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(87) Abstract: The present invention imtroduces a method, device and a computer program for removing artifacts present in indi -
vidual channels of a multichannel measurement device. At first, a basis 1s generated defining an n-dimensional subspace of the N-di -
mensional signal space, where n 1s smaller than N, where using in the definition of the n-dimensional basis a physical model of a
Signal Space Separation method, or a statistical model based on the statistics of recorded N-dimensional signals. Thereatter, a com -

bined (n+m) - dimensional basis 1s fo

'med by adding m signal vectors to the n-dimensional basis, each of these m signal vectors rep -

resenting a signal present only in a single channel of the N-channel device. After this the recorded N-dimensional signal vector 1s de -
composed mto n+m components in the combined basis, and finally, components corresponding to the m added vectors in the com -

bined basis are subtracted from the recorded N-dimensional signal vector.
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METHOD AND DEVICE FOR RECOGNIZING AND REMOVING
UNDESIRED ARTIFACTS IN MULTICHANNEL MAGNETIC
FIELD OR ELECTRIC POTENTIAL MEASUREMENTS

FIELD OF THE INVENTION

The 1nvention relates to multichannel meas-

urements applied e.g. 1n magnetoencephalography (MEG),

electroencephalography (EEG) and magnetic resonance

1maging (MRI), and especially to improving the quality

H H

of the results of such measurements.

BACKGROUND OF THE INVENTION

Particularly 1n medical research, wvarious 1im-

H

aging methods are used 1n the analysis of tissue

structures and brailn signals. Modern physiological re-

cording and 1maging 1s made usling Sensor arrays cCcom-

F

prising several tens or hundreds of sensors performing

H

parallel recording of the neural activity. Such multi-

channel devices are used for example 1n magnetoenceph-

alography (MEG), where MEG means the measurement and

analysis of magnetic fields generated by the electric

H

activity of the brain. Electroencephalography (EEG)

F

measures electric potentials 1n desired parts of the

patient. A further multichannel measurement applica-

tion 1s magnetic resonance 1maging (MRI), simply re-

ferred as magnetic 1maging. The MRI 1s applicable to

F

different parts of the body and 1t uses multiple re-

celver colls.

H

It 1s typical of the 1maging methods that a

H

large set of measurement channels and related measure-

ment sensors are needed therein. The signal recorded

by each 1ndividual sensor 1in these multichannel devic-

es contains both 1nformation on the neural activity

H H

(or on precession of nuclear magnetization 1n case of

MRT), and 1nterference from environmental sources, and

arti1facts and random noilise related to the sensor tech-
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nology. Since the neurological electric and magnetic

F

fields are very weak, such sensor noise tends to ham-

per the detection of the i1nteresting neurological sig-

nals. Therefore, the sensors must have very low-noise

characteristics and they should be situated close to

H

the measured object. The typical noise 1level of a

measurement sensor measuring a magnetic field 1s of

- -

F
p—

the order of a few femtoteslas. It 1s characteristic

to the bilomagnetic measurements that the magnetic flux

densities to be measured are very low (for example 03

ﬁ

the order of 10 ... 1000 fT), and the external inter-

ference fields prevailling 1in the measurement situation

may be quite large 1n comparison to the flux densi-

H

ties, even of the order of 1

A~ fr— | A~

of the portion of di:

the overall measurement signal and the elimination of

F

the effect of 1nterferences

1s thus extremely essential

1C measurement methods.

10 uT. The estimation

ferent 1nterference signals 1in

ﬁ

from measurement results

1n multichannel biomagnet-

Additionally, artifacts (such as sudden

splkes and jumps) related to 1ndividual channels may

be misinterpreted to represent real neural activity,

such as 1nterictal epileptic spiking, for example.

H

Therefore, from the point of

H

ti1on of these multichannel

damped as much as possible.

A calculatory method used 1in the analysis of

H

view of clinical utiliza-

technologies, both arti-

facts and random sensor noise should be removed or

I

measured signals and to reject environmental 1nterfer-

ence from multichannel MEG

signals 1s the so-called

Signal Space Separation method (abbreviated as the SSS

method), which 1s discussed
lication FI 115324. The SSS

for example 1n patent pub-

method 1s currently quite

amply used 1n the art. It 1s a calculatory method for

separating multichannel measurement signal 1nfor-

H

mation, on the basis of the

i

locations of the sources,
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1into wvarious signal bases, 1.e. subspaces that are

H

linearly independent of one another. The SSS 1s purely

H

based on the geometry of the sensor assembly and natu-

ral laws. The calculation according to the principle

H

of the SSS begins by applving Maxwell’s equations de-

ﬁ

scribing the relations of electric and magnetic

fields. In the SSS method, 1t 1s possible to separate

the magnetic fields generated by the useful sources

(such as the brain) and the magnetic fields originat-

1ng from externa. interference sources. In other
words, series developments are calculated 1in the SSS

method using division according to sources located 1n

different sites. It may be referred to as a source

modeling method for the multichannel measurement sig-

nal 1n a volume where the magnetic fields to be deter-

mined are 1rrotational and sourceless. The SSS method

does not need advanced 1nformation about the types or

H

locations of the di:

H

ferent signal sources but 1t works

H

correctly 1n the cases o0of different types of signal

H

sources, also when examined as a function of time even

H

when the location and/or intensity of the sources

changes. In the calculation according to the SSS meth-

ﬁ

od, the geometry of the sensor assembly thus plays an

1mportant role. Assoclated to the geometry 1s also the

fact that, 1n addition to the location, the orienta-

H

tion of the sensors significantly a:

H

fects the measured

signal Dbecause the magnetic field 1s a direction-

dependent quantity.

