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Measurement of external magnetic fields provides information on electric current distribution inside
an object. For example, in magnetoencephalography modern measurement devices sample the
magnetic field produced by the brain in several hundred distinct locations around the head. The
signal space separatiof8SS method creates a fundamental linear basis for all measurable
multichannel signal vectors of magnetic origin. The SSS basis is based on the fact that the magnetic
field can be expressed as a combination of two separate and rapidly converging expansions of
harmonic functions with one expansion for signals arising from inside of the measurement volume
of the sensor array and another for signals arising from outside of this volume. The separation is
based on the different convergence volumes of the two expansions and on the fact that the sensors
are located in a source current-free volume between the interesting and interfering sources.
Individual terms of the expansions are shown to contain uncorrelated information of the underlying
source distribution. SSS provides a stable decomposition of the measurement into a fundamental
device-independent form when used with an accurately calibrated multichannel device. The external
interference signals are elegantly suppressed by leaving the interference components out from the
reconstruction based on the decomposition. Representation of multichannel data with the SSS basis
is shown to provide a large variety of applications for improved analysis of multichannel data.

© 2005 American Institute of PhysidDOI: 10.1063/1.1935742

I. INTRODUCTION channel measurement devices comprising spatially distinct
sensors designed to obtain representative measurements of
Measurement of magnetic fields has established an inthe biomagnetic field. The finest geometric details of the
valuable role in studies of electromagnetic phenomena. Tomagnetic field, however, decay rapidly as a function of dis-
day, superconducting quantum interference de¥®@UID)  tance from the source and only relatively coarse features ex-
sensors provide generally the best sensitivity in recordings ofeed the noise level of the sensors located farther than
very small magnetic fields, such as the biomagnetic signalg—4 c¢m from the skin. Consequently, the number of degrees
associated with normal and pathological functions of excitof freedom of measurable MEG signals is less than %00,
able cells in the human bodi~10"°-10"T).* SQUID  pyt increasing the number of sensors beyond that provides
sensors are typically operated in liquid heliu# K),” but  oversampling and statistically reliable data. The high number
also high-temperature superconduct¢t80 K) have been of channels of the modern measurement devices encourages
applied in some biomagnetic studie®ecent development to compress the measured data into basic components which
of other sensor technologies, such as magnetoresistivgontain all information derivable from a measurement and
elementdand optical magnetometetias improved the sen- are suitable for various signal processing and data analysis
sitivity and opened exciting possibilities for detection of very tgsks.
weak magnetic fields. The multichannel measurements are discretizations of
In many applications the magnetic field is detected withthe field and can be presented as signal vectors comprising
one or few magnetic sensors. However, there are applicahe measured values of all channels. Therefore, it is natural
tions, such as studies of the sources of biomagnetic signatp discretize also the magnetic field by a truncated basis
outside of the heafinagnetoencephalograpiylEG)] or the  function expansion with terms sorted by increasing content
thorax [magnetocardiographyMCG)], where simultaneous of fine detail. By starting from the coarse features of the field
recordings at multiple sites are necessafhe number of  and advancing towards finer details with increasing order of
SQUID sensors in Commercially available magnetometer@xpansion, we can exp|ain any measurable signa| of mag-
covering the whole head is over 250. In principle, also othehetic origin with a fewer number of basis functions than
sensor types referred to above could be applied in the mukhannels of modern multichannel devices. In this way, a fun-
tichannel biomagnetic studies. damental linear model with suitable basis vectors spans all
In MEG and MCG, the electric current distributions in measurable Signa's of magnetic Origin_ Consequenﬂy' any
the body are examined by measuring the magnetic field ouineasured signal vector can be uniquely decomposed into
side of the subject. These studies are usually done by multjevice-independent components corresponding to these basis
vectors.
¥Electronic mail: samu.taulu@neuromag.fi In this paper we present the signal space separation
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(SSS method which restricts the measured signals into aidual interference inside the shielded room suffer from
signal subspace spanning all measurable signals obeyirgirong and sometimes false assumptions about the magnetic
Maxwell’s equations. We formulate the SSS basis for thefields. Ideally balanced gradiometer coils provide perfect
guasistatic approximation which allows to express the magshielding against homogeneous fields but fail to compensate
netic field as the gradient of a harmonic scalar potential. Wéor more complex fields. The reference channel method as-
also show that the magnetic field can be expressed as a comumes that any interference seen by the signal channels can
bination of two separate expansions, with one expansion fase modeled by a small number of reference channels at a
signals arising from inside of the measurement volume of thelistance from the subject where they are sensitive to the
sensor array and another one for signals arising outside éterference only. In contrast, the PCA-based SSP method
this volume. The separation is based on the different converalculates the dominant interference signals using the signal
