spaced about it. In this case, with the central coil upright and centered
in the calibration coil, fk is found to differ by 10% between the central coil and any one
of the outer ones.

Although this calibration procedure is comparatively insensitive to the vertical posi-
tion of the calibration coil, it is nevertheless sensitive to other parameters such as the size

of that coil: a 1% change in the length of the sides of the calibration coil affects the cali-
bration by 3%. On the other hand, an error in the angular orientation by I deg affects the
calibration by only 0.16%.

Another advantage of this single-position calibration, beyond its rapidity, is the pos-
sibility of using it to determine the exact angular position of the array relative to a fixed
laboratory frame of reference (the calibration coil) during an experiment where the array
is tipped in order to be positioned over the source. The calibration factorsf can be deter-
mined prior to such a measurement, with the array upright, by passing a nown current
through the calibration coil.

Costa Ribeiro et al. 4 January 193
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TTT. INFLUENCE OF CALIBRATION ERRORS ON LOCATING A SOURCE

In the preceding section we presented a method for accurately calibrating each
detection coil in a multi-sensor system. Now we explain why such accurate calibration is
needed by considering how calibration errors affect the accuracy in locating a biomag-
netic source. For purposes of illustration, we shall take the example of a localized region
of active neurons in the human brain, which may be modeled by an equivalent current
dipole. This model is appropriate when the largest linear extent of the active neural
volume is much smaller than the distance to the detection coil. The current dipole Q is
simply a vector representing a short line element of current. Its magnitude Q is the pro-
duct of the current and the length of its extent and correspondingly has the dimensions of
ampere-meter. In the present context, the observed current dipole represents the vector
sum of individual current dipoles for each contributing neuron. To interpret scalp poten-
tials or magnetic field patterns, it is common to model the head as a uniform sphere or a
set of concentric spherical shells of differing conductivity, representing regions such as
the brain, skull, and dermis. Then only the component of the current dipole tangential to
the surface is detected magnetically, and the field pattern outside the head is independent
of the radial variation of conductivity. Thus the current dipole is described by five
parameters: its position (x, y, z), orientation W of its moment in the tangent plane, and the
value Q of this moment.

The five field values obtained from a single-position measurement with a 5-sensor
probe are sufficient to determine these five parameters, provided that the probe is not
centered on certain symmetry lines or points (such as directly over the dipole).[19,20
Indeed, if additional information is available to fix the orientation of the source, a four-
sensor system may serve for locating a dipole.[211 However, we might expect that locat-
ing a dipole with a 4- or 5-sensor system is very sensitive to calibration errors since the
parameters are not overdetermined by the data. In addition to assessing this, we shall
examine how the uncertainty in parameter values due to noise is reduced for successively
larger arrays of sensors presently in use: a 5-sensor probe with 4 outer coils equally
spaced about a central coil; a 7-sensor probe with 6 outer coils equally spaced about a
central coil; and a pair of 7-sensor probes (hereafter called a 14-sensor system).

The probe in these computations will be placed directly over a position on the scalp
where the normal component of the field is maximum, which is useful for achieving good
accuracy in determining the depth and strength of a current dipole. It should be borne in
mind that such a strategy is not optimal for all purposes, for example in determining the
dipole's position longitudinal and transverse to the direction of its moment. Greater pre-
cision may be gained in transverse position with a single probe by placing it closer to the
dipole where the field changes most rapidly with lateral position; however, at the same
time, precision is sacrificed for the determination of some other parameters. As our pri-
mary purpose is to give an indication of how source localization is improved by larger
numbers of sensors, we need not consider all possible arrangements of the probes.

Costa Ribeiro et al. 4 Janu'y 19M
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A. Field Pattern of a Current Dipole

Figure 3a illustrates a 5-sensor probe positioned over the positive field extremum of
a current dipole in a spherical head. The dipole lies at coordinates (x = 0, z = 0) of a
Cartesian system centered in the head, at a depth d = 2 cm beneath the surface of the
head of radius 9 cm. It has a moment of magnitude Q = 1 nAm, which is oriented in the
y-z plane, parallel to the +z direction. This orientation is defined as V = 00. The flux in
each detection coil is equivalent to having the following field in the respective pickup
coils: for Sensor 1: 21.93 femtotesla; for 2 and 4: 16.27 fT; for 3: 16.15 if; and for 5:
7.98 fT.