Describing 1n other words the SSS method 1n

general, an n-dimensional Dbasis, the so-called SSS-

H

basis, 1s formed for the N-dimensional signal space of

I

the N-channel MEG device. The number of basis vectors

n 1s smaller than N. The basilis vectors are chosen so

H

that each of them corresponds to a physically possible

magnetic field shape 1n a source free space. Further-

I

more, based on the asymptotic behaviour of the corre-
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when r

are divided

-> (0 and

into two

groups: the ones that correspond to magnetic fields

~—

arising from sources 1nside of the MEG sensor helmet,

and the others corresponding

1ng from sources

MEG helmet. The

terest, arising

latter group contains

1in the environment,

from neuromagnetic

CO magnetic

former group contains the

the environmental

sources,

fi1elds aris-

~—

outside of the

H
p—

fi1eld of 1n-

and the

interference

contribution to the signals that 1s wanted to be re-

moved. The basic

leave out from the SSS-basis

recorded signals

ter group, and thus,

H

1dea of the SSS method 1s to simply

“he componen

achieved more accurately.

~—

Cs belonging

representation

L O

of the

—he lat-

the desired biomagnetic signal 1s

An advantage of the SSS method 1s that 1t can

observe all 1interferences regardless ©

H

time and

place. Since the calculation 1s made 1ndependently for

each sample, 1t observes the changing situations re-

gardless of whether the 1nterference

changing 1nside or outside the measuremen

can be e.g. a magnetically shielded room. A problem of

L

SOUXrces are

area, which

~—

the S8SS method 1s that 1t 1s sensitive to calibration

errors. This means that, for

ti1on measured by

H

example, a signal devia-

one of the sensors may not be due to

interference but a small unrecognized deviation 1n the

position or direction

SOY.

The malin problem of

even by using solely the SSS method,

H

H

(angle of 1ts axis)

the prior art

ﬁ

H

OL

the sen-

1s that,

any artifacts or

peculiarities emerging 1n any of the sensors or meas-

urement channels

signal modeling,

are left outside

of the

SSS—-based

and are therefore still hard to han-

dle 1n the biomagnetic measurements and their calcula-

tory analysis.

starts to behave 1n an odd

In other words, 1n case

d

channel

manner, the noise level
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will rise and weaken the measurement results’ qgquality

significantly.

OBJECTIVE OF THE INVENTION

H

5 The objective of the invention 1s to disclose

H

a method for getting rid of artifacts and noise pre-

sent 1n 1ndividual sensors for multichannel measure-

L]

ments made using MEG, EEG or MRI 1maging devices. A

H

further objective of the 1invention 1s to remedy the

10 above-mentioned problems.

SUMMARY OF THE INVENTION

H

The present 1nvention i1ntroduces a method for

recognizing and removing undesired artifacts 1n at

H

15 least one measurement channel of a multichannel mag-

netic field or electric potential measurement, wherein

H

a measurement device comprises a set of N measurement

sensors and a data processing logic, and wherein the

H

method comprises the step of generating a basis defin-

H

20 1ng an n-dimensional subspace of the N-dimensional

signal space, where n 1s smaller than N, using 1n the

H

definition of the n-dimensional basis a physical model

H

of a Signal Space Separation method, or a statistical

F

model based on the statistics of recorded N—

25 dimensional signals.

The method 1s further characterized 1n that

ﬁ

the method further comprises the steps of forming a

combined (n+m)-dimensional basis by adding m signal

ﬁ

vectors to the n-dimensional basis, each of these m

30 signal vectors representing a signal present only 1n a

H

single channel of the N-channel device, decomposing

the recorded N-dimensional signal wvector 1nto n+m com-

ponents 1n the combined basis, and subtracting from
the recorded N-dimensional signal vector the compo-
39 nents corresponding to the m added vectors 1n the com-

bined basis.
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H

In an embodiment of the present 1nvention,

the signal 1s recorded at a spatial sampling rate ex-

ceeding the highest spatial frequencies 1n the signal

H

of interest, so that n+m 1s smaller than N.

H

In an embodiment of the present 1nvention,

only one basis vector 1s added, representing the si1g-
nal 1n this one channel only, to the n-dimensional ba-
s1s, where m 1s equal to 1.

H

In an embodiment of the present 1nvention,

H

the decomposition of the recorded signal 1nto the n+:

components 1n the combined basis 1s repeated N times,

using as the one additive basis vector a vector corre-

H

sponding to each one of the channels at a time, and

the N signal components corresponding to the additive

basis vectors are subtracted 1n each decomposition

from the original data.

F

In an embodiment of the present invention, a

H

solution of a linear problem related to the decomposi-

F

tion of the N-dimensional signal 1into the n+m compo-

nents 1s numerically stabilized by using the Wiener-

Kolmogorov method described by Foster (Manus Foster 1n

H

“An Application of the Wiener-Kolmogorov Smoothing

Theory to Matrix Inversion, J. Soc. Indust. Appl.
Math., volume 9, no. 3, September 19617) or by any
similar regularization method.

ﬁ

In an embodiment of the present 1nvention,

H

statistical correlations of the sensor noilse Dbetween

the N channels are estimated, which correlations are

needed 1n the numerical regularization method, from

differences between consecutive samples 1n the record-

ed signals.

I

In an embodiment of the present 1nvention,

H

the statistical correlations of the sensor noilse be-

tween the N channels are estimated from the correla-

tions 1n high-pass filtered recorded signals.
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H

In an embodiment of the present 1nvention,

the signal 1s recorded at a temporal sampling rate ex-

F

ceeding the highest frequencies 1n the signal of 1n-

terest.

H

In an embodiment of the present 1nvention,

H

the steps of forming, decomposing and subtracting are

realized by a cross validation method where the signal

H

of m channels are derived from the signals of the oth-

er N-m channels based on the n-dimensional physical

model, or based on the n-dimensional statistical mode.

H

of the original N-dimensional signal.

ﬁ

In an embodiment of the present i1nvention,

the method 1s applied to recordings made by a multi-

channel magnetoencephalography (MEG) device.