gence volumes of the two expansions and on the fact that thehannels themselves leading to a reliable interference re-
sensors are located in a current-free volume between the imoval method free of distortions caused by inaccurate cali-
teresting and interfering sources. bration or geometry information. However, the statistical
In the case of vector spherical harmonics, individualmethods do not perform ideally in situations where the inter-
terms of the expansions are shown to contain uncorrelateférence patterns differ from the interference subspace prede-
information of the underlying source distribution. termined by the statistical analysis. SSS provides a more
SSS improves and facilitates signal processing angobust and reliable interference suppression method as com-
analysis of multichannel MEG data dramatically. The pared to the previous methods because it suppresses an arbi-
method elegantly solves the basic problem of biomagneti¢rary external interference of magnetic origin with minimal
measurements: suppression of the external interference witissumptions. With SSS one does not have to know anything
out distorting the inherently weak MEG signals. Further-ahout the interference sources or dedicate any channels as
more, it provides, e.g., a simple and robust method to comreference channels.
pensate for signal distortions caused by movement of the Movement-related distortion of the data has traditionally
subject possibly having magnetic impurities attached on th@een considered as one of the major inherent limitations of
head and the body, to measure physiological dc, and to calthe MEG method. Many subjects, such as small children or
brate the sensors with a very high accuracy. The basic vect@ome of the patients, may continuously move their head dur-
components decomposed from the measured signals can pgy the measurement. The movement distorts the measured
used for simpler and more efficient source modeling than thgjgnal and sometimes makes data analysis impossible if no
raw measurement values of the channels. We show this biyovement compensation is done on the data. Furthermore,
expressing the components in the lead field form comparablgyen small magnetized particles attached to the head cause
to the lead field form of the channels presented in Refs. 5, aarge artifacts when moving with respect to the sensors.
and 9. These artifacts are typical, e.g., for patients with minor im-
The purpose of this paper is to present the theoreticghrities left from instruments used in brain surgical opera-
foundation of the SSS method. Comprehensive practicgigns.
demonstrations sh%wing the success of SSS are presented in e problem caused by movement can be solved by us-
another publicatior: ing the minimum norm estimat&as a source mod&l for
transforming the measured signals to correspond to a refer-
ence head position. The device-independent components of
SSS are a similar source model with the benefit of modeling
A typical biomagnetic recordinigis a superposition of also the external interference signals. Furthermore, the har-
signals produced by the biomagnetic sources, external intemonic basis functions of SSS are faster to compute than the
ference sources, and unidealities of the measurement devidead fields needed with the minimum norm estimate. As a
Particular care has to be taken to eliminate the interferencasonsequence, SSS can be used as an efficient movement-
as they are generally several orders of magnitude strongeorrection method with no distortions caused by external in-
than the biomagnetic signals and may severely disturb thesrference.
data analysis and the inherently difficult source modeling  Also, the magnetized impurities are static objects in the
task. coordinate system of the head and appear as static compo-
Because of the aforementioned problems, several intements in the SSS decomposition. Therefore, the movement
ference reduction or removal methods have been developedrtifacts can be eliminated from the movement compensated
The interferences can be suppressed either by hardware data by removing the dc component with a simple base line
software methods or by a combination of them. The mostorrection thus allowing for examinations of an important
common hardware methods include magnetically shieldegatient group so far excluded from MEG.
rooms™ =13 gradiometer coils? and reference channéfs. Measurement of dc or near dc has been difficult with
Some of the best-known software methods are based on sigenventional MEG because of the ambiguous response of the
nal statistics, such as the signal space projed88P com-  SQUID to static fields and because at low frequencies the
bined with the principal component analySiSPCA) and  external interference signals dominate. The physiological dc
methods based on the independent components analygibenomena can be recorded by movement modulation caus-
(ICA).Y ing the dc signals to appear as time-varying MEG signals.
All of the compensation methods used to reject the rePrevious solutions to measure these signals have included

II. BASIC PROBLEMS IN BIOMAGNETIC STUDIES
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mechanical modulatidl by additional instrumentation de- 1(| m)!

signed to produce a well-defined movement pattern taken Yim(6,¢) = - (+m)! Pim(cosg)e™® (4)

into account in extracting the dc signals. By means of SSS,

however, dc measurements can be done as easily as aisythe normalized spherical harmonic functid®,,(cosé) is

MEG measurements. The SSS-based dc measurements tke associated Legendre function, andenotes imaginary

quire the subject to move the head with no predefined freunit. Importantly, expansion¥,(r) and Vg(r) correspond

guency or movement pattern. By calculating the deviceseparately to source location$ with r’<r andr’>r, re-

independent SSS components of the time differences of thepectively. In this paper, the primed coordinates always refer

signals, one can extract the dc components and, in additiong the source volume.