In the following discussion it is helpful to keep in mind that the distance between
the two field extrema, in comparison with the radius of the head, fixes the depth of the
dipole. The deduced depth increases with the ratio of these lengths.[22] Similarly, the
spatial frequency spectrum describing the variation of field near an extremum shifts
toward longer wavelengths with increasing depth; hence, the ratio of the field at the
center sensor (Sensor 1) to the field at any outer sensor decreases with increase in depth.

B. Multi-Sensor Probes

1. Five-Sensor Probe

The probe we consider has a set of five detection coils, each being a second-order
gradiometer with a coil radius a = 0.75 cm and baseline b = 4.0 cm between adjacent
coils. The coils are arranged in the pattern of a cross (Fig. 3a), so that the centers of the
pickup coils of the four outer coils are 2.0 cm from the axis of symmetry. The pickup ,
coil of each gradiometer is positioned above the surface of the head by 1.3 cm (represent-
ing the thickness of the dewar containing the probe). The axes of the outer coils are
tipped outward at the top by an angle of 100, so that they point to a common position on
the axis about 10.3 cm beneath the central pickup coil, coinciding with the center of the
head. Consequently, the detection coils respond only to the radial component of the
magnetic field of the dipole.

2. Seven-Sensor Probe

This probe is identical to the 5-sensor probe except that it has two additional outer U

sensors, thus forming a hexagonal array about the center coil (numbered sensors in Fig.
3b).

3. Fourteen-Sensor Probe

This consists of two 7-sensor probes, positioned at each field extremum with identi-
cal orientations (full set of sensors in Fig. 3b).

Costa Ribeiro et al. 4 January 19N8
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C. Effect of Calibration Errors

Certain detection coil positions play more important roles than others in determin-
ing the values of various dipole parameters obtained from a least-squares fit to the data.
To illustrate this we have computed the consequence of a calibration error in any one of
the sensors. The effect of a given percentage error for the calibration factor K of a sen-
sor was computed by incrementing the value of its field and starting a least-squares fitting
program with the actual dipole parameters as the initial condition. Nonlinearity in the
relationship between field values and best-fitting parameters was evident, because identi-
cal positive and negative increments generally changed each parameter in opposite
directions but by different amounts. We take the larger change to characterize the
corresponding uncertainty in the best-fitting value. Figure 4 characterizes this maximum
percentage change for errors ranging up to 14% in each of the 5 sensors. Our computa-
tions show that an error as small as 1% in any sensor causes the dipole to rotate and shift
by -5 nun in the coordinate z longitudinal to the direction of the dipole. This is indicated
in Fig. 4 by the horizontal lines near the origin. If the errant sensor lies off the axis pass-
ing through the extrema of the field pattern (sensors 2 and 4), the shift is due to breaking
of mirror symmetry about this line. If the errant sensor lies on the axis, there is no appre-
ciable shift for negative errors in the value of K, but for positive errors there are two
best-fitting solutions lying symmetrically on either side of the axis.

The lateral position x is influenced most strongly by errors in the center sensor and
the one farthest from the dipole. The center field in comparison with fields at the outer
sensors fixes the depth of the dipole and therefore how far it lies from the probe. Longitu-
dinal position z is also influenced more strongly by coils lying farther from the dipole.
The orientation V of the dipole's moment is related to this, being most sensitive to error
in the farthest sensor, with all of the others being much less important.