H

In an embodiment of the present 1nvention,

the method 1s applied to recordings made by a multi-

channel electroencephalography (EEG) device.

ﬁ

In an embodiment of the present 1nvention,

H

the method 1s applied to recordings of magnetlic reso-

nance signals obtained by a multichannel MRI device.

H

According to a second aspect of the present

1invention, the 1nventive 1dea comprises a multichannel

measurement device arranged to recognize and remove

undesired artifacts 1n at least one measurement chan-

F

nel of a multichannel magnetic field or electric po-

tenti1al measurement, wherein the measurement device

ﬁ

comprises a set of N measurement sensors, and a data

processing logic, which 1s arranged to generate a ba-

H

s1s defining an n-dimensional subspace o0of the N-

dimensional signal space, where n 1s smaller than N,

H

using 1n the definition of the n-dimensional basis a

H

physical model of a Signal Space Separation method, or

H

a statistical model based on the statistics of record-

ed N-dimensional signals. The data processing logic 1s

further characterized by that 1t 1s arranged to form a

comblined (n+m)-dimensional Dbasis by adding m signal
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ﬁ

vectors to the n-dimensional basis, each of these m

signal vectors representing a signal present only 1in a

F

single channel of the N-channel device, decompose the

recorded N-dimensional signal vector 1nto n+m compo-

nents 1n the combined basis, and subtract from the

recorded N-dimensional signal vector the components

corresponding to the m added wvectors 1n the combined

basis.

F

In an embodiment o

the set of N measurement se

-~ the measurement device,

nsors 1s further arranged

to record the signal at a spatial sampling rate ex-

ceedling the highest spatial

H

frequencilies 1n the signal

of interest, so that n+m 1s smaller than N.

H

In an embodiment o0:

- the measurement device,

the data processing logic 1s further arranged to add

only one basis vector, representing the signal i1in this

one channel only, to the n-dimensional basis, where m

1s equal to

F

In an embodiment o

-~ the measurement device,

the data processing logic 1s further arranged to re-

H

peat the decomposition of the recorded signal into the

n+l components 1n the combined basis N times, using as

the one additive basis vector a vector corresponding

H

to each one of the channels

at a time, and subtract

the N signal components corresponding to the additive

basis vectors 1n each decomposition from the origina.

data.

H

In an embodiment o:

the data processing logic 1s

- the measurement device,

further arranged to sta-

I

bilize numerically a solution of a linear problem re-

F

lated to the decomposition of the N-dimensional signal

1nto the n+m components by using the Wiener-Kolmogorov

method described by Foster or by any similar regulari-

zation method.

H

In an embodiment o0

the data processing loglc 1s

- the measurement device,

further arranged to esti-



WO 2013/111072

15

20

2D

30

39

CA 02862189 2014-06-277

PCT/IB2013/0503595

F

mate statistical correlations of the sensor noise be-

tween the N channels,

the numerical regularization method, from di:

which correlations are needed 1n

H

ferences

between consecutive samples 1n the recorded signals.

the data processing logic 1is

In an embodiment o

F

-~ the measurement device,

further arranged to esti-

ﬁ

mate the statistical correlations of the sensor noilse

between the N channels

from the correlations 1in high-

pass filtered recorded signals.

the data processing logilic 1s

In an embodiment o0:

H

- the measurement device,

further arranged to rec-

ord the signal at a temporal sampling rate exceeding

H

the highest frequencies 1n the signal of i1nterest.

the data processing logic 1s

1ze the steps

In an embodiment o0:

H

H

of forming,

- the measurement device,

further arranged to real-

decomposing and subtracting

H

by a cross validation method where the signal of m

channels are derived

H

from the signals of the other N-m

channels based on the n-dimensional physical model, or

based on the n-dimensional

H

statistical model of the

original N-dimensional signal.

the device 1s

(MEG) device.

the device 1s a mu.

(EEG) device.

In an embodiment o0:

In an embodiment o

In an embodiment o:

H

- the measurement device,

a multichannel magnetoencephalography

F

-~ the measurement device,

tichannel electroencephalography

H

- the measurement device,

the device 1s a multichannel magnetic resonance 1mag-

1ng (MRI) device obtailning magnetic resonance signals.

H

According to a third aspect of the present

invention, the i1nventive 1dea further comprises a com-

puter program

for recognizing and removing undesired

I

artifacts 1n at least one measurement channel of a

multichannel

magnetic

field or electric potential

measurement, whereiln a measurement device comprises a
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H

set of N measurement sensors and a data processing

logic. The computer program comprises program code

which, when run on the data processing logic, 1s ar-

H

ranged to execute the step of generating a basis de-

H

fining an n-dimensional subspace of the N-dimensional

signal space, where n 1s smaller than N, using 1in the

ﬁ

definition of the n-dimensional basis a physical model

H

of a Signal Space Separation method, or a statistical

F

model based on the statistics of recorded N—

dimensional signals. The computer program 1s charac-

terized by that 1t 1s further arranged to execute the

H

steps of forming a combined (n+m)-dimensional basis by

adding m signal vectors to the n-dimensional basis,

F

ceach of these m signal vectors representing a signal

H

present only 1n a single channel of the N-channel de-

vice, decomposing the recorded N-dimensional signal

vector into n+m components 1n the combined basis, and

subtracting from the recorded N-dimensional signa.

vector the components corresponding to the m added

vectors 1n the combined basis.

F

In an embodiment of the computer program, the

computer program 1s stored on a medium readable by the

data processing logic.

LIST OF FIGURES

H

Figure 1 shows an example of the measurement

H

arrangement of an MEG apparatus, 1i1ncluding di:

H

ferent

H

types of magnetic signals present 1n the system,

H

Figure 2 shows an example of the method ac-

H
p—

cording to the invention 1n the form of a flow chart,

and

Figures 3a and 3b graphically 1llustrate an

H

fect of the present invention.

