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(57) Abréegée/Abstract:

The present Invention Introduces a method, apparatus and computer program for magnetic resonance Imaging or
magnetoencephalography applications in order to control currents of a coll assembly (20), and thus achieving desired magnetic
flelds precisely In the measuring volume (21). The approach is an algebraic method where a field vector Is generated for the test
currents of each coll (20). Vector and matrix algebra Is applied and a linear set of equations Is formed. Field components and their
derivatives up to the desired order can be taken into account. Principal component analysis or independent component analysis
can be applied for determination of the dominant external interference components. By checking the condition value for the matrix
(33, 45), It Is possible to Investigate whether a reasonable solution of currents for desired magnetic fields Is possible to achieve.
Finally, solved currents can be installed into a current supply unit (29) feeding the colls of the assembly (20). The invention can be
applied as an active compensation feature for different interference shapes in the MEG application (25), or for the precise creation
of the fields and gradients in the MRI application (24).
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(57) Abstract: The present mvention mtroduces a method, apparatus and computer program for magnetic resonance 1maging or
magnetoencephalography applications m order to control currents of a coil assembly (20), and thus achieving desired magnetic
fields precisely in the measuring volume (21). The approach 1s an algebraic method where a field vector 1s generated for the test
currents of each coil (20). Vector and matrix algebra 1s applied and a linear set of equations 1s formed. Field components and their
derivatives up to the desired order can be taken mto account. Principal component analysis or independent component analysis
can be applied for determination of the dominant external interference components. By checking the condition value for the matrix
(33, 45), 1t 1s possible to mvestigate whether a reasonable solution of currents for desired magnetic fields 1s possible to achieve.
Finally, solved currents can be mstalled into a current supply unit (29) feeding the coils of the assembly (20). The mvention can
be applied as an active compensation feature for different interference shapes in the MEG application (25), or for the precise cre-
ation of the fields and gradients in the MRI application (24).
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1

Method for designing coil systems for generation of magnetic fields of desired
geometry, a magnetic resonance imaging or magnetoencephalography apparatus
with a coll assembly and a computer program.

FIELD OF THE INVENTION

The 1nvention relates to magnetlic 1maging

H

0 technologies and specifically to creation of magnetic

H

fields of specified, geometrically precise shape over

a large volume 1n space.

BACKGROUND OF THE INVENTION

H

10 Magnetic fields of precise geometry are need-

ed 1n medical magnetic 1maging applications, like mag-

netic resonance 1maging (MRI) and magnetoencephalog-

F

raphy (MEG). Recently, also combination of the two 1im-

aging technigques has been proposed (“Microtesla MRI on
15 the human brain combined with MEG”, Vadim S. Zotev et
al, Journ. Mag. Res. 194, pp 115-120, 2008).
In the MRI method the part of the human body

that 1s studied 1s exposed to a wuniform magnetic

H H

field, and to gradients of the field for decoding of

20 the spatial 1nformation contained i1in the MRI signal.

H

The geometry of the measuring field essentially con-

tributes to the signal gquality and geometric precision

H

of the resulting MRI 1mage. An 1deal measuring field

H

1s free of field derivatives higher than first.

25 In the MEG method the very weak magnetic si1ig-

H

nals resulting from the functioning of the human brain

are recorded by sensors located around the head. One

H

of the main problems 1n this technique 1s the protec-

H

tion of the measuring device against the environmental

H

30 magnetic i1interference the strength of which may exceed

H H

the signals of 1nterest by seven to eight orders of

magnitude. This magnetic shielding problem can be

solved by active compensation methods that counteract

the 1nterference using coil systems taillored to pro-

39 duce counter fields that very precisely match the ge-
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ometry of the i1interference fields (see patent applica-
tion PCT/FI2005/000090).

The 1nterference fields 1n a typical MEG re-

cording environment

“Smooth” means here

are relatively uniform and smooth.

ﬁ

that the fields comprise of spa-

tially uniform field components and only low order

spatial derivatives

H

of these components. Spatial de-

H

rivatives higher than first order, say, are of very

small amplitude 1in

the 1nterference. This 18 s0 be-

H

cause thesgse fi1elds arise from sources tens of meters

away from the recording device, and are additionally

smoothed by the magnetically shielding room (MSR)

housing the MEG device. Therefore, the fields used to

counteract these 1nterference fields 1n an active com-

pensation arrangement must also be smooth and tailored

to optimally match

the 1nterference field geometry.

F

This enables maximal compensation of the i1interference

I H

over relatively large volume of the size of the human

head.

In both MRI

and MEG methods the coil systems

must be located relatively close to the measuring de-

vice. This way the currents needed to create the meas-

uring and counteracting fields stay reasonably small.

g
p—

Furthermore, 1f a feedback principle 1s used for the

active compensation

che compensation coils must neces-

sarily be inside the MSR (PCT/FI2005/000090). Placing

the coils outside of the MSR would cause extra delay

and lead to unstable

H

feedback loop.

The requirements that the fields must be uni-

form or smooth over

a large measuring volume, and must

be generated by coils located near this volume, at a

ﬁ

distance of one to two meters only, are contradictory.

F'ield profiles generated by close-by coi1ls necessarily

contain second and higher derivatives, and the coils

must be carefully designed to produce smooth fields

and gradilients over a volume as large as the size of

i

human head, for example.
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A well-known, elementary example toward the

ﬁ H

solution of this kind of coi1l design problem are the

so called Helmholz and Maxwell pairs: By properly

choosing the distance between two circular, coaxial

F

colls of same si1ze one can create, mid between the two

colls, an axial field B, uniform up to the fourth de-

rivative d°B, /dx°. The coil assembly optimized this

way 18 called a Helmholz-pair. The first non-zero de-

H

rivative of its field is d°B, /dx". A spatially con-

stant axial derivative dB, /dx smooth up to fifth de-

rivative 1s created by a coil set called a Maxwell-

palr where the first non-zero odd derivative bevyond

- : 5. 5 - .~ :
dB, /dx 1s d’'B, /dx’. But, to generate uniform magnetic

fields 1n all three spatial directions (By,By,B;), and
their derivatives - constant over a macroscoplc volume

- one must design a coil assembly that simultaneously

controls the magnetic fields 1n the three orthogonal

i

directions, the five 1independent first derivatives of

these components, and the seven independent second de-

H

rivatives etc. This regquirement formulates a kind of

“generalized Helmholz/Maxwell coil design problem”.