get rid of the external interferences. The corresponding expansion for the magnetic fi&{d)
In contrast with most signal space methods, SSS reliesan be derived using Egél) and (3). Let us start from the

on the knowledge about the sensor geometry and calibratioexpansion

coefficients. Reconstruction of the signals is free of bias only w

if the geometry and calibration are known precisely. In the B =- oS S o [Ym(@, @)}

absence of random noise, any deviation of the measured sig- 120 m=—I m ri+1

nal from the SSS-based expansion is caused by our incom- o |

plete knowledge about the sensor array. The portion of the _ vIr'Y. (6 5
deviations caused by uncorrelated sensor noise is normally “OZ:', g_, Bim V [Yim(6: )] ®)

distributed with zero mean and thus statistically separable

from systematic calibration errors. Using SSS, the systeri\Pplication of the gradient operatt gives in spherical co-
can be calibrated to extremely high precision by finding theordinates
calibration parameters that minimize the deviations and bring Yim 1

the system to consistency with Maxwell's equations. No ( ) er{ I+ )Yime +
probe with precisely known geometry is needed, and the in-
sufficient knowledge on probe geometry does not result irand

Nim imYIm
€ -
a0 siné@

I.|+1 e(p:| (6)

bias of the calibration parameters.
V({r'Ym) = (IY er+% L IMYin, ) (7)
I Im 90 0" sing ¢)
I1I. HARMONIC BASIS FUNCTIONS FOR SCALAR wheree,, e, ande, are the orthogonal unit vectors in the
AND VECTOR FIELDS spherical coordinate system and argumefitand ¢ have

_ o _ _ ~ been left out to simplify the expressions. The angular depen-
The devices used in biomagnetic recordings comprisgience of Eqs(6) and (7) can be expressed by the modified

sensors located in a source-free volume. Furthermore, thgactor spherical harmoniag (6, ¢) and w,(6, ¢) (see Ap-
quasistatic approximation of Maxwell's equations is pendix A leading to

]ustlfleo6 2L and thus the field recorded by the sensors is a

radient of a harmonic scalar potential, Vim(6, ¢)
¢ P B(r) __MOE E Xm Im|+2
B=-uoVV, (1) 1=0 m=-
[
where ug is the permeability of vacuum andl satisfies ‘Moz 2 Bt Leon(6, ) = Ba(r) +B4(r).
Laplace’s equation, 1=0 m=—
V2V=0. (2) (8

'Ia'lhus the magnetic field, derivable from a harmonic scalar

otential, can be expressed as an expansion of orthogonal

armonic vector fields with the same expansion coefficients

gs in Eq.(3).

Let us now express the multipole momemis, and 8,

with the vector spherical harmonic functiofy,,(6,¢) (see
appendix A. The relation betweemy,, and the underlying

' Yo (6,0) current distribution is given 15§

m

V(r) = E E Am™ 51 rl+1 +E E Blmr Yim(6, ) -1
f r/IYrm(arl(Pr)V/

1=0 m=-1 1=0 m=-| =
" @+10+1)),

= V,(r) +Vpg(r). )
! ! !
Throughout this paper, we use complex-valued functions to X Jin(r )l ©
keep the calculations as compact as possible. However, onehere prime refers to source volume, asterisk indicates com-
could also use, e.g., the real-valued even and odd sphericplex conjugate, and;,(r’) is the current distribution in the
harmonicé*?® as the starting point or change from complex volume withr’ <r. Using basic vector identities, the inte-
to real representation at any point. Here grand of the above equation can be transformed into form

This potential can be expressed as a linear combination of
complete set of basic solutions of Laplace’s equations. Fo
example, with typical multichannel MEG devices it is prac-
tical to use spherical coordinates in which case the solutio
of Laplace’s equation can be expanded in spherical
harmonics?',z'23
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r’ xV’[r"Yfm(e’ ,@©')]-Jin(r"). On the other hand, the angu- e |
lar momentum operator encountered in quantum mechanics J(r) = >, > Ciim(r), (16)
is given Dby L’=-i(r'xXV’) leading to inte- =0 m=—|

grand (1/)L""r"'Y, (0, @") - Jin(r)=(L/DF''L""Y, (6", ¢")
Jin(r )= I+ D)X,,(6',¢") - din(r)  with the last
equality being based on E@A5). Thus, Eq(9) gets the form Toim(’) - 3(r)dv
Cm= H ! H ’ 7! (17)
i [ f | ™ () T )dy
A = — | X (0,¢") I (rHdv . (10)
mTA+1 N I+1 v m " where we can choosg,(r)=A,(r). Similar expression us-

i B -
Consequently, the relation between the current distribu!"9 Bim and Ajp,(r) holds for the external sources and, con

tion and an individual multipole moment is of the lead field- sequently, the total current distribution can be expanded as

like presentation,

where an individual expansion coefficient is given by

* I r\ |
r *
In(r=2 2 a.mw(R—) Xim(6',¢"), (18)
1=0 m=-1 @
a|m=f,)\ﬁn(f’) Jin(r)dv’, (11)
v where R, is the radius of the sphere including all sources