H

example of the e:

H
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DETAILED DESCRIPTION OF THE INVENTION

The present 1nvention i1ntroduces a method for

1dentifying and removing artifacts and sensor-specific

interference signals 1n multichannel magnetic measure-
ments.
The present 1nvention 1s related to suppres-

~—

si1on of 1ndividual sensor noise and artifacts 1n a

multichannel measurement contalning N measurement

—

channels. The basis of the algorithm described here 1s

a comprehensive n-dimensional (n < N) signal model

that describes the magnetic signal 1n magnetoenceph-

alography (MEG) measurements. The ailm 1s to build this

model 1n such a way that any deviation from the model

H

can only be explained as measurement errors of 1ndi-

vidual sensors, which are also uncorrelated with all

other sensors. Such errors are typically caused by

random sensor noilise or electronics-based artifacts.

H

As an exemplary embodiment of the present 1in-

vention, to detect and remove the channel noise and

artifacts 1n an optimal manner, a method 1s proposed

’

based on a physical model of the magnetic field 1in a

source free volume, and applyving an ample spatial and

temporal oversampling provided by a modern MEG device

H

having the number of measurement channels N = 200

~—

300, and the sampling frequency of several kHz.

H

The principle of the 1nvention preferably 1s

based on the Signal Space Separation method, abbrevi-
ated as the SSS method, which has been summarized
above. In the SSS method, the central 1dea 1s that by

utilizing Maxwell’s equations and 1nformation about

F

the geometry of the sensor assembly, 1t 1s possible to

ﬁ

calculate a result 1ndicating which part of the meas-

H

ured signal comprises of 1nteresting biomagnetic sig-

nals origlnating from 1nside the measurement sSensors

and which part comprises the external 1nterferences

origilnating from outside the volume defined by the
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sensors. By such volume 1t 1s typically meant a sensor

helmet which 1s placed around the patient’s head, 1n

H

case of brain signal measurements. In the SSS method,

ﬁ

the magnetic multipole moments, 1.e. the weights of

signal components, 1n a linearly 1ndependent signal

H

basis of the useful signal and, 1in turn, 1n a signal

basis formed by interference signals, can be calculat-

ed. Being a real-time method, the SSS method adapts to

currently prevailling 1interference situation, 1.e. the

SSS method always measures the real prevaililing magnet-

F H

1c field, regardless of the changes of the signal

sources 1nside or outside the wvolume to be measured

H

that normally may occur as a function of time. The re-

F

sults provided by the SSS method are, however, affect-

ed by the above-mentioned calibration error, 1.e. the

lnaccuracy 1n the sensitivity, location and positions

H

of the measurement sensors (the supposed location and

position 1information compared with the real location

H

and position 1nformation) directly affects the results

ﬁ

provided by the SSS method. To reduce the effect of

this calibration 1inaccuracy, a method combining SSS

with a signal modeling method based on the statistics

H

of the recorded signal (principal component analysis,

PCA) 1s described 1in application FI 20105769. Relating

closely to this 1ssue, any spikes, Jumps or other

H

kinds of behaviour not related to physical fields but

rather on channel artifacts visible 1n one measuring

channel only (or 1n several channels, 1ndependently)

1s the phenomenon on which the following really con-

centrates tO.

H

In one embodiment of the present 1nvention,

an SSS basis for the measured multichannel signal 1s

first defined, similarly as 1t has been done 1in the

prior art. In addition to the external 1interferences,

H

1t 1s also desired to get rid of the artifacts and

i

noise of the 1ndividual sensors. To achieve this, one
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more basis vector 1s added to the n-dimensional SSS-

basis:

(o, 0, 0, .., O, 1, O, .., O, Q).

H

This basis vector describes the part of the N-

dimensional signal that 1s seen 1n the kth channel on-

ﬁ

ly, with no correlation to the signals of the other

N-1 channels. Such an uncorrelated signal must be due

H ﬁ

to the artifacts and noise of the kth channel 1tself,

when the sensor density (spatial oversampling from

H H

point of view of neuromagnetic sources) 1S high

enough. In the method according to the present 1nven-

tion, the signal component falling on this new basis

vector 1s left out from the signal. It may be the only

component left out from the signal 1n case 1t 1s want-

ed to reject the sensor noise and occasional artifacts

only, or 1t can be left out together with other out-

side originated 1interference components of the SSS-

F

basis 1f the outside 1nterference 1s also desired to

be removed. To remove the sensor noise from all chan-

H

nels, this procedure 1s repeated for each of the N

channels Dby 1ncluding the corresponding additional

vector to the SSS-basis. This 1s the part describing

H

the “physical model” of the present invention. In this

method, the channel noise 1s modeled 1n a similar way

as the external 1nterference 1s modeled 1n the SSS-
method.

The method described here can be also consid-

H

ered as a kind of cross-validation method based on

spatial oversampling, and on a rigorous model for the

physical signal (magnetic field 1n a source free
space) .

The same physical model applies also to mul-

tichannel magnetic resonance 1maging (MRI) recordings

where the measured quantity 1s the magnetic field from
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the precessing nuclear magnetization. Recently, low

field MRI has been proposed to be realized using

SQUIDs (Superconducting Quantum Interference Device)

to gain good enough signal-to-noise ratio (SNR) even

at magnetic fields 1n the range 20 pT - 10 mT. To gain

H

enough signal 1n such technigques, utilization of high-

er polarizing fields pulsed up and down during the
measurement cycle have also been proposed (see
PCT/US03/03712). SQUID-based sensors are known to be

—

very sensitive to magnetic fields and rapid changes o:

F

the fields as well. Therefore, 1n any such MRI appli-

cation, 1t will be practically unavoildable that sensor

artifacts and elevated noise levels will show up 1in

H H

some of the sensors of a multichannel array after eve-

ry polarization sequence. The method described 1n this
invention helps to solve this problem related to low
field MRI.