Figure 4 also shows that the deduced depth d of the dipole is most sensitive to a
calibration error for the center sensor. This is because its signal in comparison with those
of the outer sensors determines the scale length of the pattern: a stronger signal
decreases the length scale, thus implying a shallower dipole, and vice versa. The
strength Q of the dipole is also most sensitive to the field indicated by the center sensor.
While Q is directly related to the field at the extremum it is also affected by the depth of
the dipole: to produce a given maximum field, the deduced Q must increase with
increasing depth.

Similar computations have been carried out for 7-sensor and 14-sensor probes. The
effects of calibration errors for the center sensor, sensors nearest the dipole, or sensors
farthest from the dipole are similar, but the magnitude of the maximum shift of a dipole
parameter is generally reduced. Part of this advantage comes from the effect of diluting
the importance of any one sensor when the total number of sensors is increased, and in
the case of the 14-sensor probe part comes the broader expanse of the field pattern that is
sampled. One exception to the improvement in accuracy with increasing number of sen-
sors is determination of the parameters Q and d with the 5-sensor and 7-sensor probes.
This is because the center sensor has dominant importance for these parameters in com-

- parison with any of the outer sensors, so a calibration error for the center sensor produces
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virtually the same change in Q and d for both the 5-sensor and 7-sensor probes. To
emphasize this point, there is a dramatic improvement in the precision for Q and d when
the second 7-sensor probe is positioned over the other field extremum to produce a 14-
sensor system. Determining the locations of the two extrema fixes the length scale of the
pattern more firmly than the ratio of central to outer fields of any one extrema, thus
reducing the importance of both center sensors.

These trends indicate that the scalar properties (strength Q and depth d) have values
that are most sensitive to calibration errors in the central sensor, whereas the vector pro-
perties (longitudinal and transverse position, as well as orientation) are most sensitive to
the coils placed farthest from the source. We emphasize that these trends apply when the
probes are placed directly over the field extrema, so as to monitor the strongest fields.
There is no implication in this choice of position that it is optimal for determining the full
set of dipole parameters; indeed, the optimal position and orientation of the probe will
depend on the parameter of interest and on the depth of the dipole.

IV. INFLUENCE OF NOISE ON LOCATING A SOURCE

The preceding discussion of calibration errors has a straightforward extension to the
effect of field noise on the uncertainty in the best-fitting values of the dipole parameters.
When a weak noise field 8B. is superimposed on the dipole's field in the i'th detection
coil of an N-sensor probe, the corresponding change SP in the j'th parameter can be
expressed as:

N

8'U= M.. 8B. (14)
i= 1

where M.. = WP/Ba. For simplicity we assume that the noise in the various sensors is
uncorrelied and of !he same rms value 8B rm.. Then the corresponding rms uncertainty
in P is:rm

N

*1.~*i=l

While this is a simple expression, inspection of Fig. 4 for the 5-sensor probe shows that
some of the dipole parameters are not linearly related to changes in the field indicated by
various sensors. Nevertheless, we shall use the linear approximation since our principal
concerned is to obtain an estimate of how the uncertainty in parameter values is affected
by the number of sensors. Thus in estimating the rms uncertainty for typical noise levels
of 5% and 10%, we approximate the curves of Fig. 4 by straight lines through the
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parameter values at the indicated noise value. Curves similar to those of Fig. 4 for the
7-sensor and 14-sensor probes show improved linearity. Recall that the values in Fig. 4
are based on the maximum error for either positive or negative deviations from the
correct calibraton, so our procedure will tend to overestimate the corresponding effect of
noise on parameter values.