H !
. . ) <
where, in analogy to the conventional lead fields, with r* <r and

[+1 1
w s I o N = =12+ D2 +3)\/ — =3, (19)

A(r) = a+1 Vi 1r Xim(6,9). (12 I R,

, ) and
These lead fields are orthogonal over a spherical volume

with radiusR, o R\

Joulr") = E ﬁlm”ﬁl(?‘?) Xm0 1), (20)
1=0 m=-1

f Nim(r) - Ay(r)dv
v whereR; is the radius of the sphere excluding all sources
with r’>r and

R
o J r*t2dr f Xim(0,0) - X (6, )dQ
Q

|
;I+L+3 Na=i(2+1)(1-2)4/ mR'B_Z. (21)

= %omwm- (13

I+L+3 Note that the estimates for the current distribution are not
unigue as they are always strictly tangential with respect to
the chosen expansion origin. Because of the ambiguity of the
magnetic inverse problem, it is impossible to describe all
internal degrees of freedom of the source distribution based
on the measured multipole moments. One way to character-
ize the ambiguity is to consider the silent terms of the Taylor
expansion of the scalar potent‘l"{‘iil?7
,B,m:J A7) - Joudr v, (14 Finally, by using the orthonormal vector spherical har-

v monics V,=v,//(1+1)(21+1) and W=,/ 1(21+1)

and comparing Eqg8), (11), (12), (14), and(15), a useful
alternative formulation for the magnetic field is found,

Here 6 means Dirac’s delta function.

The relation betweerB,,, and J,(r’) corresponding to
the source volume’ >r differs from that ofe,, and J;,(r ')
only in the radial part and therefoig,, has the lead field
form

with the lead field

i |+ 1X,(6,¢) o
B - Im
Nl = g N (19 BI) =102 X fin(r,ReJin)Vim(6,)
1=0 m=-I
Integration similar to Eq(13) implicates that also the lead e |
fields )\ﬁn(r) are orthogonal over a spherical volume. As a —,uoE > Im(1Re Jowd Wim( 6, ), (22
conclusion, the multipole moments,,, and B,,, are a com- 1=0 m=-

pact representation of the total current distribution as the)@vhere
contain orthogonal, nonoverlapping information, in contrast

with signals of the sensors measuring the magnetic field with | R, A
nonorthogonal lead fields. fim(r, Ry, Jdin) = VZI n 1J f (T) iXim(@, ")
o ’

The lead fields\j;(r) and)\ﬁn(r) allow us to expand the
total current distribution in an orthogonal basis with angular Jin(r)dr’dQ’ (23)
part X,,(6,¢). Let us first use a general st (r)} of or-
thogonal basis functions in an expansion and
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practical measurements containing noise, truncation With
=8 is sufficient even for these superficial sources as also
supported by experimental dathThis can be concluded
from the simulations in Ref. 10 showing that truncation-
based signal distortions of the order of those in Fig. 2 corre-
sponding tol =8 are insignificant with practical signal-to-
noise ratios of multichannel measurement devices. Similarly,
Fig. 2 shows the cumulative signal power corresponding to
Eqg. (24). In this case, the source consists of 100 dipoles in
free space evenly distributed on a spherical surface at a dis-
tance of 50 cm from the expansion origin. All other param-
eters are as in Fig. 1. Clearlyz=3 suffices for a good rep-

0.6

Cumulative signal power
o
o1

0.44

0.3

0.2

04 o resentation of these external signals.
1 2 3 4 5 6 7 8 9 10 1 As a practical example, consider the current dipole in a
! spherically symmetric volume conductor, which is a widely

FIG. 1. Cumulative signal power of the internal sources consisting of 1004Sed Source model i_n biomagnet%and de_ﬁned as a con-
current dipoles withr’=7 cm. The dot corresponds te=10 cm, x corre-  centration of the primary current to a single poidiy)

sponds tar=12 cm, and circle corresponds te 15 cm. =Qd(r -ry). In this model, the whole current circuit can be
describe(’)% by a triangle having two radial sides and one
[+1 [ P\t tangential side in such a way that the radial currents contain
Im(rReJow) = \/ o1+ lf J (F) iXim(0, ") the contribution of the volume currents and the tangential
' component is the primary curref@. From Eq.(11) we im-
Jour)dr'dQ’ . (24) mediately see that the contribution of the radial current van-

ishes provided that the expansion origin equals the origin of
Functions fi,(r,R,,Jin) and gin(r, Rz, oy can be used in  the conductor model. Then, by inserting Edjl) to Eq. (8),
estimating the error made by truncating the expansion of Egve get
(22) because they demonstrate that the individual terms of
the expansion decay 4s'/r)'*2 for sources withr’ <r and