H

Obviously, to solve this problem, a larger number of

1ndependent coils 1s needed than the two coils 1n the

Helmholz and Maxwell cases.

For practical applications this coi1il design

H

problem 1s further complicated by the presence of mag-

I

netic materials 1n the vicinity of the coils, and spe-

cifically 1in MEG, by the presence of the MSR. Its

ﬁ

walls contain material of high magnetic susceptibility

which gets magnetized 1n the field produced by the
current 1n the coils. This results 1n a considerable
scattered field that 1s added to the direct field of

H

the coils. The susceptibility wvalues of the MSR wall

H

elements and the characteristics of the jJjoints between

the elements vary from one MSR to another and may even

change with time. Therefore designing the coi1il assem-

bly by a mere calculation would reguire measurement
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H

and characterization of the room structure and magnet-

H

1Cc properties of the wall elements i1n such a detailed

manner that 1t 1s practically impossible.

OBJECTIVE OF THE INVENTION

F

The objective of this 1nvention 1s to present

a method by which one can design a coill assembly that

1s able to produce uniform and smooth magnetic fields

up to any desired order, even 1n the case that the 1im-

H

mediate environment of the coil assembly contains mag-

netic materials.

SUMMARY OF THE INVENTION

In the present 1nvention the magnetic field

geometry 1s controlled by properly selecting the n.

F
p—

currents, current vector I, fed i1nto the n. coils of a

geometrically fixed coil assembly. Each coil 1n the

assembly 1s characterized by the field components and

their gradients that 1t generates at a given point 1n

H

space (origin). The key point of the invention 1s that

W\

by i1ncluding in this characterization a “field-vector”

B. for each coil and also field shapes (derivatives)

which are wanted to be excluded from the generated

fields, 1t 1s possible to formulate a simple algebraic

method for calculating the current vectors I needed to

ﬁ

1) give the desired field components or derivatives of

them and 2) keep those derivatives at zero which are

wanted to be vanished at the origin. The field-vectors

i

B. needed for the characterization of each coil can be

calculated or measured. The latter approach 1s neces-

sary 1n an environment containing magnetic materials.

Described 1n more explicit manner, the pre-

H

sent 1nvention 1introduces a method of designing coil

H

assemblies for creation of magnetic fields that have

desired geometric shapes around a given origin. The
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method 1s characterized i1in that 1t comprises the fol-

lowing steps:

decomposing

d

field, created around the

origin by a test current 1n each coil at a time, 1nto

H

desired and undesired components of the field,

H

forming a system of linear equations based on

the decomposed components that gives the same decompo-

si1tion of the field that results from simultaneous

H

powering of the coils o:

unknown currents, and

H

the co1l assembly by a set of

H

i

determining the set of unknown currents that

result 1n the desired geometric shapes of the fields

by solving the sys

the decomposition o:

eIl OL

i

H

linear equations.

H

In an embodiment of the present 1nvention,

the field of each coi1il 1s calcu-

lated around the origin

assembly using equations

the magnetic field 1n wvacuum.

the decomposition o1

H

H

that describe behaviour of

from the geometry of the coil

H

In an embodiment of the present 1nvention,

-~ the field of each coil 1s ob-

tained from a measurement of the magnetic field dis-

tribution around the origin caused by the test current

1n said coil.

components are constructed

H

ponents of the magnetic

Cartesian derivatives.

the desired fi1eld

three orthogonal components of the magnetic field and

i

che desired field components and the

H

In an embodiment of the present 1nvention,

undesired field

from three orthogonal com-

field and their i1independent

In an embodiment of the present 1nvention,

components are constructed from

H

their five 1ndependent Cartesian derivatives of the

first order, and the undesired

field components are

H

seven 1ndependent Cartesian derivatives of the second

order.

“he unknown curren

L

i

“O0r 1s calcula

vel

In an embodiment of the present 1nvention,

ced by a product
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H H

of a Moore-Penrose pseudo-1nverse of a matrix compris-

F

1ng the field component vectors for each of the coils

i

wilith the test current, and the summed field vector of

the simultaneous powered coills at the origin.

H

In an embodiment of the present 1nvention,

the method further comprises the following steps:

H H

determining a degree of singularity of the

sald matrix by a condition number, and 1n case the

i

condition number of the said matrix exceeds a desired

threshold wvalue, thus 1i1ndicating a singular or sub-

stantially singular matrix,

modifying the coil assembly, and when the re-

H

determined condition number of the said matrix 1s be-

low the desired threshold wvalue, thus 1ndicating a

non-singular matrix,

H

calculating the set of unknown currents.

H

In an embodiment of the present 1nvention,

the desired fi1ield components comprise at least one

domilnant external 1nterference component, or one o0r

ﬁ

several linear combinations of the dominant external

interference components, determined from a separate

H

measurement of i1nterference.

H

In an embodiment of the present 1nvention,

the dominant external i1nterference components used as

desired field components are determined from a princi-

ral component analysis or an 1ndependent component

i i

analysis of the separate measurement of 1nterference.

H

In an embodiment of the present 1nvention,

F

the domilnant external 1n-

the linear combinations o

terference components are used as feedback field

shapes 1n an active compensation system, where the

linear combinations forming the feedback field shapes,

H

and the locations and orientations of the sensors, are

chosen so that the coupling between simultaneously op-

erating feedback loops 1s minimized.

i

In an embodiment of the present 1nvention,

che method further comprises switching between the
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magnetic resonance 1maging functionality creating the

magnetic

alography device

pensation

invention,

fields with gradients,

functionality per:

for the environmental 1nterference.