For EEG measurement applications, a simple

physical model similar to that used 1in the magnetic

applications does not exist. The relations between

electric potentials recorded by EEG electrodes adja-

cent to each other are much more complicated and they

H

depend on details of the head geometry and conductivi-

ty distributions. In this case, the "“physical model”

can be based on statistics, for example on a principal

H

component analysis (PCA) of the multichannel EEG re-

cordings. Such an approach has been described 1in

“Alain de Cheveigne, Jonathan 2. Simon, Sensor noise

H

suppression, Journal of Neuroscience Methods 168
(2008) 195-202" which discusses 1interpolation of the

sensor signal from the neighbouring sensors. In de

H

Cheveigne's publication, a set of statistically domi-

nating features 1s extracted from the multichannel

measurement and this set 1s then used as a model by

which the aforementioned sensor-specific noise can be

estimated 1n a cross-validated sense. Here cCcross-
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validation means that each channel 1s separately left

F

out from the model and the data and then the signal o:

the channel under 1nvestigation 1s estimated by inter-

polating 1ts signal from the neighbouring channels
through the signal model. However, 1n order to achieve

a reliable and generally applicable cross-validation

based sensor noise and artifact suppression algorithm,

one has to be able to construct a linearly independent

ﬁ

n-dimensional general model for the signal of 1nterest

1n such a way that n < N 1s always true. Statistica.

H

means alone do not guarantee applicability of such an

approach.

Another possible application related to pre-

sent 1nvention may be high-T. MEG, 1.e. high tempera-

ture superconductors 1n MEG. It 1s well known that

changing from 1low-T. (e.g. niobium) SQUID technology

to high-T. SQUID technology 1n MEG would greatly re-

duce the running costs 1f the MEG device could then

1implement simplified cryogenic technology. The basic

factor preventing such development so far has been the

considerably higher sensor noise 1in the high-T. SQUIDs
(“J. Clarke, A.I. Braginski (eds.) The SQUID Handbook,
Vol 1, Fundamentals and Technology of SQUIDs and SQUID
Systems, Wiley VHC, 2004”). The method of the present

invention will reduce this sensor noise by roughly a

factor of square root of N. This enables construction
of a useful high-T. based MEG system 1f N = 200 .. 300.

The n-dimensional signal basis described

above for MEG and MRI applications 1s not an orthogo-

nal basis 1n the N-dimensional signal space. There-

fore, the linear operation needed to convert the rec-
orded N-dimensional signal vector 1nto the I —
dimensional physical representation becomes 1ncreas-
1ngly unstable numerically, when n approaches N. This
tends to 1ncrease noise 1n the n-dimensional represen-

H

tation of the physical signal and thus counteracts the
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H

intended noise reduction. To reduce this effect, the

ratio n/N must be kept as low as possible. This means

ﬁ

that ample spatial oversampling of the neuromagnetic

H

field 1s necessary for successful application of the

ﬁ

method described here. The number of channels, N, must

H H

clearly exceed the number of magnetic degrees of free-

dom (field shapes) that are 1ncluded 1n the physical

- -

model. This number of degrees of freedom 1n MEG geome-

try has been shown to be about 15 + 80 (external 1in-

terference + neuromagnetic field shapes), see “Taulu

H

S., Simola J. and Kajola M.: Applications of the Sig-

nal Space Separation Method. EE Trans. Sign. Proc.
53 (2005) 3359-3372".

In addition to spatial oversampling, the ad-

verse effect of the numerical 1instability of the re-

qulred matrix 1i1nversion (pseudoinversion because n <

N) can be controlled by doing the i1nverse operation 1n

an optimally smooth manner. One method to achieve this

F

1s described by Manus Foster 1n “An Application of the

Wiener-Kolmogorov Smoothing Theory to Matrix Inver-

sion, J. Soc. Indust. Appl. Math., volume 9, no. 3,

September 1961”. Foster utilizes the sensor covariance

estimate 1n a linear model, and 1t 1s an elegant regu-

larization algorithm for matrix 1nversion which re-

qulires a good estimate for the sensor noilse covari-

ance. This covariance estimate describes the sensor

nolse and artifacts 1n a statistical manner and 1ts

maln purpose 1s to stabilize the matrix i1nversion used

1n decomposing the measured multichannel signals 1into

I

the basis components of the signal model.

H

In any realization of a multichannel MEG de-

i

vice, with all the sensors 1n 1mmediate vicinity of

ceach other (meaning Y“Yample spatial oversampling”) and
provided with modern and compact electronics, there
are numerous mechanisms that enable complicated and

unpredictable noise correlation. The best way to reli-
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ably estimate noilise correlation within an MEG device

F

1s to determine this correlation from the data 1tse.

This means that the signals must be recorded over a

H

frequency band wide enough to enable separation of the

nolse correlation from the correlation that exists 1n

the neuromagnetic or environmental magnetic signal.

Therefore, 1n addition to spatial oversampling, also

ample temporal oversampling, by far exceeding the 1n-

teresting signal band (0 - 600 Hz), 1s needed to ena-

H

ble reliable separation of sensor noise from neuromag-

H

netic signal, and estimation of noilse correlation,

which then allows an optimally smooth pseudoinversion
on the [(n+l) x N] matrix. Without such optimization,
the advantage gained by removing the 1ndependent sen-
sor nolse could be partly or completely masked by the

ﬁ

1ncrease 1n nolse due to numerical 1instability of the

matrlx 1nversion operation.