-1 ’
as(r/r’)'~* for sources withr’ >r. Baipodr) = Moz / 2 r 'X|m(9 00)

As a quantitative demonstration of the significance of 02+1 1.
functions fi(r,R,,Jin) and gim(r,Rg,Jow), Figs. 1 and 2
show the normalized cumulative signal power for two hypo- ,QW_ (25)
thetical source current distributions as a functionl.oFor r
each value of, the signal power corresponding to E83) is
defined asySnfji(r,R,, Jin) with m=-I---I. In Fig. 1, the  This series-form solution, utilizing harmonic functions, pro-

source consists of 100 current dipoles evenly distributed on gides an alternative for the formula derived by Sarias.
sphere at a distance of 7 cm from the expansion origin in a
spherically symmetric conductor model and the signal power
has been calculated for three different values:d0, 12, and
15 cm. Asymptotic values indicate convergence, and for
IV. THE SSS BASIS

1 A. Harmonic signal space
5 095 The geometry of a typical neuromagnetic measurement
§ 09t is illustrated schematically in Fig. 3. Helg, and I, de-
g scribe the interesting and interference sources, respectively.
2 0.85; The harmonic potentials associated with these sources are
2 given in the different volumes by eith&f,(r) or Vg(r) ex-
©w 08 . L. P .
E pansions of Eq(3) as indicated. Specifically, in volume 3
3 075} where the sensor array is located the potential associated
with I;, is given by the expansiol,(r), and the potential
0.7y associated withl,, is given by the expansioWy(r). The
0.65L resolution between the interference and interesting magnetic
subspaces in the SSS method is based on this fact.
0.6 Let us define the signal vectoag, andb,,, as responses

! of the multichannel measurement device to the individual

FIG. 2. Cumulative signal power of the external sources consisting of 10(}(:""mS of the expansmrfs (I’) andBB r) in Eq. (8) Then any

current dipoles witr’ =50 cm. The dot corresponds te10 cm, x corre-  Measured signal vectog= [#1° - ¢n] corresponding toN
sponds tar=12 cm, and circle corresponds it 15 cm. channels can be expressed as a linear combination,

Downloaded 21 Jun 2005 to 130.233.180.156. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



124905-6 S. Taulu and M. Kajola

- -~

-
b Ry 1

d’—
.-
L.
L
.
’
,
’
1 ,
r
)
1 "=
A A
SN
. .
.
-
% w LT
‘
“
~
N
-

______

FIG. 3. Geometry of a typical neuromagnetic measurement including the
interesting source and an interference source. The origin is in the center. THE

figure was originally published in Ref. 33.

Lin | Lout |
¢:E 2 Om@ym + 2 2 Bimbim, (26)
1=1 m=-I 1=1 m=-|

provided thatl;, and L, are large enough. Here we have
excluded the components witkkO because they correspond

to magnetic monopoles which do not exist according to Max

well's equationV-B=0.

Equation(26) can be expressed in the compact matrix

notation,
Xin
¢=Sx=[S,Sul] " |, @7)
out
where
Sn=lar-1...a ] (28)
Sout=[b1,-1--br . ] (29)
Xin=[ay-1... aLinLin]Ta (30)
Xout=[B1-1++- BLyyLoy] - (31)

J. Appl. Phys. 97, 124905 (2005)

vectors only when the sensors are confined into a purely
spherical array and all the sensors are either strictly radial or
strictly tangentialsee Appendix B for a progf Thus, with a
practical sensor array satisfyidg>n, any measured signal
vector can be uniquely decomposed into the multipole mo-
ments containing separate amplitudes for the biomagnetic
and external interference signals. It is interesting to note that
measuring tangential components of the magnetic field en-
hances the resolution between the biomagnetic and external
interference signals.

B. Sensitivity of the SSS basis

This section describes the theoretical relations showing
how the SSS reconstruction is affected by random noise and
errors in the basis matrix. Practical demonstrations are given
in Ref. 10. In the following we assume that noise and mag-
tic signals are uncorrelated and have zero mean.

1. Noise

The noise sensitivity of the SSS basis depends on the
sensor configuration and noise level of the sensors. Let the
noise covariance of the device Bé=E[nn"], where E
means expectation and is the signal vector composed of
random noise. Furthermore, let the covariance matrix of the

expansion amplitudes in EQR7) be C,=E[xx"]. This cova-

riance is altered by the pseudoinveiS8ewhen the ampli-
tudes are estimated from the measured noisy dstap,
+n as the estimate &=S'¢=S'(¢y+n)=x+S leading to

E[XX"]= E[xx"]+ E[SThnT(S")T]=C, + SIN(SN.
(33

Thus, the noise increase is characterized by the term
S'N(S")T which combines the sensor geometry through the
pseudoinverse 08 and the sensor noise through the noise
covariance matrixN.