F

and the magnetoenceph-

‘orming active com-

According to a second aspect of the present

1C resonance

ratus with a coil assembly for

glven origilin,

comprising:

H

the 1nventive 1dea also comprises a magnet-

1maging or magnetoencephalography appa-

creation of magnetic

H

fields that have desired geometric shapes around a

a sensor array comprising plurality of sen-

sors for

means for con

characterized 1n that 1t

cach coi1l at a time,
field,

the control means con:

i

nents ozf

H

the control means con:

the

measuring multi-channel data,

crolling

che appara

"1gured to

further comprises:

and control

cus. The apparatus 1s

"1gured to decompose a
field, created around the origin by a test current 1in

1nto desired and undesired compo-

form a system

of linear equations based on the decomposed components

that gives the same decomposition of the field that

results

coll assembly by a set o:

H

set of unknown curren

the control means con:

H

ometric shapes of the

linear equations.

the control means 1s con:

si1tion O

that describe behaviour of the magnetic

LI .

the control means 18 con:

H

H

s1tion O:

the

the

H

H

fi1eld o:

H

H

In an embodiment of the present

H

ﬁ

H

In an embodiment of the present

cach co1l

H

- unknown currents, and

from simultaneous powering of the coils of the

"1gured to determine the

s that result 1n the desired ge-

H

fields by solving the system o:

invention,
1gured to calculate decompo-
field of each coil around the origin
from the geometry of the coi1il assembly using equations

field 1n vacu-

invention,

"1gured to obtain the decompo-

i

from a measurement O:
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che magnetic fi1eld distribution

caused by the test current in said

i

In an embodiment of the

PCT/FI12011/050249

around the origin
coil.

present 1nvention,

the control means 1s configured to construct the de-

sired field components and the undesired field compo-

nents from three orthogonal compon

H

In an embodiment of the

H

ents o

the magnetic

field and their 1ndependent Cartesian derivatives.

present 1nvention,

the control means 1s configured to construct the de-

sired field components from three orthogonal compo-

ﬁ

nents of the magnetic field and th

i

elr five 1ndependent

Cartesian derivatives of the first order, and the un-

desired field components are seven 1ndependent Carte-

H

si1an derivatives of the second order.

i

In an embodiment of the

present 1nvention,

the control means 1s configured to calculate the un-

H

known current vector by a product of a Moore-Penrose

H

pseudo-1nverse of a matrix compris

H

1ng the field compo-

nent vectors for each of the coils with the test cur-

rent, and the summed field wvector

powered coils at the origin.

In an embodiment of the

the apparatus further comprises:

H

of the simultaneous

present 1nvention,

the control means configured to determine a

H H

degree o0f singularity of the said

matrix by a condi-

tion number, and 1n case the condition number of the

sald matrix exceeds a desired threshold wvalue, thus

indicating a singular or substan

trix,

ti1ally singular ma-

modifvyving means 1s configured to modify the

col1l assembly, and when the redetermined condition

ﬁ

number of the said matrix 1s below

the desired thresh-

old value, thus 1ndicating a non-singular matrix,

the control means 1s con:

H

the set of unknown currents.

i

In an embodiment of the

"1gured to calculate

present 1nvention,

che desired field components comprise at least one
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dominant external 1nterference component, or one or

ﬁ

several linear combinations of the dominant external

interference components, determined from a separate

H

measurement of i1nterference.

H

In an embodiment of the present 1nvention,

the control means 1s configured to determine the domi-

nant external 1nterference components used as desired

field components from a principal component analysis

H

or an 1ndependent component analysis of the separate

H

measurement of i1nterference.

H

In an embodiment of the present 1nvention,

the control means 1s configured to use the linear com-

H

binations of the dominant external 1nterference compo-

nents as feedback field shapes 1n an active compensa-

tion system, where the linear comblinations forming the

feedback field shapes, and the locations and orienta-

H

tions of the sensors, are chosen so that the coupling

between simultaneously operating feedback loops 1s

minimized.

H

In an embodiment of the present 1nvention,

the apparatus further comprises switching means 1n or-

der to choose between the magnetic resonance 1maglng

functionality configured to create the magnetic fields

with gradients, and the magnetoencephalography device

functionality configured to perform active compensa-

tion for the environmental 1nterference.

H

According to a third aspect of the 1nvention,

the 1nventive 1dea further comprises a computer pro-

F

gram for controlling a creation of magnetic fields

with a coi1il assembly which fields have desired geomet-
ric shapes around a given origin. The computer program

1s characterized 1n that 1t comprises code adapted to

perform the following steps when executed on a data-

processing device:

decomposing a field, created around the

origin by a test current 1n each coil at a time, 1nto

H

desired and undesired components of the field,
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H

forming a system of linear equations based on

the decomposed components that gives the same decompo-

H

sition of the field that results from simultaneous

powering of the coils of the coil assembly by a set of

D unknown currents, and

i

determining the set of unknown currents that

H

result 1n the desired geometric shapes of the fields

H

by solving the system of linear equations.

H

The advantages of the present 1invention are

10 that with the presented coi1l assembly design method we

can produce desired and accurate magnetic fields with

H

the assembly which 1s able to effectively compensate

H

different kinds of active 1nterference situations over

a relatively large volume. A further advantage 1s that

15 this design method 1s mainly 1mplemented with matrix

H

algebra, and therefore the application of the 1inven-

tion can be performed i1n a straight-forward manner 1in

H

the existing control logic or processor of the MEG de-

vice, Ifor 1instance. A further advantage 1s that the

20 measuring volume to be compensated 1s large, and fi1-
nally, the method 1s even applicable 1nside the mag-

netically shielding rooms which typically 1nclude mag-

netic materials, previously 1interfering the active

compensation systems significantly.
29
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 discloses an example of an assembly
of square shaped field generating coils around a meas-
urement volume,
30 figure 2 discloses an embodiment of the elec-

tronics arrangement controlling the currents 1in the

coll assembly to eilther provide the measuring field

and gradients for the MRI device or the active compen-
G

H

the environmental 1nterference of the M

F

L]

sation ©

350 device,
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H

figure 3 discloses an embodiment of the meth-

ﬁ H

od as a flow chart of the process of the coil assembly

design for the MRI application, and

H

figure 4 discloses an embodiment of the meth-

F ﬁ

od as a flow chart of the process of the coil assembly

design for the active 1nterference cancellation 1n
M.

[
G)

DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made 1n detail to the

—

embodiments of the present 1nvention.

The present invention formulates a method for

solving the “generalized Helmholz/Maxwell design prob-

r’7

lem” described 1n the background section. The method

can be extended 1n a straightforward manner bevyond the

Helmholz and Maxwell design problems, that 1s, for de-

signing col1l assemblies that c¢reate magnetic fields
with wvanishing derivatives up to any required order.
For simplicity, the derivatives are cut to second or-
der 1n the examples below. However, 1n a sltuation
where the coi1ls are located close to the measured ob-
Jject and where very smooth and homogenous magnetic

’

fields are desired, we might use derivatives of even

H

higher order than two. The orders of the derivatives

taken 1nto the calculations can be chosen according to

—

the accuracy requirements 1n the used application. Of

H

course, the greater amount of the derivatives taken

H

1nto account 1i1ncreases the complexity of the calcula-

—

tions (the dimensions of the wvectors and matrices),

F

but the main principle of the algebraic operations re-

maln the same.