In order to describe the present 1nvention 1in
a more precise manner, a mathematical approach 1s next
discussed. This mathematical approach 1s technically
G,

wEG and MRI applications, and 1t 1s thus only an anal-

F

linked to the multichannel measurements of the M

L]

vsls tool for suppressing artifacts and noise from the
1individual measurement channels. As said already

above, the present 1nvention 1s based on utilization

H H

of spatial oversampling of the detectable features 1n

a multichannel measurement and further enhanced by

H

utilization of temporal oversampling for accurate es-

H

timation of random nolse covariance patterns. Spatial

H

oversampling means here that the number of measurement

F

channels substantially exceeds the number of degrees

H
p—

of freedom, where the degrees of freedom represent

-~
)

 fferent field shapes 1included 1n the physical model

of the measurement arrangement. Temporal oversampling

means here that signals are measured on a substantial-
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ﬁ

ly wider frequency band than the frequency band of the

H

useful signal.

More specifically, the mathematical algorithm

can be described as follows. Let us first denote the

general multichannel model as

M A $ 8 (1)

where m 1s the N-dimensional i1nstantaneous measurement
signal with each element corresponding to one i1ndivid-
ual channel, A 1s the [N x n] —-dimensional signal mod-
el, x 1s the n-dimensional amplitude or coordinate

H

vector corresponding to the components of A, and n

corresponds to the measurement noise, 1.e., any signal
not related to model A. First of all, A will be devel-

oped 1n such a way that 1t always covers all degrees

H H

of freedom 1n the actual detectable signal of 1nter-

est, so that only sensor nolse and measurement arti-

facts fall 1nto n. To meet this goal, A should be

physically general and as 1nsensitive to calibration

errors as possible. It 1s previously shown 1n the case

of MEG application that such a physical model exists

and 1t can be furthermore divided geometrically 1nto

the 1nternal, containing the human brain, and exter-

— 1

nal, only contailning interference fields, parts as:

- T A N )
..:'% hadd {555&3 .»*v:w:‘} (2 )
er MY

This model 1s called as the signal space separation

(SSS) model and 1t has been shown to be linearly inde-

pendent for any practical multichannel sensor array.

To further 1improve the 1nsensitivity to calibration

errors, so-called empty room signals without any sub-

jJject may be measured, perform a statistical analysis,

typically the principal component analysis (PCA), and
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H

add any deviation of the dominating PCA components 1n-

to the computational i1nterference part as

o —a" rey \v_._
PR {33{{_{:@‘} (3)

where 0 stands for such a deviation (see patent appli-

cation FI 201057069). In the present 1nvention, the
model 1s further modified to 1nclude i1ndividual sensor
noise and artifacts. It 1s assumed that the model A
spans all signals of 1interest and a model for the 1in-

H

dividual signal of the 7:th channel 1s added 1n the

following wavy:

~%§“1f¥%} (4)
where u. 1s a unit vector having 1ts only non-zero el-
J
ement on channel 7. Thus, u. corresponds to a signal

J
that 1s only seen on channel 7 and that cannot be es-

H

timated from the signal of any other channel. Now, eqg.

(1) transforms 1nto

S N
§ 3 : (5)
where xj = [x; nj] and nj 1s otherwise as n but the
J:th element of nj 1s zero. By solving for X 1n eqg.

(), an estimate can be achieved for the 1ndividual

H
p—

signal of the 7j:th channel as the time-dependent vari-

able nj(t), which 1s the last element of vector xj acC-—

cording to eqg. (9). It 1s straightforward to show that

this operation 1s mathematically equivalent to an al-

gorithm resembling cross-validation, where one can

solve for x from eqg. (1) by leaving out the 7:th chan-
nel from m and A and then calculate the estimate nj(t)
Dy
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Y
where x F (t) stands for the estimate of x(t) without
the contribution of the 7j:th channel and aj 1s the
J7:th column of the model A. In this way, the 1ndividu-

I

al artifactual activity of the 7j:th channel will show

up as the deviation given by the time-dependent varia-

ble nj(t).

—

The accuracy and reliability of sensor noise

suppression 1s determined by the completeness and gen-

F H

erality of the model A as well as the stability of ma-

trix 1nversion needed to solve equations (1) or (95).

It 1s shown before that in MEG, and probably 1n many

other multichannel modalities, such a comprehensive

model can be found. Furthermore, 1t 1s shown here that

che cross-validation approach 1s equivalent to using
orthogonal unit wvectors uj, which enables us to model

the 1ndividual sensor activity for each sensor one by

one by using egs. (1) or (5) without any overlapping

between the contributions of the sensor models (uj-uk

H

= 0 for 7 # k). Finally, 1t 1s noted that 1f we also

H

have temporal oversampling of the signal, 1.e., our

H

sampling frequency 1s much higher than the signal of

interest to be modelled by, we can calculate a relia-

ble estimate for the nolse covariance matrix from the

ﬁ

high end of the frequency contents of the signal so

H

that we do not accidentally include the signal of 1in-

terest 1n the covariance estimate. The covariance can

be readily used 1n Foster's optimal 1nverse operation

i

for a more accurate solution of eg. (1) or (5). The

covariliance estimate can be calculated even with the

H

signal of 1nterest present 1n the measurement, provid-

ed that we have temporal oversampling, because 1t can

be mathematically proven that a covariance calculated

F

from difference vectors between subsequent samples

leads to a noise covarlance correspondiling to the true

H

white noise covariance multiplied by a factor of two.
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H

ference

Here temporal oversampling means that the dai:

ﬁ

vectors do not contain the signal of 1nterest as 1t

F

cancels out 1n the subtraction of two temporally close

samples.