The SSS-reconstructed internal sigr{% is also af-
fected by sensor configuration and noise level. Let us define
the matrixP=[1 0], wherel is a[(Lj,+1)?- 1] X[(Lj,+1)?
-1]-dimensional identity matrix an® is a [(Ly,+1)%>-1]

X [(Loy+ 1)2-1)-dimensional null matrix. The®;,=PX and
&in:SnP% leading to covariance

Thus,S is the magnetic subspace, the SSS basis, spanning all
measurable magnetic signals, provided thgtand L, are
high enough, and it contains separate subspageand Sy, whereC,=S,,PC,PTS! is the covariance of the signal.
spanning the biomagnetic signals and external interference $m T Ein
signals, respectively. The corresponding multipole moments, ;..-~curate knowledge of the sensors
are contained in vectot.

It is easy to see from Ed26) that the dimension, the

El ] = Cy+ SnPSIN(SHTPTS], (34)

In contrast with sensitivity to random noise, inaccuracies

number of basis vectors, of the SSS basis is in the knowledge of the sensor geometry and calibration pro-
duce systematic bias to the SSS reconstruction. In a way, this

N=(Lin+ 1%+ (Loye+ 1)* - 2. (32 is a more severe cause of reconstruction errors than random

The fundamental requirement for the applicability of SSS igh0iSe as large systematic bias may significantly affect local-
the conditionN>n. Therefore, it is essential to estimate '2ation accuracy. Consequently, it is important to estimate the

lower bounds for the ordets,, andL,; capable of represent- amount of reconstruction bias as a function of geometry and

ing any present magnetic field, for example, by using Eqs?"""br""tion accuracy. ~
Let us assume a noiseless siggj=Sx and defineS

(23) and (24). > Seless
The SSS basis is linearly independent for practical sen=S'S and ¢,=S"¢,. ThenSx= ¢, and the estimated signal
sor arrays. In principle, the array has linearly dependent basisased on erroneous amplitude vecterAx and perturbated
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matrix S+AS is =(S+AS)(x+Ax), where the perturbation b= S, ki (39)
of the matrix is caused by geometry and calibration inaccu- '

racies. The estimation error depends on the condition numbfh€reXin has been estimated from the measurement accord-

~ .~ . ing to Eq.(37).
«(S) of matrix S and the matrix errof, The virtual signal calculation generalizes to a
1A ~ A3 movemgnt—correction met_hod as one can t.ransform the mea-
—— < k(S —. (35 sured signals from a moving subject to a virtual sensor array
b+ Ax] B locked to the subject’s head, provided that a continuous head

On the other hand, the estimation error of the signal Vecto;novement' monitoring method is availabfe.

5= (SEAS) (X4 A tis The simplest way to perform a movement-corrected
b= )(x+Ax) satisfies evoked measurement is to average the device-independent

||<Al>‘ ool < |SIAX] + [ AS][x + Ax] multipole moments instead of the traditional way of averag-
0 ~ ing the data epochs. After the measurement, one can calcu-

~ [|AS]| late by Eq.(39) the virtual signals corresponding to a desired

< | [AS]+ «(S)"—S]| |[x + Ax]. (36) reference head position by using the averaged multipole

IS moments.

This worst case estimate is generally too pessimistic in prac- However, a much faster movement-correction method

tice, as shown by extensive demonstratithbyt it shows —avoiding consecutive pseudoinverses is achieved by noting
that the reconstruction error is proportional both to the mathat the head movements and magnetic fields are indepen-
trix error and the condition number of the unperturbated madent random variables. Consequently, the averaged signal
trix. Therefore, the condition number of the SSS basis should¢ is of the form

be kept as low as possible by proper design of the sensor () =(SX) = (SKX), (40)

array*?
where the second equality comes from independence. Thus,

the movement correction can be done using the averaged
data(¢) and averaged SSS basiS) in Eqg. (37) and the
resulting(X);, in Eq. (39). The average of the SSS bas®

A. Suppression of external interferences corresponds to averaging the bases of different head posi-
gons during the measured data epochs.