Three different conditions 1n which the meth-

od can be applied, for 1nstance, are described 1in the

following. The design conditions are presented 1n the

—

order of 1ncreasing complexity.

First we describe the first condition where

the method according to the invention can be applied.
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C case the coil assembly 1s

located 1n an environment that contailins no magnetic

materials, and the goal

polnt 1nside the coil assembly

1s to generate,

at a given

(the origin), strictly

uniform fields 1n the three Cartesian directions (B,,

components.

By, B:), and constant

In a volume that 1s free

firet derivatives of

H

H

(magnetic materials or electric currents)

gence and curl

H

out of the nine possible
dB,/dx,

dB,/dy, dB,/dz,

dB,/dy, dB./dz,

H

OL

vergence and curl

sional space,

seven are 1ndependent,

magnetic

H

d

and d.

tfree wvector

B,/dy, dB,/dz,
dB,/dz) only five are independent,
dB,/dy,

d

C

hese three

of magnetic sources

the diver-

field are zero.

B,/dz. Similarly,

Therefore,

first derivatives (dB,/dx,
:BZ/dX, de/dyl

for example dB,/dx,

for a di-

field 1n three dimen-

out of the 27 second derivatives only

for example d-

d’B,/dxdz, d’B,/dxdy, d’B,/dx?, d’B,/dy?,

d’B,/dydz.
A set

F

OL

N, CO1ls 18 spec:

magnetic field components, the five

and the seven second derivatives of

calculated at the origin.

magnetic materials

well known mathematical expressions.

—

cach of the n.

colls a

with fifteen components,

dB,/dy, dB,/dz,

d

B,/dy,

H

from the current running 1n each one of

field-vector,

which are
dB,/dz,

d°B,/dxdz, d°B,/dxdy, d°B,/dx”, d’B,/

d’B,/dydz.

Using these n-

tors, a 15 x n. matrix M 1s formed.

field-vectors

the

H

By,

3. /dx*,
(j2

d’B,./dxdy,

B,/dydz and

fied and the three
first derivatives,

fields arising

the coi1ls are

B,,

In an environment free of

1

i

chis can be done by using simple,

In this way for
BC!

S Obtained

B,, dB,/dx,

d“B,/dx?,

dy2 ,

— —

simultaneously powered with currents 14,

the resulting field wvector

d2

L 27

the origin, 1s gilven by the matrix equation

d’B,./dxdy,

B,/dydz, and

as column wvec-

f the n. coils are

* 7 —1C7r

for the whole assembly, at



CA 02794126 2012-09-21

WO 2011/117471

10

15

20

2D

30

39

13

B = MI,

PCT/FI12011/050249

(1)

where I 1s a column vector with components

I, I, ... I,., which are the currents 1n the i1individual

colils. Thus, the current vector needed to create any

I = 1nv(M)B.

field vector B 1s obtained from the equation

(2)

H H

Here 1nv(M) 1s 1nverse matrix of M 1f the

H

F

number of coils 1s the same as the number of compo-

nents 1n the field wvector B, 15 1n this example.

H

H

ber of components 1n the field wvecto

the Moore-Penrose pseudo-inverse of M

che number of coils 1s smaller or larger

p— —

~han the num-

r, then inv (M) 1s

For example, the currents needed 1n the coils

F

of the assembly to create a uniform field of one Tesla

in the x-direction, B,, are obtained

by using the column wvector B = [1, 0

from
f 4 OI

equation (2)
., 0]. The

field generated by the resulting I-vector 1s 1n the x-

H

direction, that 1s By, B, = 0. In addition, all of 1ts

first and second order derivatives
origin. It should be noted that the

are

zero at the

fi1eld derivatives

up to second order wvanish i1in the origin only because

they are 1ncluded the model (B. -vector) for each

col1l. Derivatives left out from the B.

-vectors are

not controlled 1n the algorithm defined by equations

(1) and (2).

"t a:

The only design problem le:

H

(2) 1s that the overall geometry of

“ter eqgquation

the coi1l assembly

must be so chosen that the matrix M 1s not singular,

and thus 1nv(M) exists. This 1s not

d_i £

1cult because

M 1s strictly singular only for highly symmetric as-

H

semblies. From practical point of view 1t also matters

p— g

how close to singular M 1s. If M 1s close to singular,

H

creation of some field components or theilr derivatives

H

may requilire very high currents 1n some of the coils.
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H

Therefore, the condition number of matrix M, which 1s

H

a measure of how close to singular M 1s, 1s a good

measure of the quality of geometric design of the coil

assembly also. In case we have a coil assembly located

e.g. on a single plane or 1n otherwise symmetrical mu-

I

tual locations, 1t usually occurs that at least one of

the resulting currents 1n the compensating coilil assem-

bly needs to be notably high 1n order to work proper-

ly. This 1s not feasible or economical. Therefore, a

H

good measure for indicating this kind of behaviour 1is

the condition number which 1n that uneconomical case

would be big (e.g. over 100). In order to minimilze the

condition number, we must relocate the coi1l assembly

e.g. 1n a less symmetrical fashion, and then we wil]

achieve an optimal coi1l assembly where with relatively

small currents 1t 1s possible to accomplish a well-

H

functioning system for creation of smooth measuring

i

field 1n MRI or e:
MEG.

fective active compensation 1n

L]

ﬁ

The cases where the number of coils 1n the

assembly 1s 1) equal to, 2) larger than, or 3) smaller

H

than the number of components 1n the field vector B

differ 1n principle from each other.

i

Case 1) 1s the simplest. Here the number of

H

colls (availilable “degrees of freedom”) 1s the same as

F

the number of guantities to control (the three field

components and their 5+7 1ndependent derivatives at

the origin). In this case M 1s a 15x15 sguare matrix

and equation (2) has a unigque solution. The current

vector I needed to create a uniform field 1n the z-

direction, B,, for example, 1s obtained from eqgquation

(2) by using the column vector B = [0, O, 1, 0O, ... ,

0] . The resulting field 1s precisely (with numerical
accuracy) along the z-axis and all 1ts derivatives up

to the second derivatives vanish at the origin.