In order to describe the physical arrangement

and situation 1n real-life magnetic field measure-

ments, Figure 1 1s now referred and discussed. The ob-
ject to be measured 1s a human head 10 1n which the

brain 11 produces signals which are 1nteresting. An

interesting source 12 produces 1nteresting magnetic

fields 13 originating 1in the brain 11. The MEG meas-

urement device and especially the control electronics

1s shown 1n a simplified form as 17. The measurement

H

channels represented by a plurality of measurement

ﬁ

sensors 1l4a-f (only the first and fourth ones are

H

marked i1n the figure for simplicity, and of course the

F

total number of six sensors 1s only a simplified case

H

of the actual measurement arrangement comprising usu-

H

ally several hundreds of sensors) are located e.g. as

a helmet formation around the patient’s head 10. All

H

measurement sensors 14a-f are connected to the control

H

electronics 17. The control logic of the system com-

prising a processor, memory and all other analysis

tools are comprised 1n the MEG measurement device 19,

connected to the control electronics 17 and the meas-

ﬁ

urement sensors 14a-:

H

The raw signal collected by a sensor 14d of

H

the MEG device 1s a superposition of three contribu-

tions or signal types: The first one 1s formed by the

interesting neuromagnetlic signals represented by 13.

The second one 1s generally all noise and 1nterference

from the environment, shown 1n the figure by large-

capacity line 16, creating magnetic interfering field

H

15. The third kind of signal 1s relevant to the pre-

sent 1nvention; these are formed by the artifacts 18

related to an 1ndividual sensor 14d and 1ts electron-
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1ics 17. The SSS method 1s capable to separate the

fields 13 of the interesting magnetic sources, and the

H

fields 15 of the 1nterfering magnetic sources 16. The

present 1nvention 1s further capable to separate the

artifact 18 relating to the sensor 14d, and remove 1t

from the magnetic field signal measured by sensor 14d.

This 1s performed by the algorithm disclosed above 1in

detail, run by the processor 1n the MEG measurement
device 19. The results with much better S/N ratio can
be seen 1n Figure 3.

H

Figure 2 1llustrates a flow <chart of the

H

method according to an example of the 1nvention. At

first, the measurement arrangement 1s set up, by put-

ting a measurement helmet comprising sensors around

the patient’s head, for example. In one example, the

arrangement comprises 306 measurement sensors. The raw

signal 1s recorded 21. At first, an n-dimensional

“magnetic subspace” followling SSS analysis according

to prior art 1s set up 22. The SSS method separates

the 1nteresting magnetic sources from the i1interfering

magnetic sources, the first ones locating inside the

measurement helmet, and the others clearly outside the

measurement helmet, usually outside the measurement

ﬁ

room, too. The number of magnetic field shapes repre-

senting the interesting signals 1s 1n one example 80,

H

and the number of magnetic field shapes representing

the 1nterferences signals 1s 15, for 1nstance. There-

fore, the subspace 22 1s 1n this example a 95*300 ma-

trix representing all signals originating from magnet-

1C sources.

H

After this step, the artifact analysis of the

invention 1s started by forming a combined basis by

H

adding m vectors of type (0,0,0,..,1,0,0,..,0)" to the

n-dimensional subspace 1n order to model artifacts and

1ndependent channel noise 23. The combilination 1s made

I

according to equation 4. In this example, the size of
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this wvector 1s 306*1, and 1n case figure 2 would be

ﬁ

would be the fourth element of

N\ 7/

concerned, element

the vector (k = 4 1n that case). In the following step
24, the recorded N-dimensional signal 1s decomposed
into n+m components 1n the combined basis. Finally,

the components corresponding to the m added wvectors

are subtracted from the raw signal 25.

ﬁ

Figures 3a and 3b 1llustrate two seconds of

H

data from an MEG recording of human somatosensory re-

sponse. Signals from six MEG channels are shown. The

F

v-scale of the figures 1s 1llustrated by a vertical

H

segment of a line whose length 1n this case 1s 200

fT/cm. In Figure 3a, there 1s the original recorded

raw data. In Figure 3b, the same signals after pro-

H

cessing the data with the method of the present 1nven-

tion are 1llustrated. The two somatosensory responses,

ﬁ

simultaneously seen 1n five of the six channels, are

clearly seen 1n the processed data. Only the sensor

nolse 1ntrinsic to each channel has been removed 1n

this case. The reduction 1n random sensor nolise 1S

H H

about a factor of five. Most of the wvariation of the

F

signals outside of the somatosensory response periods

1s from ongolng spontaneous brain activity 1ndependent

from the somatosensory stimulus.

The present 1i1nvention can even be applied 1in

— 1 —

analyzing Gallup results of di

H

‘erent kinds of polls

where gathered results represent the opilnions other-
wlise realistically, but there are some peculiar re-

sults which can be clearly regarded as not real opin-

1ons. Such opinions can be regarded as artifacts which

need to be cleared from the results 1n order to
achieve much more reliable poll result.

With using the present 1nvention, Sensors
with higher noise characteristics may be used. Fur-
thermore, superconductors applied 1n higher tempera-

tures may be used 1n the used sensor technology. This
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F H

releaves the requirements of cooling of the sensors,

because higher temperatures are possible. The present

invention 1s thus capable to reduce artifactual noise

from the sensors by applyving the presented method for

all channels, one channel at a time by going through

the algorithm with for all wvalues k = 1, .., N regard-

1ng the unit vector combining procedure.

Thus, the most 1mportant advantage of the

present i1nvention 1s that the artifactual nolse 1n the

H

set of measurement channels can be clearly reduced,

1improving the overall gqualility 1n analyzing the biomag-

netic signals. Furthermore, the presented method 1is

F

broadly applicable 1n many different applications,
comprising multichannel magnetoencephalography, elec-
troencephalography and magnetic resonance 1maglng
measurements.

Furthermore, as practical application tar-

F

gets, patients with concussion of the brain or epilep-

ﬁ

"1clent results when the multichannel

sy will have e

ﬁ

measurements are applied to them and the algorithm of

the present i1nvention 1s therewith applied.

F

The steps of the method presented for the 1n-

vention can be carried out 1n applicable parts as a

computer program that can be run on the data pro-

cessing logic of the MEG device, the EEG device or the

MRI device 1.e. typically on the processor of the de-

vice. The device may 1nclude a memory or other storage
medium wherein the computer program, the data input

and other parameters required by the method and the

results obtained from the measurements can be stored.