To generalize the discussion, it is convenient to express the rms field noise in any
sensor in terms of the field at the positive extremum 8B B,. Thus, when the same
normalized noise amplitude is applied to an outer coil, wh ich-as a lower signal level, the
actual signal-to-noise ratio for that coil is worse than for the center coil. The results for
the 5-sensor, 7-sensor, and 14-sensor probes are shown in Table 1. On going from 5 to 7
sensors, there is substantial improvement in reducing the uncertainties for some parame-
ters (x, z, W while there is very little benefit for others Q and d). The most dramatic
improvement is obtained on going from the 7-sensor to 14-sensor probe, where all the
uncertainties are diminished. The reason is evident: On going from 5 to 7 sensors the
additional outer detection coils enhance the probe's ability to resolve asymmetry in the
field pattern, and this better establishes the position (x,z) and orientation V of the source
with respect to a field extremum. A similar improvement is seen on going from 7 sensors
to 14 sensors, but there is also a marked improvement in determining Q and d. The latter p
benefit was gained because placing a second probe over the second field extremum accu-
rately fixes the distance between the extrema of the pattern, thereby more accurately
determining d. Then the average of the field values accurately fixes Q. In addition,
determining the general location of both extrema limits the uncertainty in the dipole's
orientation W . This was said in a different way by Ahonen et al. [231 who noted that the
accuracy of a dipole fit is enhanced for an array of sensors if the lateral spacing between
their detection coils is increased, even if the dipole lies at a relatively shallow depth.

Cuffin [241 has also considered the effect of noise on dipole localization for several
types of measurements, e.g., a large number of positions across a grid over the head, a 5-
sensor probe of the kind we have considered, a 9-sensor probe (our 7-sensor probe but
with two additional outer sensors), and a 5-sensor probe with three additional measure-
ments from single-sensor probes at positions comparatively far from the source. Using a
least-squares fitting procedure, he determined the dipole parameters for data with a Gaus-
sian distribution of noise. One difference between his computations and ours is that the
probe was not centered exactly on a field extremum but slightly to the side of it.
Nevertheless, with 5% noise, there is general agreement between his results and ours for
the uncertainty in strength, orientation, and depth of the dipole source. However, our
uncertainty for the lateral position is about twice that of Cuffin's for the 5-sensor probe,
while being less than his for our 7-sensor probe as compared with his 9-sensor probe.
Uncertainties are dramatically reduced when data from remote measuring positions are
included, with our 14-sensor determination having uncertainties that are about half of his
for a 5-sensor probe augmented by 3 additional measurement positions.

The trends in Table I are the most important features to consider, not the exact
values. This is because in actual measurements it is unlikely that a probe will be placed
precisely as we have chosen. Furthermore, we have considered a dipole whose depth is
relatively shallow and comparable to the lateral spacing between detection coils. A
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depth much greater than this spacing will increase the parameter uncertainties since the

greater spread of the field pattern produces a smaller percentage difference among fields
applied to the detection coils. With this in mind, it may be concluded that the 5-sensor
probe with a 10% noise level produces rather poor results: the source strength is known
to only about 40%, its orientation to only 600, and the lateral position to only 2 cm.
Decreasing the noise to 5% provides substantial improvements, with uncertainties that
are comparable to much of the data being reported in the literature with a single sensor
being used for sequential measurements at some 30 or more positions.

The main advantage in adding two more sensors to produce a 7-sensor probe is in
improving the uncertainty in position and orientation of the dipole. For a comparable
noise level, these uncertainties are reduced by a factor of 2 - 3. A further reduction of -3
is achieved in the uncertainties for all parameters by going to a 14-sensor probe. Here the
results are comparable to what might be considered state-of-the-art, where Q and d are
known to about 10%, transverse position to 1-2 nun, and orientation to 100. Clearly, a 5%
noise level with a 14-sensor probe would represent a substantial advance on this. High
precision of this type is advantageous when searching for subtle changes in position or
orientation of a confined neural population under study.

V. CONCLUSIONS

The computations described above demonstrate the importance of having an accu-
rate relative calibration of individual sensors that are operated as a fixed array for deter-
mining the position, depth, orientation, and strength of a current dipole source. We have
described techniques based on using a calibration coil of large size that can provide a
calibration accuracy of 2% by a straight-forward procedure. Assuming such accuracy is
attained, we investigated the limiting effects of noise on the precision with which dipole
parameters can be established. When a 5-sensor probe is placed where it monitors the
strongest signal, directly over a field extremum, then in the presence of 5% noise we
expect to have uncertainties of about 20% for the source strength and depth. In addition
there will be uncertainties in position of about 15 mm longitudinal to the dipole's direc-
tion and 5 mm in the transverse direction. Increasing the number of sensors to 7 leaves
the former unaffected while reducing the position uncertainties by a factor of 3. Using
two 7-sensor probes placed over the extrema reduces the uncertainty in strength and
depth to less than 8% and in lateral position to less than 1 mm. These small uncertainties
are comparable to the practical limits imposed by variability of many types of biomag-
netic activity and by errors attendant to positioning a probe over the scalp.
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TABLE I