In case 2) the system defined by equation (1)

H

1s underdetermined. The number of coils 1s larger than
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H

che number of qgquantities to be controlled. In this

H

case equation (1) has an 1nfinite number of solutions

I. The solution given by the Moore-Penrose pseudo-

inverse 1s the one that has the sgsmallest Euclidian

H

norm, that 1s, the smallest length of the vector I. In

this case another optimal solution I can also be cho-

sen: the shortest vector I among those solutions that

H

have nonzero currents only 1n 15 of the n. coils. This

H

1s a way to find out which ones of the n. coils are

H

least useful for creation of the uniform fields and

constant first derivatives, and could possibly be left

out from the assembly. This latter solution usually

requlires higher maximal currents than the Moore-

Penrose pseudo-inverse solution.

In the overdetermined case 3) an exact solu-

tion I for equation (1) does not exist. Here the num-

p— p—

ber of the available degrees of freedom (number of

H

colls) 1s smaller than the number of gquantities to be

controlled. In this case the Moore-Penrose pseudo-

inverse gives a vector I that 1s optimal 1n the sense

i

that 1t minimizes the FEuclidian norm of the deviation

I-MB. This current vector I 1s a least sgquares solu-

tion to the overdetermined problem.

—

The number of components 1n vector B, and 1n

all the B."s can be 1ncreased to 1nclude derivative

H

orders higher than two. This may be needed 1f uniform

fields and precise first gradients are needed over a

relatively large volume, 1like 1n the MRI application.

Or this may be needed 1n the active shielding applica-

H

tion 1f the 1nterference contains components express-

1ng complicated geometry, that 1s, higher derivatives.

To achieve a satisfactory result 1n this case the num-

i

ber of coils 1n the assembly must also be i1increased.

A second condition where the method according

to the 1nvention can be applied, 1s described 1in the

following.
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In reality the coi1l assembly will be 1n-

stalled 1n a building environment that has magnetic

materials and structures. Specifically, 1in

permeability walls will be qgquite close to

I

the case of

MEG, the magnetically shielding room with 1ts high

the co1ils,

resulting 1n a considerable scattered field. The geom-

H

etry and magnetic properties of these materials are

usually complicated and 1mpossible to char

acterize 1n

detailil. Therefore, obtaining the B. vectors for each

coll by calculation may be 1naccurate or

F

In this case, the assembly o

1mpossible.

colls must be made and

installed first, and then the field vectors B. must be

measured one at a time by feedling current 1nto each

coll 1n the assembly. For example, 1n the

]

case of MEG

- and 1n devices possibly combining MEG and MRI 1n the

same 1nstrument - measuring the field and

tives 1s straightforward because the MEG de

H H

1ts deriva-

H

vice 1tself

contailns an array of a large number of magnetlic sen-

sors. From the response, a signal wvector,

L]

of the M

(5

sensor array to the current excitation fed 1nto each

H

one of the coils, the field components and their de-

rivatives needed for B. are easily derived.

p— g

]

an MEG

H

Sensor array 1S not available, the measurement of the

field and 1ts derivatives can be made with

accurately calibrated sensor array, or with

some other

one sSelsor

that can be accurately moved around the origin.

After the B. -vectors for each coi

determined by measurement, the procedure fo

H

the I-vectors corresponding to the di:

F

nents of B 1s applied exactly as 1n the

~—

1l have Dbeen

r obtaining

ferent compo-

first condi-

tion above.

A third condition where the method according

to the 1nvention can be applied, 1s described 1in the

following.

This third case applies to the M

H

tion of the present method. The goal 1n the

H

cation 1s to use the coils to get uniform

G applica-

MRI appli-

field compo-
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nents and constant gradients (first derivatives) over

the measurement volume, whereas 1n the MEG application

the goal 1s to be able to counteract the environmental

magnetic 1nterference as precisely as possible. This

1s not necessarily optimally done by cancelling the

uniform fields and the spatially constant first deriv-

atives only, because the dominant 1i1nterference field

shapes 1nside an MSR may contain higher derivatives.

Therefore, to achieve optimal cancellation one must

determine the current distributions I that accurately

reproduce the actual dominant 1nterference field pat-

terns, but exclude the unwanted higher derivative

field shapes.

The actual dominant interference patterns can

be determined by recording the 1interference signal

with the MEG system (no subject 1n the helmet) and

F

making for example a principal component analysis
(PCA) on the multichannel MEG signal. Another embodi-

ment 1s to make an 1ndependent component analysis
(ICA) on the multichannel MEG signal. After this the

present method can be applied so that the first n,

H H

components of the B. -vectors are the projections of

the coi1l signal along the dominant n, principal compo-

H

nents of the previously recorded interference. To pre-

H

vent the appearance of the unwanted higher derivatives

H

1n the cancellation fields, the rest of the components

1n the B. -vectors are chosen among these higher de-

rivatives.

In principle, 1n the third condition exactly

the same procedure 1s applied as 1n the second condi-

tion. In the B. -vectors the first few components (B,,

By, B., ..) are only replaced by the dominant PCA compo-

i

nents of the actual, measured i1interference.

L]

(5

the 1nterference cancellation runs as a feedback sys-

In the active compensation application 1n M

H H

"erent sides of the

tem. Magnetometer sensors on di

MEG helmet are used as zero detectors 1n feedback
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. control the currents 1n the compensating

coil assembly (PCT/FI2005/000090). Several of such

feedback loops run 1n parallel to compensate for the

H

n, dominant PCA components of the environmental 1inter-

ference.

i

of such a

mally dec

It 1s advantageous for the stable functioning

i

system of parallel feedback loops to maxi-

ouple the 1loops from each other. The coil

combilnation driven by one loop should create a minimal

signal 1n

H

the zero detectors of the other loops. This

prevents the counteractions from circulating among the

different

control loops and therefore makes the entire

control system faster and stable over a wider band-

width.

F

This orthogonalization of the control system

1s built

1n the first and second conditions above.

This 1s because 1n these conditions the controlled

field shapes are orthogonal Cartesian components; 1t

1s natural to choose the zero detector sensor for the

B, - feedback loop strictly in x-direction so that 1t

does not see the B, and B, components etc.