In the case of large movements, the signal-to-noise ratio
(SNR) may vary significantly between different epochs cor-
responding to different positions of the subject. Therefore, it
may be necessary to calculate the weighted averages

V. APPLICATIONS OF SSS

The separation of the SSS basis into the biomagneti
subspaceS;, and the external interference subsp&gg in
Eqg. (27) allows one to remove the interferences by recon
structing the signals using only components of the biomag
netic subspace. First, an estimatefor the multipole mo-

ments is calculated from the measured signal vegidoy 1 M
modeling both the biomagnetic and external interference  (S)=— > WS (41
signals, Wsiz1
- and
~ Xin _ ot
X= [A } =S'¢, (37) 1 M
X
out (B)=—2 wieh, (42)

whereS'=(S"S)"1ST is the pseudoinverse & or a regular- Wsi=1

ized version of this inversion. Then the biomagnetic signalsyhereM is the number of epochs anvd,==,w.. A suitable
can be reconstructed from the estimate leaving out the coRyeighting factor can be derived from the theoretical upper

tribution of the external interferences, bound of the SNR corresponding to the position of the object
- A during theith epoch,
¢in = SinXin- (38)
. L. _||¢in,i|| _ ”Sin,ixin” = ”Xin”
As a consequence, all signals arising from volumes 4 and 5 SNR= T [1Sin,ill il (43)

of Fig. 3 are eliminated in the reconstruction. Practical ex-
amples of the external interference suppression have beavheren is a noise signal and{ indicates some suitable

shown in Refs. 33 and 10. norm. Thus, the upper bound of SNR is proportiond|3q,||
and we can choose
Wi =[|Sin, il (44)

B. Virtual signals and movement correction

The vector of multipole momentsx is device-
independent enabling biomagnetic signals to be transforme
between sensor arrays. Thus, transformation of the biomag- Static sources, the dc, can be measured by SQUID sen-
netic signals from a measurement device with SSS l&gis  sors only if the dc sources move with respect to the sensors
a virtual device with SSS bast;, is done simply by as the SQUIDs are sensitive to dynamic signals only. Thus,

. dc measurements

Downloaded 21 Jun 2005 to 130.233.180.156. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



124905-8 S. Taulu and M. Kajola J. Appl. Phys. 97, 124905 (2005)

in order to measure the dc of the human brain the subject hdke lack of obvious physiological correlations between the

to move with respect to the sensor array. One way to accomnultipoles and MEG sources beyond the dipole. This is a

plish this is to move a bed sinusoidally back and forth whiletopic of future research.

the subject is lying on the bed in a fixed positfon. As a conclusion, SSS greatly improves the quality of
As an alternative and easier method, the movementbiomagnetic data without requiring essential user interven-

correction method described in Sec. V B enables one tdion, e.g., in the form of user selectable-free parameters, a

monitor the dc signals. As the multipole momenrjscorre-  particularly important feature in clinical MEG work.

sponding to the biomagnetic sources are calculated in the

head coordinate system, the static magnetic fields of th@ ~xNOWLEDGMENTS
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line correctior®® A specifically powerful method to extract

the dc component can be formulated by considering the sigaApPPENDIX A: VECTOR SPHERICAL HARMONICS

nal differences as described in Ref. 35. - 36
Arfken® and Hill*® define the following vector spherical

harmonic functions:

1

V1. DISCUSSION Vim(6,) = D@D 1){ (1+1D)Yin(6,0)e

SSS is a method to remove external disturbances, to cal- + Nim( 6, ‘P)e + imYim(6, ‘P)e } (A1)
culate virtual signals, to perform movement correction, and a0 ’ siné ]
to measure signals caused by dc. SSS also facilitates source
modeling by representing the measured magnetic signals as _ 1 Nim(6,¢)
components containing orthogonal information about the un- Wim(0,¢) = \'m{w'm(a' ¢)e + 90 €
derlying current distribution. ]

The ability of SSS to span practically all MEG signals is + imYim(6, ¢)e ] (A2)
based on the fact that the number of channels in modern sin @ el
multichannel devices clearly exceeds the number of degrees
of freedom of the measurable magnetic fields produced by (6,0) = — 1 [m\ﬁm(ﬁ@)e +i(9Y|m(9,qo)e
the brain and interference sources. Thus, it is possible to Im{ % @ VI(+1) sing ? 90 @
decompose in a stable manner any measured signal into the (A3)

basis components by exploiting the oversampling condition.

In this paper we have shown that in quasistatic approxisatisfying the orthonormality condition,
mation, the magnetic field can be expressed by an expansion
of vector spherical harmonics. By using these harmonic J Pim(6,0) - R (6, ©)dQ = SprdiL S, (A4)
functions, SSS models both the interesting and disturbance Jo

signals uniquely forming a very robust disturbance removal . :
method. Reconstruction of the interesting signals using onl>\/NhereQ IS the solid angle ané& andR may beV, X or W.
FunctionX (8, ¢) can also be expressed using the nor-

the corresponding multipole moments with disturbances re- . . . ; 2223
moved is in principle arbitrarily accurate if the calibration malized scalar spherical harmonic functigf(6, ),

and geometry of the measurement device are precisely 1
X|m(07 <P) = f—LY|m(97 <p)1 (AS)
known. ' o ' VI(+ 1)
The multipole moments are device independent which

immediately enables a straightforward way to perform moveWwhereL is the angular momentum operator,

ment correction and calculate virtual signals to any desired | -_ i(rx V). (A6)
sensor configuration. Furthermore, the device independency

also enables dc measurements with SQUIDs and facilitates Let us also define the modified vector spherical func-
removal of movement artifacts caused by static magneti#ons,

objects. — 010+ 1)