The 1nvention 1s not limited merely to the

exemplifying embodiments referred to above; 1nstead,

H

many variliations are possible within the scope of the

inventive 1dea defined by the claims.
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CLAIMS

1. A method for recognizing and removing un-
desired artifacts in at least one measurement channel
of a multichannel magnetic field or electric potential
measurement, wherein a measurement device comprises a
set of N measurement sensors and a data processing
logic, and wherein the method comprises the step of:

generating a basis defining an n-dimensional sub-
space of the N-dimensional signal space, where n is
smaller than N, using in the definition of the n-di-
mensional basis a physical model of a Signal Space
Separation method, or a statistical model based on the
statistics of recorded N-dimensional signals;

characteri1zed in that the method

further comprises the steps of: '

- forming a combined (n+m)-dimensional basis by
adding m signal vectors to the n-dimensional ba-
s1s, each of these m signal vectors representing
a signal present only in a single channel of the
N-channel device,

- decomposing the recorded N-dimensional signal
vector into n+m components i1in the combined basis,
and

~ sSubtracting from the recorded N-dimensional sig-
nal vector the components corresponding to the m

added vectors in the combined basis.

2. Method according to claim 1, charac-
tLeri1zed 1in that,

recording the signal at a spatial sampling
‘rate exceeding the highest spatial frequencies in the

signal of interest, so that n+m is smaller than N.

3. Method according to claim 1, charac-

teri1zed 1in that,

CA 2862189 2018-01-12
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addlng only one basis vector, representing
the signal i1n thls one channel only, to the n-dimen-

sional basis, where m 1s equal to 1.

4. Method according to any of the claims 1 -
3, characterilzed 1in that,

repeating the decomposition of the recorded
signal into the n+l components in the combined basis N
times, using as the one additive basis vector a vector
correspondlng to each one of the channels at a time,
and

subtracting the N signal components corre-
sponding to the additive basis vectors in each decom-

position from the original data.

5. Method according to Qlaim 1, charac-
terized 1in that,

stabilizing numerically a solution of a lin-
ear problem related to the decomposition of the N-di-
mensional signal into the n+m components by using the
Wiener-Kolmogorov method described by Foster or by any

simlilar regularization method.

6. Method according to claim 5, charac-

terized 1n that,

estimating statistical correlations of the

sensor nolse between the N channels, which correla-
tions are needed in the numerical regularization
method, from differences between consecutive samples

in the recorded signals.

/. Method according to claim 6, charac-
terized 1n that, |

estimating the statistical correlations of
the sensor noise between the N channels from the cor-

relations 1n high-pass filtered recorded signals.
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8. Method according to any ¢f the claims 5-7,
characterized 1n that,

recording the signal at a temporal sampling
rate exceeding the highest frequencies 1n the signal

of 1nterest.

9. Method according to claim 1, charac -
terlzed 1in that the steps of forming, decomposing
and subtracting are realized by a cross validation
method where the signal of m channels are derived from
the signals of the other N-m channels based on the n-
dimensional physical model, or based on the n-dimen-
sional statistical model of the original N-dimensional

signal.

10. Method according to any of the claims 1-
9, characterized in that,

applying the method to recordings made by a

multichannel magnetoencephalography (MEG) device.

11. Method according to any of the claims 1-
9, characterized 1n that,

applying the method to recordings made by a

multichannel electroencephalography (EEG) device.

12. Method according tc any of the claims 1-

9 characteri1zed 1n that,

applying the method to recordings of magnetic

resonance signals obtained by a multlichannel MRI de-

vice.

13. A multichannel measurement device ar-

ranged to recognize and remove undesired artifacts in
at least one measurement channel of a multichannel
magnetic field or electric potential measurement,

wherelin the measurement device comprises
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a sct of N measurement sensors; and
a data processing logic, which 1s arranged to
generate a basis defining an n-dimensional sub-

space of the N-dimensional signal space, where n is
smaller than N, using 1n the definition of the n-di-
mensional basis a physical model of a Signal Space
Separation method, or a statistical model based on the
statistics of recorded N-dimensional signals;

characterized 1n that the data pro-
cessing logic is further arranged to:

~ form a combined (n+m)-dimensional basis by adding
m signal vectors to the n-dimensional basis, each
of these m signal vectors representing a signal
present only in a single channel of the N-channel
device,

- decompose the recorded N-dimensional signal vec-
tor i1nto n+m components in the combined basis,
and

- sSubtract from the recorded N-dimensional signal
vector the components'corresponding to the m

added vectors i1n the combilned basis.

14. A computer program for recognizing and
removing undesired artifacts in at least one measure-

ment channel of a multichannel magnetic field or elec-

tric potential measurement, wherein a measurement de-

vice comprises a set of N measurement sensors and a
data processing logic, and wherein the computer pro-
gram comprises program code which, when run on the

data processing logic, 1s arranged to execute the step
of:

generating a basis defining an n-dimensional sub-
space of the N-dimensional signal space, where n is
smaller than N, using 1n the definition of the n-di-

mensional basis a physical model of a Signal Space
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Separation method, or a statistical model based on the

statistics of recorded N-dimensional signals;
characterized 1n that the computer

program 1s further arranged to execute the steps of:
- forming a combined (n+m)-dimensional basis by
adding m signal vectors to the n-dimensional ba-
sis, each of these m signal vectors representing
a signal present only 1n a single channel of the

N-channel device,

~ decomposing the recorded N-dimensional signal
vector into n+m components 1n the combined basis,
and

- subtracting from the recorded N-dimensional sig-
nal vector the components corresponding to the m

added vectors 1n the combined basis.

15. The computer program according to claim

14, characterized 1in that the computer pro-

gram 1s stored on a medium readable by the data pro-

cessing logic.
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