This, however, 1s not automatically the case

H

1f the third condition 1s used to achieve maximal 1n-

terference compensation. The Ny dominant PCA-

components are not “pure” magnetic field components

precilsely

H

H

orthogonal 1n space. Even 1f the first three

of them are nearly uniform fields and define “princi-

pal 1nter:
se direct

principal

"erence directions” 1n three dimensions, the-

1ons are often rotated with respect to the

H

directions of the measuring device and the

coll assembly. In this case the parallel feedback

loops can

be optimally decoupled by mixing the domi-

F

nant n, PCA components of the 1nterference with a

proper 11

space de:
linear tr
tates the

H

near transformation within the signal sub-

1ined by these PCA components. The optimal

ansformation 18 constructed so that 1t ro-

coordinate system defined by the PCA compo-

H

nents along the principal axes of the device and mixes
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che 1nterference field shapes so that the zero detec-

ﬁ

tor of any feedback loop does not see the counterac-

tion fields related to the other control loops.

To construct the mathematical formalism, let

us first denote the ns x n, and ne x ne. dimensional PCA

and coi1l signal subspaces by matrices P and C, respec-

H

tively. Here n., 18 the number of measurement channels.

Also, let us denote the actual signal vector contain-

1ng measurement values from all channels by £. Now,

the task 1s to produce a counteracting signal as pre-

F

cise to £ as possible, given the set of coil signals
C.

Mathematically, this can be formulated as

f ~ -CKf,, (3)

wherein 1n the simplest case K 1s an n. x nc

dimensional 1dentity matrix so that the coil signals

H

are used without any kind of mixing, and the n. x 1 di-

mensional vector £, contains feedback information from
the zero detectors. However, K may not provide the op-

timal compensation result as an 1dentity matrix. This

can be seen easily by first expressing the signal vec-

—

tor £ as a combination of the dominating interference

H

as £ = Px and by extracting the contribution of the

zero detectors from £ and P as £, = Pyx, so that

X = pinv (Py) * £ (4)

Here pinv (Py) denotes pseudo i1nverse of Py. By

setting £ = Px and solving for K 1n such a way that

(3) holds true as accurately as possible, we have

K = -pinv(C) *P*pinv (Py) (D)

This 1s the optimal coil mixing matrix. As a

final step, we can remove the cross-talk between the
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zero detectors by rotating the matrix K. First, set C,
= CK. The rotation K..+1 = KR will be done so that 1in
the rotated set C; = C,R = CKR the zero detectors will

be orthogonal, 1.e., C, )R = I 1s a n, x n, dimensiona.

F

7zero detec-

S 1dentity matrix, where n, 1s the number o

’

the zero

tors and C,y only contains the contribution o

detectors. Thus, we have R = pinv(C,y) and the rotated

mix1lng matrix 1S

10 Kioztn = K * pinv (Cyp) (0)

By utilizing an embodiment according to the

method of the present 1nvention, one and the same coil

assembly can be used for MRI field and gradient gener-

I

15 ation, and for MEG active cancellation of interference

in a combined MEG/MRI i1nstrument. n these cases and

H

1n one embodiment of the i1nvention, the MRI electron-

1cs controlling magnetic resonance 1magling measurement

fi1elds can function as a host device. In that case the

20 MEG device can act as a slave device for the MRI elec-

tronics, the MEG device beiling the measuring i1nstrument

for the magnetic resonance signal.

The same coi1l system can also be used for

different measurement locations (origins) within the

25 coll assembly, like seated and supine measurement po-

sitions 1n MEG. The wvectors B. for each coil 1n the

assembly only need to be determined for each measure-
ment location separately, eilther by calculation or

measurement. The same applies to the environmental 1n-

30 terference field PCA analysis 1n the third condition.

F

After this the current distributions I for each of the

measurement locations will be obtained from eqgquation

(2). Because the B.-vectors and thus the M-matrices

H

are different for the two measurement positions, the

HH

fer. But there 1s no

39 resulting I-vectors will also di:

H

need to use different coil assemblies, or move 0Or geo-

metrically change the coil assembly when changing from
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one measurement position to the other. Also, possible

H

repositioning of the measuring device with respect to

H

the coi1l assembly only requires determination of a new

F

M-matrix, and then calculation of new current vectors

I using equation (2).

Reference 1s now made to the additional exam-

ples, which are 1llustrated 1n the accompanying draw-

1Ngs.

i

Figure 1 shows one possible assembly of

square shaped field generating coils around the meas-

H

urement volume, 1n an embodiment of the present i1nven-

tion. The twenty-four coils 10 are arranged 1n groups

of three coi1ils 1n each of the eight corners of a rec-

tangular frame 11. The three coils 10 1n each corner

i

are orthogonal to each other. If the measuring device

1s placed 1n a magnetically shielding room the frame

H

11 can be the 1nside wall of the room. Two possible

H

locations for the origin, centers of the measuring

volume, are 1ndicated as 12.

Figure 2 shows the electronics arrangement

controlling the currents 1n the coi1il assembly 20 to

provide either the measuring field and gradients for

ﬁ

an MRI device, or the active compensation of the envi-

i

ronmental i1nterference of the MEG device, 1n an embod-

H

1iment of the present 1nvention. The measuring volume

(e.g. a MSR) 1s depicted as 21 where the patient 1s

H

located 1n the wvicinity of the measuring sensors 22.

H

The setting up the system begins with determination of

H

the field vectors B. for the coils 20 of the assembly

1n 1ts environment. The data acquisition electronics

23 commands the current supply 29 having n. outputs

297 to feed current into the coils 20 1n the assembly,
each one at a time. The resulting coi1il signals are
recorded by the magnetometer channel array 227 and

stored 1n the acguisition system 23.

For setting up the MRI-function 24, these

coll signals are decomposed 1nto the Cartesian field
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components and their derivatives, which are the compo-

H

nents of the B.
ter this the

-vectors

M-matrix

for the MRI application. Af-

1S formed from these B,

-vectors, and the current vectors Iwr are determined

by taking the 1nverse of

H

H

M. EFach one of these Iux

-vectors, when fed as 1nput to the current supply 29,

will result 1n a pure Cartesian measuring field or a

pure gradient field.

MRI control unit 24. In

H

These vectors are stored 1n the

the MRI function this unit

controls the timing of the MRI seqgquence, and the re-

cording fi1eld geometries

-vectors - of both the uni

- vilia the 1link
29.

p— g

tion 1s operated

by sending the proper Iwg:

H

orm field and the gradient

206a to the n.-channel current supply

f the active i1nterference compensation func-

following the second condition above

then these Iw: current vectors can be used for active

compensation as well. But 1f the third condition 1s
applied, then information from the PCA analysis of the
interference must Dbe used "or defining the B

-vectors. The recorded coil signals are now decomposed

H

1n a coordinate system comprising of the first n, PCA

ﬁ

components of the 1nter:

i

tives of the B-

This leads to B.-vectors and M-matrix slightly di:

ent from the MRI

‘erence and then higher deriva-

field components (see also Fig. 4).