The multipole moments can be expressed as projections Vim(6,0) = V(1 + D2+ DVim( 6, 0) (A7)
of the current distribution to their lead fields. Because thes@nd
lead fields are orthogonal, the multipole moments are a com-
pact representation of the measured data. Furthermore, the
lead fields have a simple mathematical form encouraging onehich are orthogonal over solid angle according to Egs.
to use the multipole moments for source modeling despitéAl), (A2), and(A4).

w|m(01 QD) = \'yl (ZI + 1)W|m( 01 (P) ’ (AS)
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FIG. 4. The largest principal angle as a function of distance between the W@ 5 5 Condition number of normalizeglas a function of distance between

spheres containing sensors. Solid curve: all sensors radial, dashed curve: gil, 1y spheres containing sensors. Solid curve: all sensors radial, dashed
sensors tangential, and dotted curve: both radial and tangential sensors. ¢, .ye: a|l sensors tangential, and dotted curve: both radial and tangential

sensors.
APPENDIX B: LINEAR INDEPENDENCE OF THE SSS

BASIS zero only when each function is multiplied by zero. Combi-

According to elementary linear algebra, the columns Ofna'uon of Egs(B2) and(B3) gives

the SSS basiS are linearly independent only if Am -1
#i= s | | =0+ Dz + Bt | Vimer
I,m i

$d=Sx=00 x=0 = qy=Bm=001,m. (B1)
Without loss of generality, suppose the sensors are pointlike A ) .
magnetometerd,,=L,,=L, and that the number of sensors T\t Binlj = NHI+ )i X Xy - (B6)

satisfiesN>2(L+1)2-2. Furthermore, we assume that the J
sensors are confined to two distinct surfaces separated byThe second term of the sum vanishes for radial sensgrs
finite distance. If this distance is zero, the sensors are Iocatednjrer) and similarly the first term of the sum vanishes for
on a single surface. tangential sensor®);=n;e,+n;.e,). Due to the orthogonal-

According to Eq/(8), the output of thgth sensor having ity condition, in the radial case the solution ¢{=0 from
locationr; and normal vecton;=nje.+n;,€,+n; €, is then  Eq. (B6) is

—_ _ Pim -1 ] |
¢j - MO% {|: (I + 1) l‘}+2 + |,8Imrj :|nJrYIm Ay = mﬁmrf”l dlm (B7)
4 Gim r=1 n, Nim +n ImYiry (B2) and similarly the solution ofy;=0 in the tangential case is
vz * B 90 " ¢sing )|’ .
J 21+1
o ==Bnr - dl,m. B8
where the argument of,,, has been left out for simplicity. %im =~ Bl (B8)
We note that In order for a nontrivial solution to exist fap=Sx=0, Egs.
JE— Ny imY,, (B7) and (B8) have to be valid on each channel indicating
=Vl +Die X Xjp=—"€y+ —— e, (B3)  thatr;=ro0j with r, being arbitrary. Furthermore, Eq87)
a0 siné ! .
and (B8) do not have a common solution apart from the
and from Hill's equation® we get trivial one, meaning that each channel has to be radial or
+1) - each channel has to be tangential. This also means that in the
= VIl + Dig, X Xjm =1/ A1 [VIV iy + V1 + IW,] general case withn;=n; e +n;,e,+n;.e, the only solution
+

for ¢=Sx=0 is the trivial solutiong;,,=8,,=001,m. As a
(B4) conclusion, the SSS basis is linearly dependent for a spheri-
cal array with strictly radial or strictly tangential sensors.
To examine the linear independence quantitatively, we
1 — r simulated the effect of the non-sphericality of the sensor ar-
Yimé = \"TTl[_ VE+ 1V i N IW ). (BS)  ray on the SSS basis with,=L,,=6. In the simulation, the
condition numberx of S and the largest principal angkg
According to the orthogonality relations of the vector spheri-betweenS,, and S, were calculated for an array consisting
cal harmonics, function¥),e, and \I(I+1)ie, X X, form a  of 397 pointlike magnetometers. The distance between two
set of orthogonal functions over a spherical volume, with theequidimensional subspaces is defined as/sivith ¢ being
property that any linear combination of such functions can behe largest principal angle between the subspgces.

and
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