Magnitude of the uncertainties in best-fitting current-dipole parameters for various

levels of field noise in the sensors. Noise is expressed as a percentage of the dipole's field

at a field extremum. The dipole is located at a depth of 2 cm beneath the surface of a

uniform conducting sphere of radius 9 cm.

PROBE NOISE SQJQ 8/d &x 8z sw
%) (%) (%) (%) (mm) (mm) (deg)

5-sensor 5 21 16 4.6 13.6 40
10 42 31 6.7 20.0 64

7-sensor 5 20 15 1.2 4.0 12
10 44 31 2.6 8.1 14

14-sensor 5 8 6 0.4 1.0 3
10 16 11 0.8 1.9 6

N
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APPENDIX

This appendix illustrates how to specify the probe geometry for a single-position

calibration of a multi-sensor SQUID system when using a square field coil, as described

in Eqs. 10 - 12. We specify a 5-sensor SQUID system, as described in the text, when the

middle of the central detection coil coincides with the center of a square field coil of side

25 = 2.64 m. The orientations of the individual detection coils k are described by the ele-

ments of the unit vectors nk = (n A, nyk , nzk) given in the table, with z corresponding to

the direction of the field coil's axis, which coincides with the axis of the central detection

coil labeled k = 1.

Components of the orientation vectors nk

for the 5-sensor probe

Detection nkx nky nkz
coil k Xy Ic

1 0 0 1.000
2 0.174 0 0.985
3 0 0.174 0.985
4 -0.174 0 0.985
5 0 -0.174 0.985

Costa Ribelo et al. 4 Jan Iary I
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Distances between the i'th comer of the field coil and the i'th coil of detection coil

k are denoted by r The components along the sides of the field coil of the correspond-

ing vector of length rijk are denoted by (xijkYijk,z). The last table illustrates these values

for detection coil k = 2.

*Relevant distances between the field

coil and detection coil k = 2

Coil rj2 r2j2 r3j2 r4j2 xlj2 Y1j2 x3j2 Y3j2 z

j (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

-1 185.44 188.01 188.01 185.44 130.18 132.00 133.82 132.00 4.16

0 184.90 188.47 188.47 184.90 129.48 132.00 134.52 132.00 0.22

1 184.46 189.00 189.00 184.46 128.79 132.00 135.21 132.00 3.72
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FIGURE CAPTIONS

Fig. 1. Second-order gradiometer (a) with radius a and baseline b alongside a graph (b)
showing the axial variation of the axial field applied by a single large coil, together
with the uniform and quadratic components.

Fig. 2. Geometry for computing the field from a square calibration coil.

Fig. 3. a) A 5-sensor probe centered on the positive field extremum of a current dipole Q
lying on the y-axis and directed along the z-axis. Curves qualitatively denote isofield
contours. b) A 7-sensor probe (numbered sensors) or pair of 7-sensor probes (all
sensors) positioned over the field extrema of the same dipole.

Fig. 4. Magnitude of the change in a dipole's best-fitting parameters arising from an error
in the calibration factor K for each sensor of a 5-sensor probe centered on the posi-
tive field extremum (Fig. 3a). A curve describing more than one sensor is indicated
by superimposed symbols for the respective sensors. The maximum change in each
parameter is indicated when the calibration factor of the i'th sensor is incremented
by the percentage given on the abscissa. Note that values for 8QIQ, &i/d, 8z, and 8y
are reduced by a factor of 10 to fit onto the scale.
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