H

-:‘er_

case, and to current vectors I, that

differ from the wvectors Iw:. When active compensation

25 1s on, the ng

H

first ones of these I, vectors are

multiplied by the error signals received from the sen-

sors 272 used as

feedback loops,

rent supply 29.

zero detectors for the compensation
and then transmitted wvia the link 26b
through adders 27b and 27c¢c and switch 28b to the cur-

By the two

swlitches 28a-b on the links

20a-b one can choose between the MRI 24 and MEG (ac-

tive compensation) 25 functions. In the MRI mode, the

adder unit 27a adds the two vectors Iws that corre-

spond to the MRI

measuring

field and the chosen gradi-
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C1ve compensa-

(welghted

by the n, error signals) to form an n.-component cur-

rent vector that counteracts the dominant i1nter:
components (the n, PCA components of 1t). Both these
signals are

adder unit 27c,

or 2Z28b).

garding the MRI measurements, the MRI

Call

ﬁ

function as a host device to the M

erence

fed to the current supply 29 through the

with the chosen mode switched on (28a

In one embodiment, as disclosed earlier re-

electronics 24

(G measurement

unit 23 which can be set as a slave device working as

measuring 1nstrument

nals.

This 1s expressed 1n

between the two units 23, 24.

F'igure 3 shows an embodiment

figure 2 as a

for the magnetic resonance s1g-

CWO-way arrow

of the method

H

according to the invention, as a flow chart of the

H

process of designing coll assembly for

cation.

This chart 1s kind o

H

already handled 1n the previous paragraphs.

first step 1n the procedure,

duced by each coil

the magnetic

the MRI appli-

a summary of the steps
In the

field pro-

1n the assembly 1s calculated or

measured at origin 30. After this we determine a field

vector B.
B, /dx,

d

(column vector comprising elements B,

B,, B,

.) for all the coils 1n the assembly 31.

Then we are ready to construct the matrix M 32 from

the

~—

field vectors for all coils. After this we can de-

termine the condition number of M 33, which tells how

-
condition number 1s more than a hundred
desired threshold wvalue),
assembly 34.

relocating or reorienting the 1ndividual co1ills,

ose To

singular the matrix M actual.

v 1S.

H

we have to modi:

Depending on the situation,

If the

(or any other
'y the coil

this means

Or de-

creasling oOr 1ncreasing the number of coils 1n the as-

sembly.
ning of

fields £

F

30.

In that case, we have to start

from the begin-

the procedure, and calculate or measure the

H

or each coi1il of the modified assembly again
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When we result 1n the condition number less

than a hundred, we may decide that the coil assembly

1s feasible, and we may calculate 35 the current vec-

tors Iwr according to equation (2). Finally, 1n the

last step 36, we can 1nstall the Iy;—-vectors 1n the

MRI unit which correspond to the measuring fields and

gradilents.

H

Figure 4 shows an example as a flow chart of

i

the process of coi1l assembly design for another appli-

cation, the active 1nterference cancellation 1n MEG.

F

At first, we set up the assembly of compensating coils

40 1nto the measuring volume, e.g. 1nside a MSR. Then

we can measure the background interference 41 without

any object present, and decompose this 1nterfering

field into components B;, B, ..., By, (n, means the

H

number of dominant PCA components of the 1interfer-

ence). After this we may measure the magnetic fields

orlginating from each coil at the origin 42. Then we

can determine the field wvectors B. (Bi, B,, ..., By,
d“B,./dx*, ...)' for all the coils 43. When we have the

B."s, we can construct the matrix M 44, Similarly as

H

1n the embodiment of figure 3, we can check the condi-

F

tion number of the matrix M 45, that 1s, check whether

the matrix M 1s singular, close to singular or far

H

from singular. We have to modify the assembly of coills

406 and remeasure the background 1interference until we

achieve a matrix M which can be 1nverted (condition

number less than 100, or any other desired threshold

value). In that case we can calculate the current vec-
tors I 47 by using the equation (2). Finally, we can
install the vectors I, to the active compensation unit
of the MEG device 48.

The presented method can be 1mplemented by a

computer program which can control a data-processing
device to execute the applicable method steps. The

computer program can be stored 1n a medium applicable

by the processor or other control means.
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It 1s obvious to a person skilled 1n the art

F

that with the advancement of technology, the basic

H

1dea of the 1nvention may be 1mplemented 1n wvarious

ways. Thus, the i1nvention and 1ts embodiments are not

0 limited to the examples described above; 1nstead, they

i

may vary within the scope of the claims.
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CLAIMS

1. A method of controlling a magnetic field of a

geometrically fixed coil assembly to thereby create magnetic
fields that have desired geometric shapes around a given origin,

characterized in that the method comprises the following steps:

decomposing a field, <created around the origin by a
test current in each coil of the geometrically fixed coil

assembly at a time, 1into desired and undesired components of the

field;

forming a system of linear equations based on the
decomposed components that gives the same decomposition of the
field that results from simultaneous powering of the coils of the
geometrically fixed coil assembly by a set of unknown currents;

and

determining the set of unknown currents that result 1in
the desired geometric shapes of the fields by solving the system

of linear equations,

wherein the decomposition of the field of each coil of
the geometrically fixed coill assembly 1s obtained from a

measurement of a magnetic field distribution around the origin

caused by the test current in said coil, and

wherein the desired field components comprise at least
one dominant external interference component, or one or several
linear combinations of the dominant external interference
components, determined from a separate measurement of
interference, the linear combinations of the dominant external
interference components being used as feedback field shapes 1in an

active compensation system.
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2 . A method according to claim 1, characterized 1n that the
decomposition of the field of each coil of the geometrically
fixed coill assembly is calculated around the origin from a
geometry of the geometrically fixed coil assembly using equations

that describe behaviour of the magnetic field in wvacuum.

3. A method according to claim 1 or 2, characterized 1in
that the desired field components and the undesired field
components are constructed from three orthogonal components of

the magnetic field and their independent Cartesian derivatives.

4 A method according to claim 1 or 2, characterized 1n
that the desired field components are constructed from three
orthogonal components of the magnetic field and their five
independent Cartesian derivatives of the first order, and the
undesired field components are seven 1ndependent Cartesian

derivatives of the second order.

5. A method according to any one of claims 1-4,
characterized in that the unknown current vector 1s calculated by
a product of a Moore-Penrose pseudo-inverse of a matrix
comprising the field component vectors for each of the coils with
the test current, and a summed field vector of the simultaneous

powered colls at the origin.
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6. A method according to claim 5, characterized 1in that

the method further comprises the following steps:

determining a degree of singularity of the said matrix
by a condition number, and in case the condition number of the
said matrix exceeds a desired threshold wvalue, thus indicating a

singular or substantially singular matrix,

modifying the coil assembly, and when a redetermined
condition number of the salid matrix 1s below the desired

threshold value, thus indicating a non-singular matrix,
calculating the set of unknown currents.

7. A method according to claim 1, characterized 1n that
the dominant external interference components used as desired
field components are determined from a principal component
analysis or an independent component analysis of the separate

measurement of 1nterference.

8 . A method according to claim 1, characterized 1in that
the linear combinations forming the feedback field shapes, and
locations and orientations of sensors, are chosen s¢o that a
coupling between simultaneously operating feedback 1loops 1s

minimilzed.

9. A method according to any one of claims 1-8,
characterized in that the method further comprises switching
between a magnetic resonance imaging functionality creating the
magnetic fields with gradients, and a magnetoencephalography
device functionality performing active compensation for the

environmental interference.
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10. A magnetic resonance 1imaging or magnetoencephalography
apparatus with a geometrically fixed <coil assembly for
controlling a magnetic field of the geometrically fixed coil

assembly to thereby create magnetic fields that have desired

geometric shapes around a given origin, comprising:

a sensor array comprising plurality of sensors for

measuring multi-channel data; and

control means for contrblling the apparatus,
characterized in that the apparatus further comprises:

the control means configured to decompose a field,
created around the origin by a test current 1n each coil of the
geometrically fixed coil assembly at a time, 1into desired and

undesired components of the field;

the control means configured to form a system of linear
equations based on the decomposed components that gives the same
decomposition of the field that results from simultaneous
powering of the coils of the geometrically fixed coil assembly Dby

a set of unknown currents; and

the control means configured to determine the set of
unknown currents that result in the desired geometric shapes of

the fields by solving the system of linear equations,

wherein the decomposition of the field of each coil of
the geometrically fixed «coil assembly 1s obtained from a
measurement of a magnetic field distribution around the origin

caused by the test current in said coil, and

CA 2794126 2018-09-11
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wherein the desired field components comprise at least
one dominant external interference component, or one or several
linear combinations of the dominant external interference
components, determined from a separate measurement of
interference, the linear combinations of the domlinant external
interference components beind used as feedback field shapes 1n an

active compensation system.

11. An apparatus according to claim 10, characterized 1in
that the control means 1is configured to calculate decomposition
of the field of each coil of the geometrically fixed coil
assembly around the origin from a geometry of the géometrically
fixed coil assembly using equations that describe behaviour of

the magnetic field 1n wvacuumn.

12. An apparatus according to any one of claims 10-11,
characterized in that the control means is configured to obtain
the decomposition of the field of each coil of the geometrically
fixed coil assembly from a measurement of the magnetic field
distribution around the origin caused by the test current in said

coll.

13. An apparatus according to any one of claims 10-12,

characterized 1in that the control means 1s configured to
construct the desired field components and the undesired field
components from three orthogonal components of the magnetic field

and their independent Cartesian derivatives.
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14 . An apparatus according to any one of claims 10-12,
characterized in that the control means 1s configured to
construct the desired field components from three orthogonal
components of the magnetic field and their five 1independent
Cartesian derivatives of the first order, and the undesired field
components are seven 1independent Cartesian derivatives of the

second order.

15. An apparatus according to any one of claims 10-14,
characterized 1in that the control means 1s configured to
calculate the unknown current vector by a product of a Moore-
Penrose pseudo-inverse of a matrix comprising the field component
vectors for each of the coils with the test current, and a summed

field vector of the simultaneous powered coils at the origin.

16. An apparatus according to claim 15, characterized 1in

that the apparatus further comprises:

the control means configured to determine a degree of
singularity of the said matrix by a condition number, and 1n case
the condition number of the said matrix exceeds a desired
threshold wvalue, thus indicating a singular or substantially

singular matrix,

modifying means 1is configured to modify the co1il
assembly, and when a redetermined condition number of the said

matrix 1s below the desired threshold wvalue, thus 1ndicating a

non-singular matrix,

the control means 1is configured to calculate the set of

unknown currents.
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17. An apparatus according to claim 10, characterized 1in
that the control means 1s configured to determine the dominant
external interference components used as desired field components
from a principal component analysis or an 1independent component

analysis of the separate measurement of interference.

18. An apparatus according to claim 10, characterized 1in
that the linear combinations forming the feedback field shapes,
and locations and orientations of sensors , are chosen so that a
coupling between simultaneously operating feedback 1loops 1s

minimized.

19. An apparatus according to any one of claims 10-18,
characterized in that the apparatus further comprises switching
means 1in order to choose between a magnetic resonance 1maging
functionality configured to c¢reate the magnetic fields with
gradients, and a magnetoencephalography device functionality
configured to perform active compensation for the environmental

interference.
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20. A computer program product for controlling a magnetic

field of a geometrically fixed coil assembly to thereby create

magnetic fields that have desired geometric shapes around a given

origin, characterized 1in that the computer program product

comprises a computer ready memory storing computer executable

instructions thereon that perform the following steps when

executed on a computer

decomposing a field, created around the origin by a test
current in each coil of the geometrically fixed coill assembly at

a time, into desired and undesired components of the field;

forming a system of linear equations based on the decomposed
components that gives the same decomposition of the field that
results from simultaneous powering of the «coils of the
geometrically fixed coil assembly by a set of unknown currents;

and

determining the set of unknown currents that result 1n the
desired geometric shapes of the fields by solving the system of

linear equations,

wherein the decomposition of the field of each coil of the
geometrically fixed coil assembly 1s obtalined from a measurement
of a magnetic field distribution around the origin caused by the

test current in said coil, and

wherein the desired field components comprise at least one
dominant external interference component, o©or one or several
linear combinations o©of the dominant external 1nterference

components, determined from a separate measurement of
interference, the linear combinations of the domilinant external
interference components being used as feedback field shapes 1in an

active compensation system.
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